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Penning ionization of CEECH; (dimethyl thioether), CEBESCH (dimethyl disulfide), and CECH,SH (ethyl
thioalcohol) upon collision with He*(#) metastable atoms was studied by two-dimensional (electron-energy/
collision-energy-resolved) Penning ionization electron spectroscopy. A collision energy dependence of the
partial ionization cross sections has indicated that the interaction potentials are anisotropic betwe&s) He*(2
and the target molecules. For €CH; and CHCH,SH, the interaction potential around the sulfur atom
was found to be more attractive for the out-of-plane direction vertical to the CSC or CCS plane than for the
in-plane direction, while the opposite trend was observed around the oxygen atorgQ@Hi{CHH. Anisotropic
potential for CHSSCH was found to be similar to that for GBCHs. Strongly enhanced bands in Penning
ionization electron spectra of sulfur compounds, which were assigned to ionization from molecular orbitals
having sulfur 3s (&) atomic orbital character, were found to be associated with an intermolecular excitation
transfer from He* to the target molecule and also with the following intramolecular Auger-like autoionization
process.

I. Introduction and ¢; is the respective MO to be ionized. Calculated EED
values have been found to be in good agreement with the
observed band intensities of PIES for some molecules on the
assumption of the repulsive molecular surface as rigid van der
Waals spheres. Basis set dependence of the calculated EED
values was also investigatétl. The deflection of trajectories
@ of metastable atoms by attractive force or the anisotropic change
of the repulsive surface of a target molecule, however, must be

In the electron exchange model of Penning ionization process gonsidered in qrder to estimate branching ratios (parti.al i_oni;a-
proposed by Hotop and Nieha@isin electron in a molecular tion cross sectlons)_ fpr the exghange type Penning ionization
orbital (MO) which has large electron densities outside the that depend on collision energies.
surface of M is transferred to the inner-shell orbital of colliding In this connection, a collision energy dependence of the partial
A*, and the excited electron in A* is ejected. Branching ratios ionization cross sections (CEDPICS) has been observed by
in Penning ionization for various ionic states are reflected in collision-energy-resolved Penning ionization electron spec-
the band intensities of kinetic energy distribution of ejected troscopy 121523 which was introduced for atomic targets by
electrons observed by Penning ionization electron spectrodcopy. Hotop et ak* Different from a collision energy dependence of
It has been shown from the study of Penning ionization electron the total ionization cross sections observed by detection of ion
spectroscopy of polyatomic molecules that the most effective signals?>3? the state-resolved measurement of CEDPICS
approaching directions for the collisional ionization are different enables us to investigate the anisotropic potential energy surface
depending upon the electron distribution of the target MOs and around the target molecule since the electron distribution of the
that band intensities in Penning ionization electron spectra individual MOs is more or less localized on a special part of
(PIES) are approximately proportional to the probed electron the molecule. Attractive interactions with He* were found for
densitie€ Some exceptional cases besides the exchange typdocal regions around the oxygen atom of §LHH, CHsOCHs,
Penning ionization proceghowever, have been found to have and (CHCH,),0.2° For CHOCHs, the interaction potential
a relation tor—s* excitation/ 2 an avoided surface crossing energy was calculated to be more attractive for the in-plane
to ion-pair potential! or an Auger-like autoionization transition  direction than for the out-of-plane direction vertical to the COC
involving electronic transition from an upper occupied MO to plane?° In addition, strong negative collision energy depen-
an inner hole in the target molecufe. dence was observed for,8 and HS! Strong attractive
Previously, Ohno et al. have performed simple quantitative interactions, however, were not found around the sulfur atom
calculations on branching ratios in the exchange type Penningof CH;NCS!® and thiophené? Systematic investigations are
ionization by an exterior electron density (EED) m&déf3 thus required for anisotropic interactions between He* and sulfur
usingab initio molecular orbital functions. Inthe EED model, compounds.
exterior electron densities (EED) are defined for individual MOs |y thjs study, we investigated interactions between He* and

aliphatic sulfur compounds (SCH;, CH3SSCH;, CH3CH,-
(EED), = fg |¢i(r)|2 dr (2) SH) by two-dimensional (electron-energy/collision-energy-
resolved) Penning ionization electron spectrosc8pyor a
whereQ is the subspace outside the repulsive molecular surface comparative study, anisotropic interaction potentials around the
oxygen atom of ethanol (G3&€H,OH) for in-plane and out-of-
€ Abstract published ilAdvance ACS Abstractdpril 15, 1997. plane directions were also investigated. In HESRPIES,

When a metastable atom A* collides with a target molecule
M, where A* has an excitation energy larger than the lowest
ionization potential (IP) of M, a chemi-ionization process known
as Penning ionizatidncan occur:

M+A*—M"+A+e
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strong enhancement for ionization from MOs having sulfur 3s
orbital (Sg) character was observed, and synthesized EED
spectra were compared with the observed PIES.

Il. Experimental Section

The experimental apparatus for Penning ionization electron
spectroscopy and He | ultraviolet photoelectron spectroscopy
was reported previousl/. Metastable atoms of He*{3,2S)
were produced by a discharge nozzle source with a tantalum
hollow cathode, and the He*{8) component was quenched
by a water-cooled helium discharge lamp. He I ultraviolet

photoelectron spectra (UPS) were measured by using the He |
resonance photons (584 A, 21.22 eV) produced by a discharge

in pure helium gas. The kinetic energy of ejected electrons by
Penning ionization or photoionization was measured by a
hemispherical electrostatic deflection type analyzer using an
electron collection angle 9o the incident He*(2S) or photon

beam. The background pressure in the reaction chamber was

on the order of 107 Torr. We estimated the energy resolution
of the electron energy analyzer to be 60 meV from the full width
at half-maximum (fwhm) of the Ar(?Ps;) peak in the He |
UPS. The transmission efficiency curve of the electron analyzer
was determined by comparing our UPS data with those by
Gardner and Sams®hand Kimura et af*

For collision-energy-resolved measurements, we have com-
bined two techniques with the apparatus for efficient measure-
ments; the two-dimensional measuring techri¢jaad the cross-
correlation time-of-flight (TOF) metho#-3°> The metastable
beam of He*(8S) was pulsed by a mechanical pseudorandom
chopper rotating at 400 Hz and then introduced into a reaction
cell located at 504 mm downstream from the chopper disk.

Kinetic energies and time-dependent counts of emitted electrons
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Figure 1. He | UPS, He*(2S) PIES, and synthesized EED spectrum

from sample molecules and a reference stainless steel platey cp,scH, The electron energy resolution of UPS and PIES was

inserted into the collision cell were stored & 2 MB RAM.

60 meV. For PIES, full He*(2S) beam was used (average collision

Electron energies were scanned by 35 meV step and a dwellenergy is~170 meV).

time for the TOF measurement wasu8. The resolution of
the analyzer was lowered to 250 meV. The time resolution of
the cross-correlation TOF method determined both by the
rotational frequency (400 Hz) and the number of slit elements
(2 x 127) on the chopper disk was about€) which typically
corresponds to ca. 20 meV of collision energy widthEat~

170 meV. The signals of secondary electrons emitted from the

stainless steel plate were detected in electron energy range o

6—7 eV, which gives strong intensity of the secondary electrons.
The observed two-dimensional spediEe,t) as a function of
electron kinetic energi. and timet were converted to time-
dependent Penning ionization electron spett(Be,tror) by
Hadamard transformation. The two-dimensional spetira
(Eetror) can lead tde(Ee,vHer) @s a function of the velocity of
He* and then to the two-dimensional Penning ionization cross
sectiono(Ee,vy) by the equations

O(Eevvr) = C{ Ie(Ee1VHe*)/IHe*(VHe*)} (VHe*/Vr)

V, = [V + 3KTIM] Y2

©)
(4)

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

Ill. Calculations

We performedab initio self-consistent field (SCF) calcula-
tions with 4-31G basis functions for neutral target molecules
in order to obtain electron density contour maps, schematic
diagrams of MOs, and orbital energies. The geometries of the

olecules were selected from microwave spectroscopic studies
or CH3SCH;,36 CH3SSCH,3” CH;CH,SH 3 and CHCH,OH 2
In electron density contour maps, thick solid curves indicate
the repulsive molecular surface approximated by van der Waals
radii.*° In schematic diagrams of MOs, circles and ellipses were
used as in previous studi&st®1920 Solid circles showed
valence s orbitals, where couples of ellipses and dashed circles
showed in-plane and out-of-plane component of p orbitals,
respectively. In addition, we calculated EED values using SCF
MOs obtained by 6-31tG basis functions which are known
to give good agreement with experimental results of PY¥&E8d
electron momentum distributici.

Interaction potential energies between H8JPand the target
molecule for various directions were also calculated on the basis
of the well-known resemblance between HégPand Li(2S);
the shape of the velocity dependence of total scattering cross

andT andM are the gas temperature and the mass of the targetsection of He*(3S) by He, Ar, and Kr is very similar to that of

molecule, respectively. Velocity distributidpes(vuer) of He*

Li,*2 and the location of the interaction potential well and its

beam was determined by monitoring secondary electrons emitteddepth are very similar for He*¢®) and Li with various

from the inserted stainless plate. FinalfE.,v,) is converted
to o(Ee,Ec) as functions ok, and collision energyH) by the
relation

E.=uv’I2
whereu is the reduced mass of the system.

(5)

targetst2443 Because of these findings and difficulties associ-
ated with calculations for excited states, a lithium atom was
used for model calculations of interaction potential energy
instead of He*(8S). When we carried out model calculations

for sulfur compounds with lithium atom using an unrestricted
Hartree-Fock (UHF) method and second-order MgitéHesset



3286 J. Phys. Chem. A, Vol. 101, No. 18, 1997

Ionization Potential/ eV

10 15 20

T [ T T T T I T T L4 L I L}

106( 7 ca)

13a(ng_) ma(aﬁﬁ) CH3SSC H3
126(0s.) oo e Hel UPS
1 12a( 0 ss) 6.7.8.9
Bitb(rsy
Na(ocs)

10 5 0
Electron Energy/ eV

o) He*(23S)PIES
e sn(sso
10

9a( o cu)

6,7,8,9

12a( 0 ss)
13a(ns_)

1 126(n5.)

11b( 7 s5)
4 11a{ o cs)

| I 1 I 1 |

Electron Energy/ eV

Figure 2. He | UPS, He*(2S) PIES, and synthesized EED spectrum

of CH;SSCH. The electron energy resolution of UPS and PIES was
60 meV. For PIES, full He*(2S) beam was used (average collision

energy is~170 meV).

(MP2) perturbation theory, the results were strongly spin-
contaminated €g. the expected value of the spin angular
momentum was 0.7541 for GBH,SH—Li complex (in-plane

Kishimoto et al.
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Figure 3. He | UPS, He*(2S) PIES, and synthesized EED spectrum
of CH;CH,SH. The electron energy resolution of UPS and PIES was
60 meV. For PIES, full He*(3S) beam was used (average collision
energy is~170 meV).

of TOF. In each figure, the low-collision-energy (9505 meV,
average 100 meV) spectrum is shown by a solid curve, and the
high-collision-energy (216260 meV, average 230 meV)
spectrum is shown by a dashed curve.

access to S atom, the distance is 2.0 A)). Then we performed Figures 9-12 show the logr vs log E; plots of CEDPICS

interaction potential calculations with a 4-83+G** basis set
using a density functional theory (DFT), and the electron

for CHsSCHs;, CHsSSCH, CH;CH,SH, and CHCH,OH,
respectively. The CEDPICS were obtained from the two-

correlation was taken in Becke’s three-parameter exchange withdimensional PIES within the full width at half-maximum (fwhm)

Lee, Young, and Parr correlation functional (B3LY#Hh order

of given bands in order to avoid the effect of noise around the

to avoid spin contamination problems. For comparison, the bottom of each band. Some diffuse and overlapping bands are

interaction energy values by MP2 calculations will also be
mentioned in this paper.

All the ab initio and the DFT calculations in this study were
carried out using a quantum chemistry progr&m.

IV. Results

Figures -4 show the He | UPS and He}g) PIES of CH-
SCH;, CH3SSCH;, CH3;CH,SH, and CHCH,OH, respectively.

not distinguishable. The calculated electron density contour
maps of the molecular orbitals are also shown in the figures
with simplified diagrams indicating component atomic orbitals.
For CHSCHs, electron density contour maps fof and b
orbitals are shown on the CSC plane, and those for jtend

b, orbitals are shown on a plane at the height of 1.85 A (van
der Waals radii of the sulfur atom) from the CSC plane.
Similarly, electron density contour maps fot arbitals are
shown on a plane at the height of 1.85 A for g3H,SH or

The electron energy scales for PIES are shifted relative to those1.40 A (van der Waals radii of the oxygen atom) for CHH,-
for the UPS by the difference in the excitation energies, 21.22 OH from the CCX (X= S or O) plane, and those for the other

— 19.82= 1.40 eV. Synthesized EED spectra, which were

orbitals are shown on the CCX plane. For{33CH, electron

obtained from Gaussian-type functions with those intensities density contour maps are shown on the molecular plane which
proportional to the respective EED values, are also shown in is vertical to theC, axis of symmetry and contains two carbon
figures. Band positions and bandwidths were estimated from atoms (for 9a, 10a, 9b, and 10b orbitals) or two sulfur atoms

the observed PIES. Forshands of CHSCH; and CHCH,-
SH, band positions and bandwidths gf Bands were estimated
from the observed UPS.

Figures 5-8 show the collision-energy-resolved PIES (CER-
PIES) of CHSCH;, CH;SSCH;, CH3;CH,SH, and CHCH,OH,

(for the other orbitals).

Table 1 lists the vertical ionization potentials (IP determined
from the He | UPS) and the assignments of the observed bands.
The peak energy shiftAE) in PIES measured with respect to
the “nominal” energyEy (Eo = the difference between the

respectively. In order to gain enough intensities, CERPIES were metastable excitation energy and the target ionization potential)

obtained from the two-dimensional PIES within ca#owidth

are also shown. The peak energy shifts of some diffuse bands
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Figure 4. He | UPS, He*(2S) PIES, and synthesized EED spectrum  Figure 7. Collision-energy-resolved He*f8) PIES of CHCH,SH
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Figure 5. Collision-energy-resolved He*{8) PIES of CHSCH; (solid 260 meV, average 230 meV) taken with an electron energy resolution
curve at 95-105 meV, average 100 meV; dashed curve at-2260 of 250 meV.

meV, average 230 meV) taken with an electron energy resolution of

250 meV. Figure 14 shows potential energy curV&)) as a function

of the angled between Li and CEBSCH (6 is an angle from
the axis vertical to the SSC plane). The angle of C§ OCSLi

= 154.5) was determined by searching minimum energy around
the S atom with the SLi distance R = 2.5 A) fixed on the
SSC plane.

or shoulders were not determined. Values of the slope
parametem for the logo vs log E. plots estimated in a collision
energy range 95260 meV by a linear least-squares method
were also shown. The calculated EED values for corresponding
MOs were also listed.

Figure 13 shows potential energy curwé®) as functions
of the distanceR between Li and CkBCH;, CHsCH,SH, and
CH3CH,OH for out-of-plane access vertical to the CSC or  He | or He Il UPS of CHSCHs,*6755 CH3SSCH,53759 CH;-
CCXH (X = S or O) plane and in-plane access. The lithium CH,SHS8 and CHCH,OH®%-%3 have been extensively investi-
atom was placed on a bisector of CSC or CXH angle for in- gated previously. The observed bands can be assigned to MOs
plane access. according to the ordering of Koopmans’ IP, and the IP values

V. Discussion
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Figure 9. Collision energy dependence of partial ionization cross
sections for CHSCH; with He*(28S). Electron density maps and
schematic diagrams are shown for respective MOs.

are listed in Table 1. Although He*¥3) PIES of CHCH,-
SH5* and CHCH,OH®8465 were measured, collision-energy-
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resolved measurements have not yet been made for theserigure 10. Collision energy dependence of partial ionization cross

molecules.

A. CH3SCHs. In He*(23S) PIES (Figure 1), nbands
originated from nonbonding sulfur orbitals and thgtsnd are
strongly enhanced. The enhancement gfbands can be

sections for CHSSCH with He*(23S). Electron density maps and
schematic diagrams are shown for respective MOs.

existence of an attractive well of this order, and the estimated

accounted for by the large EED value, whereas the intensity of values are in good agreement with the calculated well depth of

Sss band is in disagreement with the EED value. We will
mention the reason of this discrepancy in section D.
By collision-energy-resolved Penning ionization electron

ca. 190 meV (ca. 210 meV by an MP2 calculatiBr 2.6 A)
for the out-of-plane direction and ca. 85 meV (ca. 100 meV by
MP2 calculationR = 2.65 A) for the in-plane direction. The

spectroscopy (Figures 5 and 9), we observed strong negativepotential energy surface for GHCH; was shown to be more

collision energy dependence for bandii< —0.60) and band
2 (m= —0.49) which originate from out-of-plane sulfur orbital
(nso) and in-plane nonbonding sulfur orbitaly(n respectively.

attractive for the out-of-plane direction than for the in-plane
direction, which is contrary to the case of @BCH;.2° Small
collision energy dependence had been observedsfbamd of

These negative slopes indicate that the potential energy surfac€CHsNCS (m = 0.014¥8 and thiophenenf = —0.15)1°

is attractive around the sulfur atom. When the long-range
attractive part of the interaction potenti&i( R) plays a dominant
role and its form is the type

V(R)OR™® (6)

the collision energy dependence afEc) can be expressed as

log o(E,) O (—2/9) log E, (7

As discussed in the literatutéwhen the repulsive term is
dominant in the reaction, the slope parameteis related to
the parameterd andb by the equatiorm = (b/d) — /5, where
d is the effective decay parameter for the interaction potential
between the target molecule and the metastale aX (R} =
B exp(—dR); Ris the distance) anld is the effective parameter
of the transition probabilityM(R) = C exp(—bR)) related to
the IP of the moleculel (M)) by an equatiorb = 2{ 21(M)} 2.

A steep repulsive wall corresponding to a lajealue can

This equation gives a relationship between the slope parameterresult in a b/d) value smaller thai/, and a small dependence.

mand the potential parametetm = —2/s).42530 Thesvalues
obtained for ionization from nonbonding orbitals are listed in

Very small dependence of band® & —0.01) and band 4n{
= 0.02), which are related to the ionization from the Ha:g)

Table 1. Indeed, attractive potential wells have been found in and 1a (ocH) orbitals, can be ascribed to the electron density

the calculated curves (Figure 13) for the out-of-plane and in-

distribution in repulsivescy bond region. Indeed, a repulsive

plane direction access to the sulfur atom, and the trend of thepotential energy curve was obtained for straight access to the

steepness of the curves are consistent with the obtainaldies
(ca. 3.3 for the g band and ca. 4.1 for thegnband). In
addition, negative peak shifts for thgjband AE = —130+

10 meV) and the iband AE = —50 + 30 meV) indicate the

ocn bond (Figure 13). In addition, small peak energy shifts of
band 3 AE = —60 + 100 meV) and band 4AE = 70 + 130
meV) can also be ascribed to the repulsixg, bond region.
For bands 57, all of the MOs (4b, 7a, and 2h) extend for
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Figure 11. Collision energy dependence of partial ionization cross Figure 12. Collision energy dependence of partial ionization cross
sections for CHCH,SH with He*(2S). Electron density maps and ~ Sections for CHCH,OH with He*(2S). Electron density maps and

schematic diagrams are shown for respective MOs. schematic diagrams are shown for respective MOs.

the repulsive region arounsty bond and the attractive region  rather than for 2 and 3 directions. In addition, the negative
around the sulfur atom for in-plane direction ¢4nd 7a) or peak energy shifts abott100 meV for bands 1AE = —95+
out-of-plane direction (2), which can result in the small 30 meV), band 3AE = —1104 30 meV), and band 4AE =
negative slope of bands-& (m= —0.15). —85 + 30 meV) are in good agreement with the calculated
B. CH3SSCHs;. The nybands (band 1 and band 2) ang potential energy, while band 2 is on the shoulder of band 1 and
band (band 3) in PIES are enhanced, which reflects the largeit is difficult to estimate precise negative peak energy shift.

values of EED as can be seen in Figure 2. Thg8nd is also Small negative collision energy dependence deg band
enhanced. We will mention the reason of this enhancement(band 5,m = —0.22) andocy bands (bands-69, m = —0.24)
later in section D. can be ascribed to the repulsive potential energy surface around

The n,bands originated fromgn and - orbitals which can theacy orbital region and attractive interaction potential around
be related with theq orbital of CHiSCH; show strong negative  the sulfur atoms for the twisted out-of-plane direction by the
collision energy dependence for bandi<£ —0.48) and band dihedral angle of CSS/SSC planes (84)52
2 (m = —0.57) similar to the g band of CHSCH; (m = To sum up, the trend of similar collision energy dependence
—0.60). Similarly, theoss andzss bands which can be relatd ~ for the in-plane and the out-of-plane directions of SEH; is
with the ny orbital of CHkSCH; also show strong negative  also found for CHSSCH;, especially around the sulfur atoms.
collision energy dependence for band®<€ —0.54) and band C. CH3CH2SH and CH3;CH,0H. In He*(23S) PIES, the
4 (m= —0.42) similar to the g§ band of CHSCH; (m= —0.49). ngg band of CHCH,SH is enhanced and sharp in comparison
For these two sets of related bands, negative dependence ofvith the rny band (Figure 3), while thegn band of CHCH,-
band 1 (g-, m= —0.48) and band 41ss m= —0.42) is weaker OH is comparable with &,0cc band (Figure 4). Contrary to
than band 2 (5, m = —0.57) and band 30ss m = —0.54), the delocalized @ orbital with EED value of 3.32, thesn
respectively. As can be seen in Figure 14, the calculated orbital has nearly pure nonbonding 3p nature and a large EED
interaction potential energy curve deformed upward riear value (7.03). Similarly, the EED value of thg orbital is large
0° shows the effect of repulsive potential around the methyl (4.17) in spite of a relatively large 3s component, while the
group for out-of-plane direction. Comparing the deformed EED value of the delocalizedofjocc orbital is small (2.76).
potential energy curve with the most effective collisional For CHsCH,SH, strong negative collision energy dependence
directions suggested by the electron distribution of each MOs for band 1 (n= —0.51) and band 2n¢= —0.38) was observed
exposed outside the molecular surface (directierd)l the in CERPIES (Figure 7) and CEDPICS (Figure 11). By model
weaker dependence for band 1 than band 2 as well as band £alculation, it was confirmed that the potential energy surface
than band 3 can be explained by the effect of repulsive potential for the out-of-plane access to the sulfur atom of;CH,SH is
around the methyl group for the out-of-plane 1 and 4 directions more attractive than the in-plane access (Figure 13), and the
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TABLE 1: Band Assignments, lonization Potential (IP), Peak Energy Shift AE), Obtained Parameter Values (n, s), and EED
Values (See Text)

molecule band 1Rsd IPcaicd orbital AE/meV m S EED value
CH3SCH;
1 8.72 9.16 3k(ng) —130+ 10 —0.60 3.3 6.15
2 11.27 11.56 8ding)) —50+ 30 —0.49 4.1 4.20
3 12.57 13.21 Sffocs) —60+ 100 —-0.01 2.14
4 14.12 15.42 1foch) 70+ 130 0.02 2.87
5 (15.0) 15.81 4Koch) 2.54
6 (15.3) 16.52 Tdoch) -0.15 3.47
7 (15.6) 16.55 2l{ocH) 3.95
8 19.02 21.98 64Cos Ss9) 1.76
CH3;SSCH
1 8.94 9.61 13a@) —95+ 30 —0.48 4.2 5.74
2 9.16 9.90 12b(n) —-0.57 35 4.98
3 11.23 11.74 12at9 —110+ 30 —-0.54 3.7 3.85
4 12.32 13.32 11bxsg) -85+ 30 —-0.42 4.8 2.90
5 13.41 14.43 1lats) —304+ 150 —-0.22 2.08
6 14.24 15.91 10la(r) —180+ 200 2.69
7 (14.6) 16.38 10ak+) 3.19
8 (14.8) 16.47 Olfer) —0.24 3.51
9 (15.2) 16.78 9afch) 3.66
10 18.42 21.53 8bE —2004 100 —0.28 1.65
CH3CH,SH
1 9.29 9.68 44(ng) —130+ 30 —-0.51 3.9 7.03
2 11.57 11.97 13fng) 04+ 50 —-0.38 5.3 4.17
3 12.59 13.42 12¢0cc,0s1) —30+ 150 —-0.09 2.58
4 13.27 13.95 34och) 70+ 100 —-0.16 3.24
5 14.06 14.68 11éoco) 15+ 120 —-0.14 2.83
6 15.02 16.79 10éoch) —-0.05 2.98
7 15.91 17.28 240cH) —160+ 150 -0.11 3.31
8 19.65 22.35 94C15Ss9) 1.69
CH3;CH,OH
1 10.63 11.88 34non) —350+ 50 -0.31 6.5 3.32
2 12.04 13.16 10&no1,0cc) —450+ 100 —0.25 8.0 2.76
3 13.23 14.26 24och) —50+ 200 -0.13 2.87
4 13.82 14.34 9éocH) —100+ 200 —-0.20 2.46
5 (14.5) 15.33 8¢0cc,0c0) —-0.24 2.24
6 15.90 17.63 14 7tco) —210+ 100 —-0.18 3.02
7 17.57 18.72 Téoon) 100+ 50 -0.13 1.98

trend of the steepness of the curves is consistent with\tbkies 4 (m= —0.20) and band 5nf = —0.24) can be ascribed to the

of ca. 3.9 and ca. 5.3 obtained byvalues for the g band and MOs extending around the oxygen atom for the in-plane
the ny band, respectively. Negative peak shifts for tgebrand direction (94 and 84). Different from CHCH,SH, intensities

(AE = —130+ 30 meV) and the band AE = 0 £ 50 meV) of band 6 and band 7 are relatively large, which is thought to
are in good agreement with the calculated well depth of ca. be due to small intensities of band 1 and band 2 as can be seen
190 meV (ca. 190 meV by an MP2 calculatiéh= 2.6 A) for in the EED values. Relative intensities in a background-
the out-of-plane direction and ca. 50 meV (ca. 40 meV by an subtracted PIES normalized by band 1 (160 10) were

MP2 calculationR = 2.85 A) for the in-plane direction. The estimateff to be 1284 25 for band 6 and 108 20 for band
similar trend of anisotropic potential energy surface was 7, respectively.

observed for CHSCH;. On the other hand, thecy bands The |m| values for g bands of CHCH,SH were relatively
(bands 3-7) show weak negative dependenoe<€ —0.09 ~ large in comparison with gnbands of CHCH,OH, which is
—0.16), which is thought to be due to the repulsixg; orbital also true for CHSCH; and CHOCH;.2° The steepness of long-
region. range attractive part of the interaction potential curves (Figure

For CHCH,OH, the negative peak energy shifts were 13)is consistent with the observedvalues, while the position
observed for the ¢ band AE = —350 + 50 meV) and the of repulsive wall in the calculated potential curves reflects
No,occ band AE = —450 £+ 100 meV). The calculated well  simply the size of the sulfur or oxygen atom. From the small
depth (Figure 13) of out-of-plane direction (ca. 200 meV) and s values of g bands, the long-range attractive interaction can
in-plane direction (ca. 400 meV) agrees with the estimated be connected with charge-induced forse<(4). Recently, He
values from the peak energy shift. Contrary to those fog-CH | UPS for charge-transfer complexes of bromine with EtSEt
SCH; and CHCH,SH, the potential energy surfaces for in-plane and EtOEt have been studiétand the geometries of these
access to the oxygen atom of gbCH:?° and CHCH,OH were n—o* complexes were computed to be @ férm for (EtpS---
calculated to be more attractive than the out-of-plane access.Br, with higher binding energy than the (&ED---Br, complex
In the long range, the steepness of the calculated curves for thgC,, form), which shows anisotropic interaction of (E)out-
out-of-plane access and the in-plane access is, however, nobf-plane dirction and (EfD for the in-plane direction. The
consistent with thes values of ca. 6.5 and ca. 8.0 obtained by anisotropic potential energy surface asdalues of the sulfur
m values for band 1 @1, m= —0.31) and band 2 @),0cc, m compounds with He* metastable atom, therefore, are thought
= —0.25), respectively. This discrepancy can be ascribed to to be explained by charge-transfer and the charge-induced
theocc character of the 10arbital for band 2. Relatively small  attractive long-range force for the out-of-plane direction.

slopes of band 3nf = —0.13), band 6 = —0.18), and band D. Enhanced Sulfur 3s Bands. The enhanced intensities
7 (m = —0.13) can be ascribed to the MOs extending to the for the sulfur 3s (&) bands observed in He*¥8) PIES are not
out-of-plane direction (2aand 14) or ocy bond region (73. consistent with the synthesized EED spectra, while other band

On the other hand, negative collision energy dependence of bandntensities agree with the EED spectra (Figures3L In the
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Figure 13. Interaction potential curve¥(R) for CH;SCH:—Li, CHs-
CH,SH-Li, and CHCH,OH—Li: (O) out-of-plane access to the S atom
of CH;SCH;; (@) in-plane access to the S atom of &€H;; (©)
straight access to the methyl group of $3€H;; (A) out-of-plane access
to the S atom of CECH,SH; (a) in-plane access to the S atom of
CHsCH,SH; (v) out-of-plane access to the O atom of {HH,OH;

(¥) in-plane access to the O atom of €&2H,OH. R is the distance
between the Li atom and S, O, or C atoms.

case of previous stud§of (CHz)4C and (CH)3CCl, enhance-
ment of inner valence carbon 2sCbands in PIES was found
to be caused by an intermolecular excitation transfer (H&Y2
+ M — He + M¥*) involving Cys hole in the target molecule
followed by intramolecular Auger-like autoionization process
(M* —M™ + e7) involving electronic transition from an upper
occupied MO having & character to the innerghole. Key
factors for the highly selective Auger-like ionization are (a)

J. Phys. Chem. A, Vol. 101, No. 18, 1993291
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Figure 14. Interaction potential curv®¥/(0) for CHsSSCH—Li (R=

2.5 A) and electron density contour maps of 13a, 12b, 12a, and 11b
orbitals of CHSSCH. Most effective directions are indicated by
arrows.

SSCH shows smaller collision energy dependermoe< —0.28)

than bands +4 (m= —0.42~ —0.57) originated from the MOs
whose electron densities localized on the sulfur atoms. By these
findings, resonant excitation transfer and the following autoion-
ization can be expected fogshand of CHSSCH; as observed

Cys bands of (CH)4C and (CH)sCCl.12

Judging from the weak collision energy dependence observed
in CERPIES (Figures 5 and 7), the enhancement in H&)(2
PIES at electron energy of ca. 1 eV or less forsSBH; and
CH3CH,SH can also be ascribed to the Auger-like ionization
process as observed for @E5CH;. In He | UPS of CHSCH;
and CHCH,SH, Ss bands were observed to be split. The
reason of this splitting is unknown.

In the PIES of CHSSCH;, a weak band at electron energy
of ca. 3-3.5 eV was observed. In previous studies, the intensity
of an electron correlation band showed similar collision energy
dependence to another band which was related to an excitation
upon the ionizatiorf~19 This weak band of CE6SCH; can be
ascribed to a satellite of thesshand because of the similar
slope of CEDPICSr = —0.31) with the $sband (m= —0.28).

orbital energies of A* and M for the resonant excitation transfer VI. Conclusions

and (b) overlap between the MOs which have a relation to the

intramolecular electronic transition. This Auger-like ionization

Collision energy dependence of the partial ionization cross
sections has reflected the anisotropic potential energy surface

mechanism can be suggested from the observed characters abf CH3;SCHs, CH;SSCH, and CHCH,SH with He*(2S) atoms.
extremely enhanced relative band intensity of PIES relative to The characteristic trends in the anisotropy are in common with
the EED spectrum, which cannot be explained by the exchangethese aliphatic sulfur compounds; interaction potentials around

ionization process of outer valence MOs, and from small
collision energy dependenée. For CHSSCH, an ESCA
spectrurf” has shown that the binding energy for a bonding
Sssorbital (0(SsstSsq),7a) is larger than that of antibondingsS
orbital (0(Sss—Ss9),8b) by 6.7 eV, which gives the orbital energy
of 25.1 eV € 18.4+ 6.7) near to the approximate 1s orbital
energy (24.59 eV) of He*@8) obtained from ionization energy
of He atom. In addition, the 2s orbital energy of HE®$2 is
estimated to be-4.77 eV & —24.59 + 19.82), which is
comparable with the energy of an unoccupied MEB(98 eV)
estimated from the first ionization energy (8.94 eV) and a
transition energy (4.96 e\#§. Furthermore, the gband of CH-

the sulfur atom are more attractive for the out-of-plane direction
than for the in-plane direction, and the potential is repulsive
around the alkyl group. The trend of the anisotropic attractive
interaction around the sulfur atom was in good contrast to that
around the oxygen atom of aliphatic oxygen compounds.

In He*(2%S) PIES, B bands and & bands were enhanced,
while np bands were not so enhanced. The large intensity of
ns bands and the small intensity of bands are consistent with
the simulated branching ratios by exterior electron density (EED)
model based on the electron-exchange ionization process. The
enhancement of Sbands and weak negative collision energy
dependence indicate that an intramolecular excitation transfer
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between He* and M involving ansStype hole (He*(2S)+ M
— He + M*) followed by an intramolecular autoionization
process (M*~ M™ + e7) is induced as proposed for{bands
of (CH3)4C and (CH)sCCl by Takami et al?
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