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The anisotropic interaction potential energy surface around urea and thioureg,({&H, X = O,S) with

the He*(2S) metastable atom has been studied by two-dimensional (collision-energy/electron-energy-resolved)

Penning ionization electron spectroscopy and by model potential energy calculation for the mdlécule
system based on a well-known resemblance between a metastable excitetBHat¢in and a ground-state
Li(22S) atom. A different trend was found in the interaction around th&X@X = O, S) group; an attractive
interaction was found for the perpendicular direction around 8 @xis where the 3p orbital of the S atom
extends, while the collinear direction along the=Q bond was found to be most attractive. A weak interaction

was found around the “nitrogen lone pair” of the amino group in the conjugated systems (urea and thiourea),

which is different from the general trend in previous studies that a strong attractive interaction was found
around the “lone pair” of target molecules.

I. Introduction CHCH=0),* and amided® A weak interaction was found

In chemical reaction processes, it is important to investigate around the &S group of CHNCS;® and the out-of-plane
interaction and reaction dynamics between molecules. Especiallydiréction was found to be attractive around the S atom of
on the anisotropic interaction potential energy surface, the aliphatic sulfur moleculé$ (CH;SCHs, CHsSSCH;, and GHs-
movement of chemical species is not simple. Anisotropic SH), which is different from the case of aliphatic oxygen
bimolecular interaction between a metastable atom and amoleculed® 18 (the in-plane direction is attractive around the
molecule has been studied experimentally with the use of the © atom). In addition, it should be noted that geometry
collisional ionization reaction (Penning ionization) with a OPtimization was performed with ab initio calculation fop-H
metastable beam and collisional energy resolving techrique.  CX.--LiF (X = O, S){® and n; lone pair donation was found
Penning ionization can occur when a molecule M collides with for the oxygen compound and fone pair donation was found
metastable atom A* having an excitation energy larger than the for the sulfur compound. On the other hand, a strong attractive
lowest ionization energy of M (M- A* — M* + A + e7).6-9 interaction was found for the Ione_ paify rorbital region of
In the electron exchange modebf the Penning ionization  cyclopropylamine (€HsNH;)* and nitrilest®21.22In addition,
process, an electron in a molecular orbital (MO) having a large t0 obtain CEDPICS of NCCN by collision with He*{8), a
electron density outside the molecular surface of M is transferred classical trajectory calculation was performed on the highly
to the inner-shell orbital of A*, and the excited electron in A* Symmetric Dwn) potential energy surface with attractive interac-
is ejected. Measurement of the electron kinetic energy gives tion around the N aton. _ ) o _
Penning ionization electron spectfaBecause the electron In this study, we have mvestlggted the anisotropic interaction
distributions of individual MOs are more or less localized on a around the N, O, and S atoms with He* atoms in the conjugated
special part of a molecule, collision energy dependence of the System, urea and thiourea ((MEC=X, X = O, S), by 2D-
partial ionization cross sections (CEDPICS) for various ionic PIES and potential energy calculation. Assignments of observed
states observed by the two-dimensional (collision-energy/ Pands by He I ultraviolet photoelectron spectroscopy (UPS) were
electron-energy-resolved) Penning ionization electron spectros-Made on the basis of present experiments and calculations.
copy (2D-PIES) enables us to investigate the anisotropic
interaction between M and A*. Negative CEDPICS shows
attractive interaction, because a slower He* metastable atom The experimental apparatus for He*@ Penning ionization
can approach the reactive region effectively by an attractive electron spectroscopy was reported previodish?* Metastable
force. The ionization cross section, therefore, is enhanced atatoms of He*(2S, 2S) were produced by a discharge nozzle
lower collision energie$2 On the contrary, positive CEDPICS  source with a tantalum hollow cathode. The HéSPcompo-
shows repulsive interaction, because a faster He* atom cannent was quenched by a water-cooled helium discharge lamp
approach the reactive region effectively against the repulsive (quench lamp). The background pressure in a reaction chamber
potential wall. The ionization cross section, therefore, is was on the order of G Torr. Sample molecules were put in
enhanced at higher collision energies, reflecting the exponen-a sample cell set under the collision cell in the reaction chamber
tially increasing transition probability as a function of distance. and heated to vaporize. He | ultraviolet photoelectron spectra

By observing CEDPICS, a strong attractive interaction with (UPS) were measured by using the He | resonance photons (584
He*(23S) atoms was found for collinear direction of the=O A, 21.22 eV) produced by a discharge in pure helium gas. The
bond of CHNCO '3 formaldehyde (HC=0),** acrolein (CH- kinetic energy of ejected electrons was measured by a hemi-
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spherical electrostatic deflection type analyzer using an electron (NH,),C=0

collection angle 99to the incident He*(2S) or photon beam. lonization Energy/eV

The energy resolution of the electron energy analyzer was LANRLNS USSR L UL LB
estimated to be 60 meV from the full width at half-maximum 2b,

(fwhm) of the Ar*(2P3;,) peak in the He | UPS. The transmission 1,2 He I UPS
efficiency curve of the electron energy analyzer was determined ,,3

by comparing our UPS data of some molecules with those by
Gardner and Samsé&hand Kimura et af® Calibration of the
electron energy scale was made by reference to the lowest ionic
state of N mixed with the sample molecule in He | UPG:(=
5.639 eV¥’ and He* (2S) PIES E. = 4.292 eV) including a
peak energy shift of 50 me¥2° and the difference between
the metastable excitation energy and the lowest IP.

For collision-energy-resolved measurements of Penning elec- R NN NN M NN M TN MR NN NN NN N R
trons, the metastable He®®) beam was pulsed by a chopper 3 12 11 10 9 8§ 7 6 5 4 3 2 1 0
rotating at 400 Hz, and then introduced into a reaction cell Blectron Energy/cV
located at 504 mm downstream from the chopper disk with

*
taking care of keeping constant sample pressure. Time dependent ~ He (233) PIES s,
electron signals for each kinetic electron enerd) (was )0 11
recorded with scanning electron energies of a 40 meV step. The
two-dimensional data as functionsBf and timet were stored 2y T
in a 2 MB RAM. The resolution of the analyzer was lowered S 7,8

to ca. 250 meV in order to obtain higher counting rates of
Penning electrons. The two-dimensional Penning ionization
cross sectiow (Ee, vr) was obtained with normalization by the
velocity distribution of He*l jex(vier)

0(Egvy) = {1 (Eevne) Iex(Ve)} (Ve vy) 1) o L T

ir 10 9 8 7 6 5 4 3 2 1 0

v, = [UHe*2 + 3KT/M] 12 2) Electron Emergy/eV
Figure 1. He | UPS and He*(3S) PIES of urea.

wherec is a constanty, is the relative velocity averaged over

the velocity of the target moleculkjs the Boltzmann constant, —and difficulties associated with calculations for excited states,
andT andM are the gas temperature and the mass of the targetthe Li atom was used in place of the He*@) atom. To taking
molecule, respectively. Velocity distributidfe+(vner) of He* electron correlation effects into account, we performed interac-
beam was determined by monitoring secondary electrons emittedtion potential energy calculations using a density functional
from the inserted stainless plate. FinallfE.,vr) is converted  theory (DFT) with Becke’s three-parameter exchange with the
to o(EeEc) as functions ofEe and collision energye. by the Lee, Young, and Parr correlation functional (B3LY¥P)y the

relation GAUSSIAN 94 program with 6-31t+G** basis functions for
the M—Li system. In addition, interaction energy values by the
E, = uv2 3) unrestricted HartreeFock method (UHF) and second-order
Mgller—Plesset perturbation theory (MP2) were calculated at
whereu is the reduced mass of the system. several points for comparison.
Ill. Calculations IV. Results
We performed ab initio HartreeFock self-consistent field He | UPS and the He*@5) Penning ionization electron

(SCF) calculations in order to obtain electron density maps of spectrum (PIES) of urea and thiourea are shown in Figures 1
each MO with 6-311G** basis functions using the GAUSSIAN and 2, respectively. The electron energy scales for PIES are
94 progran?? The geometries of neutral target molecules were shifted 1.4 eV relative to those for UPS by the difference in
selected from reported values for ufeand thioure&? In the excitation energies between the He | photoelectron (21.22
electron density contour maps, thick solid curves indicate the eV) and the He*(2S) atom (19.82 eV).
repulsive molecular surface approximated by atomic spheres Figures 3 and 4 show the collision-energy-resolved PIES
of van der Waals rad#? obtained from the 2D spectra of urea and thiourea. Hot spectra
lonization potentials (IPs) were also calculated for the at the higher collision energy (ca. 250 meV) are shown by
assignment of the photoelectron and Penning electron spectradashed curves, and cold spectra at the lower collision energy

with the outer valence Green’s function (OVGF) mettod (ca. 100 meV) are shown by solid curves.
using the GAUSSIAN 94 program with the 6-311G** basis Figures 5 and 6 show the lagvs log E; plots of CEDPICS
function. in a collision energy range of 1600 meV for urea and

Interaction potential energies between HéSP and the thiourea, respectively. The CEDPICS were obtained from the
targets for various directions were calculated on the basis of two-dimensional PIES(E.,Ec) within an appropriate range of
the well-known resemblance between HéSpand Li(ZS); the E. (typically the fwhm of the respective band) to avoid the effect
shape and the total scattering cross sections of He* with He, of neighboring bands. Electron density maps are also shown in
Ar, and Kr are very similar to those of Ef,and the location of the figures in order to grasp effective access directions of He*.
the interaction potential and its depth are very similar for He*- The calculated electron density maps foorbitals are shown
(28S) and Li(2S) with various target§37-38Due to these findings  on the molecular plane, and those foorbitals are shown on
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Figure 2. He |1 UPS and He*(2S) PIES of thiourea.
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Figure 4. Collision-energy-resolved Penning ionization electron spectra
of thiourea (solid curve at 93107 meV, average 100 meV; dashed
curve at 225279 meV, average 250 meV). The arrow shows the
positive energy shift of the band shoulder to larger electron energy in
the hot spectrum (see text).
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Figure 5. Collision energy dependence of the partial ionization cross
sections for urea with He*{3).

in (a) the distanc® between Li and the molecule is measured
from the molecular plane or the heteroatom, in\#J) shows
potential energy curves with theLi distance, 1.75 A for urea

Figure 3. Collision-energy-resolved Penning ionization electron spectra ang 2.5 A for thiourea. Model potential calculations were

of urea (solid curve at 93107 meV, average 100 meV; dashed curve
at 225-279 meV, average 250). The dotted lines show peak positions

for bands 3.

a plane at a height of 1.70 A (van der Waals radii of C atom

from the molecular plane.

Table 1 lists vertical IPs determined from the He | UPS and
the calculated OVGF IPs. The pole strength of a respective MO

was also shown in parentheses. The peak energy shiEsif
PIES measured with respect to the “nominal” enekgy(the

performed for the M-Li system with DFT. For comparison,
UHF and MP2 results are also shown. Figure 9 shows potential
energy curved¥(60,p) by DFT calculation for thioureali as a

) function of C-S—Li angle 6 on the plane of dihedral angle

(=30, 60, and 99 with respect to the molecular plane with
fixing S—Li distance of 2.5 A.

V. Discussion
A. UPS and PIES of Urea.He | UPS of urea and thiourea

difference between the metastable excitation energy and targeivas observed by Debies et“dland Mines et at! In those

IP) are listed. Values of the slope parametgor the CEDPICS
estimated in a collision energy range HBD0 meV by a linear
least-squares method were also shown.

Potential energy curveé#R) as a function of distance and
V(0) as a function of angle €X—Li on the molecular plane

studies, the observed bands were assigned on the basis of
semiempirical MO calculatidfi or correlation of MO level with
related compound8. Assignment of bands-13 and 4-6 of
urea was, however, unresolved. In this study, we have obtained
consistent results, as shown in Table 1, referring to PIES band

are shown for urea and thiourea in Figures 7 and 8, respectively;intensity, CEDPICS, and OVGF calculation. It should be noted
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Figure 6. Collision energy dependence of the partial ionization cross
sections for thiourea with He*{3).
-500
TABLE 1: Band Assignments, lonization Potentials (IP/eV),
Peak Energy Shifts AE/eV), and Obtained Slope Parameter
(m, See Text) for Urea and Thiourea

IPOVGF/eV orbital A ) | ) A
molecule band IRsdeV (pole strength) character AE/eV m -1000 0 30 0 % 2
urea 1,2 (10.3) 9.83(0.91) 2tnon) (—0.4) @ Idegree
(10.3) 10.05(0.91) 5hny) (-0.1)p —0.33 ) ) ) ]
3 (10.7)  10.09(0.92) 1dnon) (—0.6) Figure 7. Model potential energy curves for urehi. (a) The distance
4 (14.5) 14.52(0.91) 8doco) (—0,5)} 047 R was measured from the N atom)(and O atom for the out-of-plane
5 (14.8)  14.67(0.90) Xdnnco) (—0.2) : (O) and in-plane ¥) direction. (b) The angl® was measured from
6 15.95 16.57(0.92) 4Konn) (—0.4) —0.40 the collinear direction of the €0 group, and the distance between O
7 181  18.61(0.92) Fdonm) (—0.5)} —0.30 and Li was kept to 1.75 A by UHF), MP2 (), and DFT (B3LYP,
8 18.4 18.57(0.90) 3konw)  (0.0) ’ W) methods.
thiourea 1,2 8.6 7.79(0.91) 6kng) —0.2 } 024
8.6 7.81(0.91) 3b(nsn) -0.2 ’ . . . .
3 10.58  10.55 (0.90) Ldny) -03 —0.05 By decomposing overlapping bands into Gaussian type com-
4 1293  12.29(0.90) 1Qfocs) -—-0.2  —-0.16 ponents, we can estimate the peak position and relative intensity
5 1370 14.27(0.88) dlmneny) —03  —0.15 ratios in bands 43 of the hot spectrum in collision-energy-
6 14.81  17.01(0.91) 5Konw) —02  —0.19 . .
7 16.08 18.38(0.85) 9dony) —0.1  —0.08 resolved PIES (Figure 3) for band 1 (9.4 eV in electron energy,

5.6%), band 2 (9.1 eV, 43.2%), and band 3 (8.5 eV, 51.2%).
The band intensity in PIES shows the probability of the electron-
transfer process governed by mutual overlap between the orbitals
of He* and M, because it is known that an electron in a
molecular orbital is transferred to the inner-vacant orbital of
He* and the excited electron in He* is eject®dlhe smallest

that calculated pole strengths by the OVGF method were over
0.85. This indicates that the main contribution to each ionic
state is ionization from the corresponding MO.

In UPS of urea (Figure 1), the first three bands corresponding
to 2by (nonbonding oxygen orbital extending in the out-of-plane
direction, o), 1& (nonbonding oxygen orbital extending in ) ETTIE "
the in-plane direction, &), and 5B (nonbonding nitrogen orbital ~ Pand 1 can be assigned to ionization from the k) orbital,
extending in the out-of-plane directiony)orbitals are overlap- ~ Pecause & bands showed similar intensities for carbonyl
pir‘]gl and the peak positions are calculated within 0.26 eV Compound§? In addition, a relatiVer small negative collision
(=10.09-9.83 eV in IP). These bands show considerable €nergy dependence of band 1 in collision-energy-resolved PIES
negative peak energy shift in PIES with respect to IPs in UPS is consistent with a weakly attractive interaction around the N
(Table 1), which indicates an attractive potential energy surface atoms. Taking the potential well depth (Figure 7) into consid-
where the transition occurs because of the weak interaction with eration as negative peak energy shift in PIES, we have roughly
the ground-state helium atom for the exit channel of the reaction. estimated IP values for ionization from thei2trbital (10.3
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Figure 8. Model potential energy curves for thiourehi. (a) The
distanceR was measured from the N atom)(and S atom@) for the
out-of-plane direction and in-plane direction with keeping the &+C
angle of 0 (v) or 60° (O). (b) The angled was measured from the
collinear direction of the &S group, and the distance between S and
Li was kept 2.5 A by UHF ), MP2 (©), and DFT (B3LYP,m)
methods.

eV with energy shift-0.4 eV), 5b orbital (10.3 eV with energy
shift —0.1 eV), and 1aorbital (10.7 eV with energy shift0.6
eVv).

The next two bands corresponding to, §aonding orbital
extending around €0 axis,oco) and 1k (bondingz orbital
extending for the out-of-plane directiomyco) orbitals are
overlapping with an electron energy difference of 0.15 eV in
the OVGF calculation. The sum of intensity for bands3Lis
larger than that for bands— in UPS, while the intensity
relationship reverses in PIE3(1—3):1(4—5) = 1.0:1.2) by
decomposing overlapping bands-@ into Gaussian type
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Figure 9. Model potential energy curves for thiourehi as a function
of the angle L+S—C (0) with the dihedral anglep (=30°, 60°, and
90°).

7a), while a weak attractive interaction was calculated for the
out-of-plane direction around the N atom. The enhanced
intensity and strong negative collision energy dependence in
collision-energy-resolved PIES (Figure 3) and CEDPICS (Figure
5) of band 4,5 are thought to be due to ionization mainly from
the oco orbital, which is consistent with the calculated results
and small intensity of therco band of HCHO*42 as well as
thezznen band of thiourea in Figure 2. Assuming a peak energy
shift from the peak position in PIES (4.8 eV in electron energy)
by calculated potential well depth, we obtained the IP values
for ionization from the 8aorbital (14.5 eV with energy shift
—0.5 eV) and 1borbital (14.8 eV with energy shift0.2 eV).

The small intensity of band 6 in PIES can be ascribed to a
relatively small extension of the 4ocy) orbital to be ionized
and the nodal plane of the orbital. Similarly, ionization from
3b; is thought to result in a small intensity. The consistent
assumption is, therefore, that band 7§7shifts with a large
negative value{0.5 eV) and gives a relatively strong intensity
due to ionization around the=€0 group where the Faorbital
extends. The negative collision energy dependence of cross
sections for bands 7,8 supports this assumption.

B. UPS and PIES of Thiourea.Assignment of the observed
UPS bands in this study are consistent with previous stdiiés.
Strong bands 1,2 are assigned to nonbonding sulfur orbitals
extending in the out-of-plane and in-plane directiong,(ng),
which are originated from the 3p orbital of the S atom. Contrary
to the case of urea, the intensity of bands3lare larger than
that of bands 45 (1(1—3):1(4—5) = 1.7:1.0) because of the
large intensity of bands 1,2. By model calculation, a strong

components. In a previous work, the band intensity was much attractive interaction was found for the perpendicular direction

more enhanced for theco band of carbonyl compounds in

PIES#2 which was ascribed to the electron distribution of the
oco orbital. In addition, the attractive interaction around the
C=0 group of HCHO was investigated by collision-energy-

of the G=S axis, not around thecs orbital region (Figure 8).
The intensity of band 4os) is almost half the intensity of
bands 2 (1(1—2):1(4) = 2.0:1.0) despite the weak attractive
interaction around the €S group, which can be ascribed to

resolved Penning ionization electron spectroscopy and potentialthe nodal plane of 6band 3k orbitals corresponding to bands
energy calculation. For urea, a strong attractive interaction was 1,2. The large negative collision energy dependence of bands
calculated for the collinear direction along the CO axis (Figure 1,2 (m = —0.24) rather than band 4n(= —0.16) shows the
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influence of attractive interaction for the perpendicular direction the NH, group. It should be noted that a similarly attractive

of the C=S group. interaction was found in the previous studies of Penning
Band separation observed in PIES of thiourea gives informa- ionization of aliphatic thioethets (perpendicular direction of

tion on the anisotropy of the interaction potential around the C—S—C plane) and ethet§!® (in-plane direction around the

molecule. Band 3 and band 5 are assigned i@t 2 orbitals ~ C—O—C group) as mentioned above. In addition, the perpen-
extending in the out-of-plane direction, respectively. A large dicular direction of the €Cl bond (3p orbital region) was found
negative peak energy shifAE = —0.3 eV) and negative  t0 be more attractive with a He* atom rather than the collinear

collision energy dependence at lower collision energies (Figure direction of the €-Cl bond in CH=CHCI.** _
6) can be ascribed to the influence of the attractive interaction ~ For atom-atom collision, when attractive interaction &f*
for the out-of-plane direction of the=€S group. At higher IS dominanto(Ec) can be expressed bff

collision energies, these bands show positive collision energy o(E) OE —2Is (4)
dependence (slope values in Table 1 are average), as shown in ¢
Figure 6, which is due to the weak interaction on the,lgroup. If the slope parameter for the logarithm plot of CEDPICS

The weak attractive interactions around the “nitrogen lone pair” (m) can be connected te-2/s, the steepness of the attractive
of urea and thiourea are unexpected and interesting, becaus@art of potential energy curve can be derivedrbylt seems
the interaction around the lone pair of the amino groupdH£ that the anisotropic attractive interaction around theX@roup
NH; has been known to be strongly attract¥svith a potential has a large influence on the slope of CEDPICS. Thbands
well depth of ca. 400 meV, and an attractive interaction around show a larger negative dependence= —0.24) rather than
the “lone pair” was a general trend in previous stuéfés.1820-24 theocsband (n = —0.16), which is opposite to the trend seen
It should be noted that similar unexpected weak interactions in the ny band (= —0.36+ 0.03) andoco band (n= —0.44
around “nitrogen lone pair” was found for amide compoutfds.  + 0.03) of HCHG* as well as band 43 (no and n,, m =
Band 6 and band 7 are both assignedstg, orbitals and —0.33) and band 45 (oco andznco, m= —0.47) of urea. As
show comparable intensities. The collision energy dependencementioned above, in CEDPICS of thiourea (Figure 6), a bending
is, however, different. The negative collision energy dependence dependence with increasing trend at higher collision energy was
of band 6 (h= —0.19) is thought to be caused by an attractive observed for bands 3, 4, 5, and 7, which can be ascribed to a
interaction for the perpendicular direction of the=6 group. weak interaction for the out-of-plane direction around the N
This negative slope is consistent with the negative peak energyatoms (band 3 and 5) or a repulsive interaction for the in-plane
shift (AE = —0.2 eV). The repulsive interaction around the H direction around the H atoms of two amino groups that are
atoms results in a small collision energy dependeme=( further from the S atom (band 4 and 7). A weak interaction
—0.08) and peak energy shifAE = —0.1 eV) of band 7. around the amino group and an attractive interaction around
In band 3 of the collision-energy-resolved PIES (Figure 4), the C=0 group are consistent with a previous PIES study of
a band shoulder larger than 8.9 eV (peak position in PIES) in amides® _ _ _
electron energy was observed to shift from 9.0 eV in the cold [N connection with this study, the total electronic energy
spectrum to a larger electron energy in the hot spectrum (ca.Partitioning (electron kinetic energy and electron potential
9.2 eV), as shown in the figure by arrow. In addition, the energy) of the energy difference between the interacting system
electron energy difference of 0.2:9.2-9.0) eV was consistent ~ and the noninteracting system by Tokiwa et*akhows a
with the collision energy difference between hot and cold spectra COnsistent anisotropic attractive interaction and decrease of
(0.15 eV). This shift can be ascribed to ionization on a repulsive €lectron kinetic energy for in-plane access of a lithium atom to
surface, because the positive shift shows ionization near thethe O atom and out-of-plane access to the S atom of dimethyl
potential wall. A similar positive shift at a higher collision €ther or dimethyl thioether.
energy in the hot spectrum was observed also for band 5 andV

band 6. These three bands are all related to ionization around o S
the NH, group. By collision-energy-resolved Penning ionization electron

spectroscopy and model potential energy calculation, the aniso-
tropic interaction with a He*(¥5) metastable atom was inves-
tigated. An attractive interaction was found for the collinear

mentioned above. The angular dependence of the potentialg!reclf!on ?fhth%_cs::O aX'SAOf urea an% the lperpentglcglard
energy (Figures 7b and 8b) shows a similar trend regardless of irection of the €=S group. An u.nexpecte_ result was obtaine
the three calculation methods (UHF, MP2, and DFT). This may for both conjugated molgcules, a weak Interaction was found
show that the effect of electron correlation is not essentially 2round the Nk group, while a strong attractive interaction was

important in the anisotropy of the attractive interaction in this found in ge_neral aroun_d the lone pair of molezgules including
study. the nonconjugated amino compoundsigNH,).2° Observed

An attractive int . found for th I directi UPS bands were assigned and several IPs for overlapping bands
h aftractive interaction was found for the cofinéar direction y 3 54 4 5 of urea were estimated on the basis of experimental
of the G=0 group in the molecular plane (Figure 7), which

b ibed (o | ir elect in tha id th and theoretical results. Strong band intensity was observed for
can be ascribed to .one-palr e.ec rons in Wb”. S c_>n - e . ionization from theoco orbital in the Penning ionization electron
O atom, as shown in the previous study of Penning ionization

. . spectrum of urea, while ionization from nonbonding sulfur
of H,C=0.4 In this study, we have found that the attractive P 9

interaction for the perpendicular direction around teS3group orbitals (ry) resulted in strong bands in PIES of thiourea.
where the 3p orbital of the S atom extends is much stronger Acknowledgment. This work has been supported by a Grant
than the collinear direction (Figures 8b and 9). We can see thein Aid for Scientific Research from the Japanese Ministry of
attractive region spreads in a ring € 90° direction) around Education, Science, and Culture.

the G=S group, as shown in Figures 8b and 9. The potential
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