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Anisotropic interactions between a metastable H&Jatom and aromatic heterocyclic compounds (thiazole

and benzothiazole) as well as their electronic structures were studied by means of collision-energy/electron-
energy resolved two-dimensional Penning ionization electron spectroscopy combined with ab initio molecular
orbital calculations. Different collision-energy dependence of partial ionization cross sections (CEDPICS)
were clearly observed for different ionic states depending on anisotropic extents of molecular orbitals from
which an electron is removed. It was found that thiazole and benzothiazole most strongly attract3He*(2
atom around the region where the nitrogen lone pair orbital extends. For another heteroatom, sulfur, it is
relatively weak, but a certain attractive interaction was found for the directions perpendicular to the molecular
plane. Benzothiazole was shown to widely attract a H&J2atom in the out-of-plane directions, since the
benzene moiety showed a deeper potential well than the five-membered ring. Assignments of the ionic states
including shake-up states were also discussed from observed CEDPICS and ab initio molecular orbital
calculations. In particular, for the satellite bands, a negative collision energy dependence of the band intensity
was well supported by a configuration-interaction calculation that assigns the satellite bands to be the ionization
from s orbitals accompanying—aa* or n—x* excitations.

I. Introduction (28S)) = 19.82 eV) larger than the lowest ionization potential

. . L ) (IP) of M, a chemiionization process known as Penning
Heterocyclic compoundsplay a major part in biological ionizatiorf2 can occur:

systems, and they can be found in such as DNA bases, amino
acids, and vitamins, and so on. Thiazole and its benzene-
condensed form, benzothiazole, are one of the simplest hetero-
cycles which are often used as parent materials for a numerous
of chemical compounds. To understand physical, chemical, andOn the basis of the electron exchange m&deioposed for the
biological properties of heterocycles with a microscopic level, Penning ionization process, an electron in a molecular orbital
electronic structures and molecular orbital energies as well as(MO) of M is transferred to the inner-shell orbital of He* and
how they interact with other species must be elucidated. the excited electron in He* is ejected, and thus the ionization
Electronic structures of thiazole and benzothiazole were exten-into a final ionic state takes place with a high probability when
sively studied by using ultraviolet photoelectron spectroséopy.  the 1s orbital of the He atom overlaps effectively with the target
However, inconsistent assignments of ionic states were foundMO from which an electron is removed. Therefore, the reactivity
partly because the assignments were made by the assumptio®f Penning ionization is directly related to the electron distribu-
based on the band shape or by the limited level of calculations tion of the ionized MG

in previous studies:® When an electron spectroscopic technique is applied to Pen-

Although localized interaction around a specific atom or ning ionization, Penning ionization electron spectra (PESY,
functional group with other molecules plays an important role Which usually shows band intensities, widths, and positions
in connection with biological properties, anisotropic nature of different from those of ultraviolet photoelectron spectra (UPS),
intermolecular interactions is in general difficult to be investi- i obtained. Coupled experimental techniques including velocity
gated by experiments. In particular, in thiazole and benzothia- (or collision energy) selection of He*{8) atoms and electron
zole, the directions of attractive sites on the N and S atoms arekinetic energy analysis have been develdgedield collision-
expected to be different from each other. Two-dimensional €nergy/electron-energy resolved two-dimensional Penning ion-
Penning ionization electron spectroscopy has been shown to bezation electron spectra (2D-PIE®)Collision energy depen-
one of the most powerful methods to study anisotropic interac- dence of partial ionization cross section (CEDPICS) obtained
tions between a metastable helium atom and a target mofegtile.  from 2D-PIES has been shown to reflect the interactions around
When a metastable helium atom, Hé5$2' collides with a target the regions where the ionized MO mainly extends, because the

He*(2°S)+ M — He('S)+ M,* + e~ 1)

molecule M, where He*@5) has an excitation energi(He*- most reactive geometries for Penning ionization are governed
by the electron distributions of the target MOs.
*To whom correspondence should be addressed. E-mail: It iS known that a_He*(QS) atom behaves similar to a Li-
ohnok@gqpcrkk.chem.tohoku.ac.jp. (22S) atom in interactions with various kinds of atoiis?! The
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shape of the velocity dependence of the total scattering crosssignals emitted from a stainless steel plate inserted into the
section of He*(2S) by He, Ar, and Kr is very similar to that of  collision cell, since TOF of secondary electrons from the metal
Li,2° and the location of a interaction potential well and its depth surface to the detector are negligibly short in comparison with
are also very similar for He*@5) and Li(2S) in interaction that of the He* atoms. The time-dependent Penning ionization
with various targetd?2! This well-known similarity of a Rg* electron signals of sample moleculkéE,, t) as functions of
atom to a respective alkali atom has therefore an advantage inelectron kinetic energi. and timet were converted toe(Ee,
calculating anisotropic model potentials, and this has been rrof) as functions ofE. and TOF of the He* beam by the
successfully utilized to interpret the results of 2D-PIES for many Hadamard transformation. THgE., 7roF) can be led tde(Ee,
molecules. Classical trajectory calculations on potential energy vper) as functions ok and velocity of He* atomgier. From

surface for N and CHCN interacting with a Li atom well the following equations, the 2D Penning ionization cross section
explained the experimental features of CEDPICS fpr\He*- o(Ee, vr) was obtained

(2°S¥2and CHCN + He*(23S) 23 The Li model potentials can

also be modified in order to give quantitative agreement between _ le(Eer Vher) Vher

observed and calculated CEDPIES. o(Ee v) = © e (Vher)  Ur (2)

In this study, He*(8S) 2D-PIESs were measured for aromatic
compounds with two different heteroatoms, thiazole and ben- ) KT
zothiazole. Although fivé® and six-memberéd heterocyclic U= A Vet T 3)
compounds have been extensively studied by collision energy
resolved measurements, the already investigated moleculesvherec is a constanty, is the relative velocity averaged over
contain just one kind of heteroatom. Nitrogen-containing the velocity of the target moleculks is the Boltzmann constant,
molecules are well-known to strongly attract a HEgP atom andT andm are the gas temperature and the mass of the target
at the directions where the lone pair electrons extntf.On molecule, respectively. The cross section in eq 2 is normalized
the other hand, sulfur-containing molecules often show attractive by using the velocity distribution of He* bearthes(vher).
interactions for perpendicular directions of molecular axis or Finally, o(Ee, vr) is converted tas(Ee, Ec) by the relation
plane?>2%-32 However, it has not been investigated how
anisotropic interactions change when a molecule contains a
nitrogen and a sulfur atoms at the same time. Furthermore, some

shake-up process of ionization is strongly expected for the . - .

present heterocyclic molecules, since the satellite bands in theWherex is the reduced mass of the colliding system. Collision

valence ionic region have been already observed for thiophene EN€rgy dependence of partial ionization cross sections (CED-
PICS) o(Ec) can be obtained by integrating 2D-PIES cross

pyrrole?® and azineg® From these points of view, the aniso- - h lated H ioni
tropic interactions between a metastable helium atom Hey2 ~ Sectionso(EeEc) over theke range related to each ionic state.

and thiazole and benzothiazole have been investigated by mean
of 2D-PIES combined with the Li model potential calculations
in this study. The shake-up states of thiazole were discussed All ab initio quantum chemical calculations were performed
on the basis of the slope of CEDPICS and theoretical calcula- on the GAUSSIAN prograr®® As for interactions between He*-

.= @)

ﬁl. Calculations

tions including many-body effects. (23S) and target molecules, a ground-state Li atom instead of a
He*(23S) atom can be used to calculate the approximate
II. Experimental Section potentialsV,; for V* based on the similarity between He®&)

) ) and Li(2ZS)1°-21 Li(22S) has the same outer valence electronic
The experimental apparatus used in the present study has beeEOnfiguration as He*@S) with a 2s electron that mainly

reported in previous papets? He | ultraviolet photoelectron  onyributes to the interactions. For atomic targets (H, Li, Na,
spectra (He | UPS) were measured by using the He | resonanceéc ang Hg), quantitative estimation of the well depth of the Li

photons (584 A, 21.22 eV) produced by a discharge in pure ymode| potential was recently summarized to be in good
helium gas. A metastable beam of He was produced by a nOZZ|eagreement with the ratio of 1.1 to 1.2 with respect to H&sj21

discharge source, and the He*§) component was quenched  \jqdel interaction potential energyi; can be obtained by the
by a water-cooled helium discharge lamp. The kinetic energy following manner.

of electrons ejected during the Penning ionization or photoion-
ization was measured by a hemispherical electrostatic deflection V,,=Ew — (Ey +E)) (5)
type analyzer using an electron collection anglé &9 the
incident He*(2S) or photon beam. The transmission efficiency Ey;, Ey, and E; are the total energy of the supermolecule
curve of the electron energy analyzer was determined by (MLi), the isolated molecule (M), and the isolated Li atom,
comparing our He | UPS data with those of Gardner and respectively. The Li model interaction potential calculations
Samsoff and Kimura et af* The energy resolution of the  were performed by the second-order Mgh&iesset perturba-
electron energy analyzer was 60 meV estimated from the full tion theory (MP2) with the 6-31+G** basis set. The full
width at half-maximum (fwhm) of the Ar(?Ps) peak in the counterpoise meth88lwas employed to correct the basis set
He | UPS. The background pressure in the reaction chambersuperposition error (BSSE). The molecular structures were fixed
was on the order of 10 Torr, and the experiments were at the experimental or optimized equilibrium geometry; the
performed under a sample pressure of ca 2075 Torr. geometry of a thiazole molecule was selected from microwave
In collision-energy-resolved measurements, the metastablespectroscopic measuremedtsand that of benzothiazole was
He*(23S) beam was modulated by a pseudorandom chépper determined by the geometry optimizations at MP2 with the
and then introduced into a collision cell located 504 mm 6-311++G** basis set.
downstream from the chopper disk. The time-of-flight (TOF) Vertical ionization potentials were calculated by using
of He* from the chopper to the collision cell can be obtained outer-valence Green’s function (OVGE)method with the
by the Hadamard transformat#rof time-dependent electron  6-3114-+G** basis sets in order to assign the ionic states of
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Figure 1. He | UPS and He* (35) PIES of thiazole.
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Figure 2. He | UPS and He* (25) PIES of benzothiazole.
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calculations were also performed for the ionic states of thiazole
by using the Ahlrichs VTZ bast$ with d-type polarization
functions of¢y = 0.75, 0.80, 0.421 for C, N, and S atom, which
were used in the SAC/SAECI study of five-membered
heterocycled? The generaR method was employed with the

R operators up to triples. Electron distributions of molecular
orbitals were also obtained by self-consistent field (SCF)
calculations using the 6-3#HG** basis sets.

E.~ 100 meV
E; ~ 250 meV

IV. Results

Figures 1 and 2 show the He | UPS and the H&S[2PIES 10 ¢ 8 7 6 5 4 3 2 1 0
of thiazole and benzothiazole, respectively. In UPS of thiazole, Electron Energy / eV
a very small SlgnQI probably originated from impurities was Figure 3. Collision-energy-resolved He*{8) PIES of thiazole: broken
observed in both side of bands-3, but turned out to be much  ¢yrye E, ~ 91-111 meV (average 100 meV); solid curg&,~ 216—
smaller in PIES. For comparison, the electron energy axes for 296 meV (average 250 meV).
PIES are shifted relative to those for UPS by the difference in
excitation energies, 21.22019.82 eV. assignment of the observed bands. SomgiPwere shown in
Figures 3 and 4 show collision-energy-resolved PIES of parentheses, since their uncertainties are relatively large because
thiazole and benzothiazole, respectively. In each figure, the of band overlapping and diffuseness. The peak energy shifts
lower-collision-energy spectrum is shown by a broken line and (AE) in PIES measured with respect to the “nominal” energy
the higher-collision-energy spectrum is shown by a solid line. Ej (Ep = the difference between the metastable excitation energy
Figures 5 and 6 show CEDPICS of thiazole and benzothiazole. and the target IP) are also shown in the tables. Values of the
The CEDPICS was obtained by integrating electron counts of slope parametens for the logr—log E; plots were estimated
the 2D-PIES over a propé&i range of the ionic state and shown by a linear least-squares method. Because of band overlapping,
by log o — log E. plots in theE; range of 96-300 meV for some AE were not estimated and sonma were listed in
thiazole and of 96280 meV for benzothiazole. Thin lines in  parentheses.
the CEDPICS represent the least-squares-fitted lines. The Figures 7 and 8 show interaction model potential energy
calculated electron density maps for the respective MOs andcurves between a Li atom and thiazole and benzothiazole,
simplified diagrams representing atomic orbital components of respectively. Potential energy curves are shown for (a) in-plane
the MOs are also drawn in the figures. Thick solid line in the access of Li to the S, N, and H atoms and for (b) out-of-plane
MO maps represents the molecular surface estimated from vanaccess to the S atom, the center of the five-menbered ring, or
der Waals radii of component atoms. the benzene ring. For the in-plane access to thél®ond, the
Tables 1 and 2 summarize the vertical IPs determined from direction was chosen as those where the highgsorbital (16a
He | UPS, the calculated IPs by the OVGF method, and the of thiazole and 27aof benzothiazole) mainly extends.




7100 J. Phys. Chem. A, Vol. 110, No. 22, 2006 Yamazaki et al.

He*(23S) PIES

D

C,HsNS + He*(2%S)
IRIR SRR | R T |

E.~ 100 meV
E.~ 237 meV

15
4 12-14 A

O

(ma)  28a i ng) —

£
=
L ! ! J 5
2 11 10 9 8 7 6 5 4 3 2 1 0 o
Electron Energy / eV © 2a
Figure 4. Collision-energy-resolved He*t3) PIES of benzothiaz- 5 @
ole: broken curvelz. ~ 88—115 meV (average 100 meV); solid curve, k] -
E. ~ 196-294 meV (average 237 meV). 3 26a’ 2a"(my) 254’ ]
e 1
w g
C3H3NS + He*(2%S) 8 &
4a'{n3)
P

18a'(ny) —

el I
E » 1
BT -, b Tooppood

10 100
Collision Energy / meV

raul
1000

10000

Figure 6. Collision energy dependence of partial ionization cross
sections for benzothiazole by a collision with HE*83. Electron density
contour maps of ‘eorbitals are plotted on the molecular plane; those
of &' orbitals are plotted on the plane above 1.7 A from the molecular
plane.
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TABLE 1: Band Assignments, Observed lonization Potential
(IPobsg), Calculated lonization Potential (IPcaicq), Peak Energy
Shift (AE), and Obtained Slope Parameter ifh) of the loge —

-mmgmo._ log E. Plots in CEDPICS for Thiazole (See Text)

g = band orbital character IRJeV IPaca®eV AE/mMmeV  m
~ e 1 48" (m3) 9.54 9.534(0.90) ~0.09
. 2 3d' (2) (10.2) 10.367 (0.89) 0.43)
3 184 (nn) 10.46 10.504 (0.89) —120 (=0.43)
RSO 4 174 (ns) 12.82 12.883(0.89) —-0.10
sl J s 5 2d' (711) (13.5) 13.902 (0.82) -0.22
10 100 1000 10000 6 164 (o) 14.34 14.378 (0.89) ~0.11)
Collision Energy / meV 7 154 (o) 14.64 14.951 (0.89) ~0.11)
Figure 5. Collision energy dependence of partial ionization cross S +15.6) —0.21
sections for thiazole by a collision with He®®). Electron density 8 144 (o) (16.6) 17.024 (0.85) —0.08
contour maps of ‘aorbitals are plotted on the molecular plane; those S (~17.1) —0.22
of &' orbitals are plotted on the plane above 1.7 A from the molecular 9 (18.9) —0.06

plane. aThe pole strength in parentheses.

Table 3 lists the calculated ionization potentials and the goes through the region where the MO has high electron density.
corresponding electronic configurations obtained by the SAC/ As discussed in previous papérs;*°positive or negative slope
SAC—CI generalR method. of CEDPICS reflects the type and strength of interaction. In
the case where the attractive interaction is dominant, slower
He* atoms can approach the high electron density region more
effectively through deflection of its trajectory. In this case, the

A. Thiazole. Since the Penning ionization probability is collision with a large impact parameter dominantly contributes
mainly governed by the overlap between He 1s orbital and the to the ionization cross section. When a He* atom has an enough
MO from which an electron is removed, the ionization into the speed to overcome the attractive force, a He* atom and a target
corresponding ionic state can effectively occur when a He* atom molecule cannot be close to each other effectively. Nieaus

V. Discussion
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orbitals with the asymmetry in which the electrons are localized
around the nitrogen () or sulfur (rs) atom.

For thiazole, the largest negative slope of CEDPIGSX
—0.43) was observed for the second and the third ionic states
which correspond to the ionization of'3@r,) and 18a(nitrogen
lone pair; iy) orbitals, respectively. Although the bands 2 and
3 are strongly overlapping as shown in Figure 1, the ordering
in IPs for the bands 2 and 3 of UPS was determined &s 3a
(7m2) < 184d(ny) based on the vibrational fine structures in UPS,

T and the present OVGF calculations resulted in a consistent
assignment with previous studi€$As shown in Figure 5, the

3d' (72) orbital mainly consists of the sulfur 3p orbitals(p

| whose lobe is extending to the perpendicular direction to the
molecular plane. Therefore, the slope valuerof —0.43 for

the second and third ionic states can indicate the averaged

; R R attractive force around the different two regions; in-plane
Distafmce::f A 2 ¥ directions where the \norbital distributes and out-of-plane
Figure 7. Interaction model potential curves between a Li atom and ,d'reCt'or,'S where th,e sulfur 3p orbital 1S extendmg. The Li model
a thiazole molecule for (a) the in-plane and (b) the out-of-plane accessesinteraction potentials (Figure 7a) indicate that the strong
of a Li atom. attractive interactions with the well depth of ca. 450 meV occur

when a He* atom approaches the region where therhital is
showed collision energy dependence of ionization cross sectionextending. Therefore, the largest negative slope of CEDPICS
for atomic targets by using classical relations. If the long-range for the bans 2 and 3n{ = —0.43) is attributed to ionization
attractive part of the interaction potentiffi( R) plays a dominant  from the ny orbital.
role for collision dynamics, and its functional form is of the From Figure 5 and Table 1, the difference in slope values
type amongs bands can be noticed. The order of the slope values
of CEDPICS for threer bands ist, (m= —0.43)> 71 (m=
VX(R)OR S, (6) —0.22) > 73 (m = —0.09), although the slope value for the
band must be strongly affected by that for the band. The
collision energy dependence of the cross seatifiy) can be  strength of attractive interactions aroumdorbitals may be
represented by interpreted by the contribution of the sulfur 3pzgSatomic
orbital component tar orbitals. As can be seen in the diagram
o(E) O Ec—z/s @) inserted in Figure 5, the1 orbital contains the § component
to a certain extent, whereas thg orbital almost consists of
Therefore, the slopm of the logo — log E¢ plots can be related  carbon 2p orbitals. From the model interaction potentials in
to the steepness of the attractive part of the interaction potentialFigure 7b, attractive interaction with a well depth of ca. 15 meV
(m= =2/9). can be found for the out-of-plane access of a Li atom to the

For thiazole and benzothiazole, varioms values were sulfur atom. Therefore, the weak attractive interaction region
observed according to the direction where the ionized MO is above the five-membered ring extends to the sulfur atom. This
mainly extending. The'a(rz-type) orbitals extend perpendicular  relation between the negative slope values and the@npo-
directions to the molecular plane, whereas thigdype) orbitals nents was also observed in the 2D-PIES study of thiopRene.
extend on the molecular plane. There are also lone-pair typeln the case of thiophene, the slope values of CEDPICS for the

TABLE 2: Band Assignments, Observed lonization Potential (a) (b)

(IPobsd), Calculated lonization Potential (IPcaicq), Peak Energy TE T T T T T I

Shift (AE), and Obtained Slope Parameter ifn) of the loge — i

log E. Plots in CEDPICS for Benzothiazole (See Text) & 400- L 1 T

1 (=]

band orbital character IRd{eV IPacfleV  AE/meV m ‘E’ I — :f%_ r"_-

1 6’ (s 8.74 8.857(0.88) —90 (—0.35) & s R

2 54’ (714) (9.0) 8.891(0.88) 40.35) & 7|

3 294 (ny) 10.18 10.437(0.88) —190 —0.52 v

4 44’ (713) 10.72 10.726 (0.87) -0.37 s |

5 34’ () (11.7) 11.807 (0.82) ~0.33) E 5k

6 284 (ng) (11.9) 12.069 (0.89) +0.33) 5

7 274 (0) 12.62 12.961 (0.88) —-0.16 -~ i
8 264 (o) 13.36 13.630 (0.87) ~0.31) S

9 2d' (1) 13.992 (0.80) €0.31) 2 200} 2
10 254 (0) 14.105 (0.87) £0.31) 8

11 244 (o) (14.7) 14.985 (0.87) —-0.27 = | .
12 234(0) 15.69 16.146 (0.85) ~0.17)

13 224(0) 16.345 (0.84) £0.17) -400 - -
14 214 (o) 16.392 (0.84) £0.17) o o

S (~17.3) —-0.21 ) 4 6 8 2 4 3 8
15 (18.7) —0.14 Distance / A

aThe pole strength in parentheses. Figure 8. 'Interaction model potential_ curves between a Li atom and
a benzothiazole molecule for (a) the in-plane and (b) the out-of-plane
accesses of a Li atom.
(a) (b)
_"lﬂr T T T T T Y

—
b‘lu |

i q

5 I

g
T

o
I

8
T

Interaction Potential Energy / meV

%




7102 J. Phys. Chem. A, Vol. 110, No. 22, 2006 Yamazaki et al.

TABLE 3: Observed lonization Potential (IPosg), Calculated lonization Potential (IPcacq), and Main Configuration for the
lonized States of Thiazole (See Text)

band orbital character IPobsdeV IPcaica €V main configuration

1 48 (773) 9.54 9.17 0.96(49Y)

2 3d'(72) (10.2) 10.12 0.95(3a)

3 184(n) 10.46 10.10 0.93(18d)

4 174(ng) 12.82 12.88 0.94(17a)

5 2d' (1) (13.5) 13.63 0.89(2a%)

6 164(0) 14.34 14.28 0.93(16a)

7 154(0) 14.64 14.76 0.94(15a)

S - (~15.6) 16.75 0.85(4a?5d'")
16.92 0.91(18a'5d'*4d' 1) + 0.59(44 15d'1184 1) — 0.45(14&?)

8 144(0) (16.6) 17.01 0.78(14a") + 0.55(18& 15d'14d' 1)

S - (~17.1) 17.93 0.91(3a'5d'4d'1) + 0.62(44 ~15d'*3d' 1)
18.19 0.80(18a6d''4d' 1) + 0.67(44 1641184 Y)
18.70 0.63(44 154134’ 1) — 0.56(44 26d'")

9 - (18.9) 18.85 0.78(13aY)

a QOrbital character is taken from Table fCalculated by SAC/SAECI generalR method.

observed threg bands weren(r;) = —0.40 < m(;r;) = —0.33 in thiophene, the slope values of CEDPICS for theband
< m(z3) = —0.26, which was the same order as the magnitude ranged from—0.26 to—0.40, while much smaller values were
of the S, atomic orbital component. obtained for thiazoleng = —0.09 and—0.22 for thers andz;

The ionization cross sections forbands showed relatively  bands, respectively). This fact is consistent with the attractive
small negative dependence on collision energy. As discussedwell depth by Li model potentials, since the well depth (25 meV)
in the literaturé® if the repulsive part of the interaction potential  for the perpendicular direction to the molecular plane of thiazole
becomes dominant for the energy dependence, the slope valugmarked with circle in Figure 7b) is shallower than that of

of log o—log E. for an atomic target can be expressed as thiophene ¢ 100 meV).
B 1 B. BenzothiazoleIn the case of benzothiazole, the ionizations
mr~E TS (8) from 29a (ny, band 3) and 44 (3, band 4) orbitals were

observed as well separate bands to each other. Although the
where D and B are the decay parameters of the repulsive Koopmans’ theorem gives inversed IP order for the' Z8q)
potential ¥*(R) U exp(—DR)) and of the transition probability ~ (12.003 eV) and the 4a(3) (11.476 eV) orbitals, the present
(W(R) O exp(—BR)), respectively. A soft repulsive wall gener- OVGF calculations resulted in consistent assignments with
ally gives an increase in the ionization cross section with previous studi€s’® and with the results of CEDPICS in this
collision energy. However, a steep repulsive wall (laije study. The CEDPICS for the ionization from the orbital
compared to the steepness of the transition probability can leadshowed much larger negative slopae £ —0.52) than that for
a smaller B/D) value than'/, and a weak negative dependence. the ionization from thers orbital (m = —0.37). As with the
For thiazole, a small negative dependence for bands 6 and 7case of thiazole, the deepest point (ca. 420 meV) of the attractive
(m= —0.11) and band & = —0.08), which are related to the  well is found for the in-plane access of Li atom to the N atom.
ionization from thescy orbitals, can be ascribed to the influence  Therefore, the slope value of the CEDPICS for the overlapping
of both the repulsive potential around they orbital region bands 2 and 3 of thiazolen(= —0.43) can be recognized as
and the attractive potential around the nitrogen or the perpen-nearly the average value af = —0.52 () and —0.37 (z3),
dicular directions to the ring on average. The interaction \nich were observed for the ionizations from the arbital
potential of in-plane directions around the sulfur atom may also 5ng the $, orbital in benzothiazole, respectively.
pe repulsi_ve, which is indicated by th_e model p_otential calcula- The bands 1, 2, and 4 contain the ionizations only from the
tions in Figure 7a. The band 4 of thiazole, which corresponds . . -

m orbitals. In the case of benzothiazole, the same trend as in

to the ionization from 174ns) orbital, showed a weak negative . . .
collision energy dependence, and the slope vatue(—0.10) the case of thiazole may be noticed for the different slope values
is comparable to those of th,EbH bands. Therefore str.ongly of CEDPICS forz bands. The CEDPICS for the ionization from
attractive interaction region for the in-plane direction must be the 44 (73;S4p) orbital (band 4) shows the largest negatlvg slope
almost localized around the N atom. value fn = —0.37) among fiver bands. The 8a(sws) orbital

has also the sulfur 3p component and thus the CEDPICS for

Anisotropic characteristics of the interaction potential inves- ; k
tigated in the present study are consistent with the previous P2nds 1 and 2 gives the next largest negative siope (-0.35).

studies on nitrogen- or sulfur-containing compounds. Interac- Although slope values for other bands could not be obtained
tions around the area where a nitrogen lone-pair orbital is Séparately, ther-ionization dynamics is mostly governed by
extending are known to be strongly attract?fe2 For nitriles the attractive interactions along the perpendicular directions to
(propionitrile, acrylonitrile, and 3-butenenitrile), the CEDPICS  the molecular plane around the sulfur atom. However, the effect
for the ionization from the nitrogen lone-pair orbital gave the Of the benzene ring can be noticed if the absolute slope values
slope values from-0.48 to—0.6028 The slope value of-0.54 for = bands are compared between thiazole and benzothiazole.
was obtained for the CEDPICS of the ionization from the n  Benzene is known to attract a He* atom around the region where
orbital of pyridine26 which is comparable to the result in this 7 electrons distributé? The Li model potential calculations for

study; m = —0.43 for the bands 2 and 3 of thiazole, amd= benzothiazole also resulted in a certain attractive well (ca. 60
—0.52 for the band 3 of benzothiazole, which will be discussed meV) for out-of-plane access of a Li atom to the benzene ring.
in section V\-B. For sulfur-containing compound¥,3? attrac- Since the well depth (ca. 30 meV) for the access to the five-

tive interaction was also found for the vertical direction to the membered ring of benzothiazole is comparable to that of thiazole
C—S or the G=S bond similarly to the present case. However, (ca. 25 meV), the larger negative CEDPICS forbands of
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benzothiazole than those for thiazole can be interpreted as thefrom those for the neighboring bands. The SAC/SAECI
effect of attractive interactions around the benzene moiety. generalR calculation was performed for the ionic states of

Although the slope values of CEDPICS well provide us with thiazole, and the results are listed in Table 3. Some satellite
information on anisotropic interactions between H&gpand  shake-up states are found in the IP region larger than 16 eV.
target molecules, peak energy shifts in PIES should be discussedl WO shake-up states were calculated around the S band, and
here. The largest negative shift in peak position was clearly they mainly correspond to the ionization from'4ars) orbitals
observed for ionization from theyrband (band 3 of thiazole ~ accompanying the HOMO (4ars) — LUMO (5a",7,) or the
and benzothiazole), which is consistent with the preceding 18d(ny) — LUMO (7) excitations. Three shake-up states were
discussion. Although peak energy shifts with absolute values @lso found between band 8 and 9, which corresponds to'the S
smaller than 50 meV were not shown in Tables 1 and 2, next band. Sis found to be consist of the ionization from the,
largest negative shift was found far bands AE(zs) = —90 7, OF Ny orbitals leading to ther—s* or n—z* excitations.
meV for benzothiazole, andE(rr;) = —80 meV for thiazole Therefore, the relatively larger negative slope value for S and
which is not shown in Table 1 because of uncertainty in S bands than those foscy bands was mainly due to the
estimating the peak position in UPS.). For weakly attractive ionization froms orbitals (HOMO or next-HOMO) accompa-
interactions, anisotropic characteristics can be well studied by NYing thezz—z* or n—z* excitations.
different behavior of CEDPICS, however, the absolute value \;| conclusion

of interaction energy is difficult to be estimated from peak Anisotropic int . f thiazol db thiazole with
energy shift, which was the case with benzene where 1 nisotropic interactions of thiazole and benzothiazole wi

bands showed small negative shift with a large uncertainty a metastable He*{%) atom were |nve_st|gat¢d by coII|_3|on_-
(AE(3,712) = —80 + 70 meV andAE(;) = —70 + 70 meV)% energy/electron-energy-resolved two-dimensional Penning ion-
For iln- lane directions wherecy orbitals extend relativ.el @zation glectron spectroscopy combined with ab.ini'gio .mO(_JIeI
smaller s[I)o e values of CEDP(IﬁCtZg than thosezfdralnds werg interaction potential calculations. Observed partial ionization
observed \F/)vhich is again due to repulsive interaction for the cross sgctions showed_ differgnt collision energy dependence
directions’ As can be seen in Figure 8a, the Li model potentials depending on the spatial region where the ionized molecular
) . X orbital extends. The following remarks can be made from
well support the experimental results. Although theband of observation of the slopes in the lefpg plot of collision energy

benzothiazole could not be separated froband, repulsive yoh0ndence of partial ionization cross sections (CEDPICS).
interactions for in-plane access of He* to the S atom is also (1) Thiazole and benzothiazole strongly attract a He8j2

S)c()?:r(\:ttigﬁs by both of the result of CEDPICS and the model 44, annroaching the region where the nitrogen lone-pair orbital

extends.

C. Electronic Structure and Satellite Bands Observed in (2) Interactions for perpendicular directions to the molecular
PIES. It is generally difficult to assign the ionization from plane are also weakly attractive. The attractive interactions for
orbitals in the binding energy region of 15 eV, because the out-of-plane access of He3@) to the sulfur atom play an
bands are observed to be considerably overlappingmitands  important role determining the slope of CEDPICS fobands,

in that region. However, PIES band intensity and its collision since the magnitude of the sulfur atomic orbital component could
energy dependence were shown to be useful to make assignmengccount for the difference of the slope values amarigands.

It is well-known that ther bands are StrOﬂg'y enhanced in PIES (3) For benzothiazme, the benzene moiety more Strong]y
because of large extendingorbitals, which enables us to know  attract a He*(2S) atom than the five-membered ring, which

about interactions around the region whereelectrons are  resulted in larger negative slope values of CEDPICStfbands
distributed. In the previous UPS studies for thiaZoleand 5 than those of thiazole.

was assumed to be the ionization fronw @rbital because of (4) For in-plane access of Hej®) to the investigated
the band broadness and the unreliability of semiempirical molecules, the interaction becomes repulsive type, except for
calculations. However, band 5 in PIES of thiazole shows the region where the nitrogen lone-pair orbital extends.
stronger intensity than the band 4 and the bands 6 and 7, and These experimental findings were well supported with ab
the present OVGF calculation showed that the fifth ionic state initio model interaction potential calculations where a EgP
corresponds to the ionization from the orbital. Negative atom was used instead of a He*®&) atom.

collision-energy dependence of the banarb< —0.22) is also In concerning with electronic structures, the band intensities
consistent with ionization from; orbital. For benzothiazole,  and the slope values of CEDPICS were shown to be useful to
it is difficult to make a detail assignment for the ionization from make assignment of ionic states. It was found in PIES that
the 2& (1) orbital, because the OVGF method gave nearly relatively larger negative collision energy dependence was
the same IP values for the '2¢r;) and 25a(o) orbitals. The  embedded in the electron energy region below 5 eV. The slope
slope value ify = —0.31) of the CEDPICS for bands-80, values of CEDPICS for the satellite bands were related to the
however, suggests that the ionic state for ionization from the jonization fromz orbitals. From the SAC/SAECI generalR

1 orbital should be appeared within the bands. For benzothia- method, the satellite bands were well assigned as the shake-up
zole, it is also notable that the band 7 has a weak intensity in states in which the highest- or next-highesirbitals are ionized
PIES, since the corresponding 27@) orbital localizes around accompanying the—s* or n—s* excitations.

the ocy bonds of the six-membered ring.

In CERPIES of thiazole and benzothiazole (Figures 3 and
4), a certain negative collision-energy dependence can be notice
in the electron energy regions aroundt.25 eV (IP~ 15.6
eV) and around~3—2 eV (IP ~ 17.3 eV) which are denoted
as S and Srespectively. The slope values of the CEDPICS for
the S bandrf= —0.21) and the ‘Sand (h= —0.22 for thiazole References and Notes
andm= —0.21 for benzothiazole) may enable us to relate them (1) Bajaban, A. T.; Oniciu, D. C.; Katritzky, A. RChem. Re. 2004
to the slope forr bands, since the slopes can be distinguished 104, 2777.
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