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The anisotropic interaction potential energy surface around urea and thiourea ((NH2)2CdX, X ) O,S) with
the He*(23S) 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 molecule-Li
system based on a well-known resemblance between a metastable excited He*(23S) atom and a ground-state
Li(22S) atom. A different trend was found in the interaction around the CdX (X ) O, S) group; an attractive
interaction was found for the perpendicular direction around the CdS axis where the 3p orbital of the S atom
extends, while the collinear direction along the CdO 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

In chemical reaction processes, it is important to investigate
interaction and reaction dynamics between molecules. Especially
on the anisotropic interaction potential energy surface, the
movement of chemical species is not simple. Anisotropic
bimolecular interaction between a metastable atom and a
molecule has been studied experimentally with the use of the
collisional ionization reaction (Penning ionization) with a
metastable beam and collisional energy resolving technique.1-5

Penning ionization can occur when a molecule M collides with
metastable atom A* having an excitation energy larger than the
lowest ionization energy of M (M+ A* f M+ + A + e-).6-9

In the electron exchange model10 of the Penning ionization
process, an electron in a molecular orbital (MO) having a large
electron density outside the molecular surface of M is transferred
to the inner-shell orbital of A*, and the excited electron in A*
is ejected. Measurement of the electron kinetic energy gives
Penning ionization electron spectra.11 Because the electron
distributions of individual MOs are more or less localized on a
special part of a molecule, collision energy dependence of the
partial ionization cross sections (CEDPICS) for various ionic
states observed by the two-dimensional (collision-energy/
electron-energy-resolved) Penning ionization electron spectros-
copy (2D-PIES)12 enables us to investigate the anisotropic
interaction between M and A*. Negative CEDPICS shows
attractive interaction, because a slower He* metastable atom
can approach the reactive region effectively by an attractive
force. The ionization cross section, therefore, is enhanced at
lower collision energies.1,2 On the contrary, positive CEDPICS
shows repulsive interaction, because a faster He* atom can
approach the reactive region effectively against the repulsive
potential wall. The ionization cross section, therefore, is
enhanced at higher collision energies, reflecting the exponen-
tially increasing transition probability as a function of distance.

By observing CEDPICS, a strong attractive interaction with
He*(23S) atoms was found for collinear direction of the CdO
bond of CH3NCO,13 formaldehyde (H2CdO),14 acrolein (CH2-

CHCHdO),14 and amides.15 A weak interaction was found
around the CdS group of CH3NCS,13 and the out-of-plane
direction was found to be attractive around the S atom of
aliphatic sulfur molecules16 (CH3SCH3, CH3SSCH3, and C2H5-
SH), which is different from the case of aliphatic oxygen
molecules16-18 (the in-plane direction is attractive around the
O atom). In addition, it should be noted that geometry
optimization was performed with ab initio calculation for H2-
CX...LiF (X ) O, S),19 and nσ lone pair donation was found
for the oxygen compound and nπ lone pair donation was found
for the sulfur compound. On the other hand, a strong attractive
interaction was found for the lone pair nN orbital region of
cyclopropylamine (C3H5NH2)20 and nitriles.13,21,22In addition,
to obtain CEDPICS of NCCN by collision with He*(23S), a
classical trajectory calculation was performed on the highly
symmetric (D∞h) potential energy surface with attractive interac-
tion around the N atoms.23

In this study, we have investigated the anisotropic interaction
around the N, O, and S atoms with He* atoms in the conjugated
system, urea and thiourea ((NH2)2CdX, X ) O, S), by 2D-
PIES and potential energy calculation. Assignments of observed
bands by He I ultraviolet photoelectron spectroscopy (UPS) were
made on the basis of present experiments and calculations.

II. Experimental Section

The experimental apparatus for He*(23S) Penning ionization
electron spectroscopy was reported previously.1-3,24Metastable
atoms of He*(21S, 23S) were produced by a discharge nozzle
source with a tantalum hollow cathode. The He*(21S) compo-
nent was quenched by a water-cooled helium discharge lamp
(quench lamp). The background pressure in a reaction chamber
was on the order of 10-7 Torr. Sample molecules were put in
a sample cell set under the collision cell in the reaction chamber
and heated to vaporize. He I ultraviolet photoelectron spectra
(UPS) were measured by using the He I resonance photons (584
Å, 21.22 eV) produced by a discharge in pure helium gas. The
kinetic energy of ejected electrons was measured by a hemi-
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spherical electrostatic deflection type analyzer using an electron
collection angle 90° to the incident He*(23S) or photon beam.
The energy resolution of the electron energy analyzer was
estimated to be 60 meV from the full width at half-maximum
(fwhm) of the Ar+(2P3/2) peak in the He I UPS. The transmission
efficiency curve of the electron energy analyzer was determined
by comparing our UPS data of some molecules with those by
Gardner and Samson25 and Kimura et al.26 Calibration of the
electron energy scale was made by reference to the lowest ionic
state of N2 mixed with the sample molecule in He I UPS (Ee )
5.639 eV)27 and He* (23S) PIES (Ee ) 4.292 eV) including a
peak energy shift of 50 meV28,29 and the difference between
the metastable excitation energy and the lowest IP.

For collision-energy-resolved measurements of Penning elec-
trons, the metastable He*(23S) beam was pulsed by a chopper
rotating at 400 Hz, and then introduced into a reaction cell
located at 504 mm downstream from the chopper disk with
taking care of keeping constant sample pressure. Time dependent
electron signals for each kinetic electron energy (Ee) was
recorded with scanning electron energies of a 40 meV step. The
two-dimensional data as functions ofEe and timet were stored
in a 2 MB RAM. The resolution of the analyzer was lowered
to ca. 250 meV in order to obtain higher counting rates of
Penning electrons. The two-dimensional Penning ionization
cross sectionσ (Ee, Vr) was obtained with normalization by the
velocity distribution of He*IHe*(VHe*)

wherec is a constant,Vr is the relative velocity averaged over
the velocity of the target molecule,k is the Boltzmann constant,
andT andM are the gas temperature and the mass of the target
molecule, respectively. Velocity distributionIHe*(VHe*) of He*
beam was determined by monitoring secondary electrons emitted
from the inserted stainless plate. Finally,σ(Ee,Vr) is converted
to σ(Ee,Ec) as functions ofEe and collision energyEc by the
relation

whereµ is the reduced mass of the system.

III. Calculations

We performed ab initio Hartree-Fock self-consistent field
(SCF) calculations in order to obtain electron density maps of
each MO with 6-311G** basis functions using the GAUSSIAN
94 program.30 The geometries of neutral target molecules were
selected from reported values for urea31 and thiourea.32 In
electron density contour maps, thick solid curves indicate the
repulsive molecular surface approximated by atomic spheres
of van der Waals radii.33

Ionization potentials (IPs) were also calculated for the
assignment of the photoelectron and Penning electron spectra
with the outer valence Green’s function (OVGF) method34,35

using the GAUSSIAN 94 program with the 6-311G** basis
function.

Interaction potential energies between He*(23S) and the
targets for various directions were calculated on the basis of
the well-known resemblance between He*(23S) and Li(22S); the
shape and the total scattering cross sections of He* with He,
Ar, and Kr are very similar to those of Li,36 and the location of
the interaction potential and its depth are very similar for He*-
(23S) and Li(22S) with various targets.7,37,38Due to these findings

and difficulties associated with calculations for excited states,
the Li atom was used in place of the He*(23S) atom. To taking
electron correlation effects into account, we performed interac-
tion potential energy calculations using a density functional
theory (DFT) with Becke’s three-parameter exchange with the
Lee, Young, and Parr correlation functional (B3LYP)39 by the
GAUSSIAN 94 program with 6-311++G** basis functions for
the M-Li system. In addition, interaction energy values by the
unrestricted Hartree-Fock method (UHF) and second-order
Møller-Plesset perturbation theory (MP2) were calculated at
several points for comparison.

IV. Results

He I UPS and the He*(23S) Penning ionization electron
spectrum (PIES) of urea and thiourea are shown in Figures 1
and 2, respectively. The electron energy scales for PIES are
shifted 1.4 eV relative to those for UPS by the difference in
the excitation energies between the He I photoelectron (21.22
eV) and the He*(23S) atom (19.82 eV).

Figures 3 and 4 show the collision-energy-resolved PIES
obtained from the 2D spectra of urea and thiourea. Hot spectra
at the higher collision energy (ca. 250 meV) are shown by
dashed curves, and cold spectra at the lower collision energy
(ca. 100 meV) are shown by solid curves.

Figures 5 and 6 show the logσ vs logEc plots of CEDPICS
in a collision energy range of 100-300 meV for urea and
thiourea, respectively. The CEDPICS were obtained from the
two-dimensional PIESσ(Ee,Ec) within an appropriate range of
Ee (typically the fwhm of the respective band) to avoid the effect
of neighboring bands. Electron density maps are also shown in
the figures in order to grasp effective access directions of He*.
The calculated electron density maps forσ orbitals are shown
on the molecular plane, and those forπ orbitals are shown on

σ(Ee,Vr) ) c{Ie(Ee,VHe*)/IHe*(VHe*)}(VHe*/Vr) (1)

Vr ) [VHe*
2 + 3kT/M]1/2 (2)

Ec ) µVr
2/2 (3)

Figure 1. He I UPS and He*(23S) PIES of urea.
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a plane at a height of 1.70 Å (van der Waals radii of C atom)
from the molecular plane.

Table 1 lists vertical IPs determined from the He I UPS and
the calculated OVGF IPs. The pole strength of a respective MO
was also shown in parentheses. The peak energy shifts (∆E) in
PIES measured with respect to the “nominal” energyE0 (the
difference between the metastable excitation energy and target
IP) are listed. Values of the slope parameterm for the CEDPICS
estimated in a collision energy range 100-300 meV by a linear
least-squares method were also shown.

Potential energy curvesV(R) as a function of distanceR and
V(θ) as a function of angle C-X-Li on the molecular plane
are shown for urea and thiourea in Figures 7 and 8, respectively;

in (a) the distanceR between Li and the molecule is measured
from the molecular plane or the heteroatom, in (b)V(θ) shows
potential energy curves with the X-Li distance, 1.75 Å for urea
and 2.5 Å for thiourea. Model potential calculations were
performed for the M-Li system with DFT. For comparison,
UHF and MP2 results are also shown. Figure 9 shows potential
energy curvesV(θ,æ) by DFT calculation for thiourea-Li as a
function of C-S-Li angle θ on the plane of dihedral angleæ
()30, 60, and 90°) with respect to the molecular plane with
fixing S-Li distance of 2.5 Å.

V. Discussion

A. UPS and PIES of Urea.He I UPS of urea and thiourea
was observed by Debies et al.40 and Mines et al.41 In those
studies, the observed bands were assigned on the basis of
semiempirical MO calculation40 or correlation of MO level with
related compounds.41 Assignment of bands 1-3 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
intensity, CEDPICS, and OVGF calculation. It should be noted

Figure 2. He I UPS and He*(23S) PIES of thiourea.

Figure 3. Collision-energy-resolved Penning ionization electron spectra
of urea (solid curve at 93-107 meV, average 100 meV; dashed curve
at 225-279 meV, average 250). The dotted lines show peak positions
for bands 1-3.

Figure 4. Collision-energy-resolved Penning ionization electron spectra
of thiourea (solid curve at 93-107 meV, average 100 meV; dashed
curve at 225-279 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).

Figure 5. Collision energy dependence of the partial ionization cross
sections for urea with He*(23S).
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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 2b1 (nonbonding oxygen orbital extending in the out-of-plane
direction, nO⊥), 1a2 (nonbonding oxygen orbital extending in
the in-plane direction, nO||), and 5b2 (nonbonding nitrogen orbital
extending in the out-of-plane direction, nN) orbitals are overlap-
ping, and the peak positions are calculated within 0.26 eV
()10.09-9.83 eV in IP). These bands show considerable
negative peak energy shift in PIES with respect to IPs in UPS
(Table 1), which indicates an attractive potential energy surface
where the transition occurs because of the weak interaction with
the ground-state helium atom for the exit channel of the reaction.

By decomposing overlapping bands into Gaussian type com-
ponents, we can estimate the peak position and relative intensity
ratios in bands 1-3 of the hot spectrum in collision-energy-
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 ejected.10 The smallest
band 1 can be assigned to ionization from the 5b2 (nN) orbital,
because nO bands showed similar intensities for carbonyl
compounds.42 In addition, a relatively small negative collision
energy dependence of band 1 in collision-energy-resolved PIES
is consistent with a weakly attractive interaction around the N
atoms. Taking the potential well depth (Figure 7) into consid-
eration as negative peak energy shift in PIES, we have roughly
estimated IP values for ionization from the 2b1 orbital (10.3

Figure 6. Collision energy dependence of the partial ionization cross
sections for thiourea with He*(23S).

TABLE 1: Band Assignments, Ionization Potentials (IP/eV),
Peak Energy Shifts (∆E/eV), and Obtained Slope Parameter
(m, See Text) for Urea and Thiourea

molecule band IPobsd/eV
IPOVGF/eV

(pole strength)
orbital

character ∆E/eV m

urea 1,2 (10.3) 9.83 (0.91) 2b1 (nO⊥) (-0.4)}(10.3) 10.05 (0.91) 5b2 (nN) (-0.1) -0.33
3 (10.7) 10.09 (0.92) 1a2 (nO//) (-0.6)
4 (14.5) 14.52 (0.91) 8a1 (σCO) (-0.5)} -0.47
5 (14.8) 14.67 (0.90) 1b1 (πNCO) (-0.2)
6 15.95 16.57 (0.92) 4b2 (σNH) (-0.4) -0.40
7 18.1 18.61 (0.92) 7a1 (σNH) (-0.5)} -0.30
8 18.4 18.57 (0.90) 3b2 (σNH) (0.0)

thiourea 1,2 8.6 7.79 (0.91) 6b2 (nS//) -0.2 } -0.24
8.6 7.81 (0.91) 3b1 (nS⊥) -0.2

3 10.58 10.55 (0.90) 1a2 (nN) -0.3 -0.05
4 12.93 12.29 (0.90) 10a1 (σCS) -0.2 -0.16
5 13.70 14.27 (0.88) 2b1 (πNCN) -0.3 -0.15
6 14.81 17.01 (0.91) 5b2 (σNH) -0.2 -0.19
7 16.08 18.38 (0.85) 9a1 (σNH) -0.1 -0.08

Figure 7. Model potential energy curves for urea-Li. (a) The distance
R was measured from the N atom (4) and O atom for the out-of-plane
(O) and in-plane (1) direction. (b) The angleθ was measured from
the collinear direction of the CdO group, and the distance between O
and Li was kept to 1.75 Å by UHF (+), MP2 (]), and DFT (B3LYP,
9) methods.
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eV with energy shift-0.4 eV), 5b2 orbital (10.3 eV with energy
shift -0.1 eV), and 1a2 orbital (10.7 eV with energy shift-0.6
eV).

The next two bands corresponding to 8a1 (bonding orbital
extending around CdO axis,σCO) and 1b1 (bondingπ orbital
extending for the out-of-plane direction,πNCO) orbitals are
overlapping with an electron energy difference of 0.15 eV in
the OVGF calculation. The sum of intensity for bands 1-3 is
larger than that for bands 4-5 in UPS, while the intensity
relationship reverses in PIES (I(1-3):I(4-5) ) 1.0:1.2) by
decomposing overlapping bands 4-6 into Gaussian type
components. In a previous work, the band intensity was much
more enhanced for theσCO band of carbonyl compounds in
PIES,42 which was ascribed to the electron distribution of the
σCO orbital. In addition, the attractive interaction around the
CdO group of HCHO was investigated by collision-energy-
resolved Penning ionization electron spectroscopy and potential
energy calculation. For urea, a strong attractive interaction was
calculated for the collinear direction along the CO axis (Figure

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 σCO orbital, which is consistent with the calculated results
and small intensity of theπCO band of HCHO14,42 as well as
theπNCN 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 8a1 orbital (14.5 eV with energy shift
-0.5 eV) and 1b1 orbital (14.8 eV with energy shift-0.2 eV).

The small intensity of band 6 in PIES can be ascribed to a
relatively small extension of the 4b2 (σCH) orbital to be ionized
and the nodal plane of the orbital. Similarly, ionization from
3b2 is thought to result in a small intensity. The consistent
assumption is, therefore, that band 7 (7a1) shifts with a large
negative value (-0.5 eV) and gives a relatively strong intensity
due to ionization around the CdO group where the 7a1 orbital
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 studies.40,41

Strong bands 1,2 are assigned to nonbonding sulfur orbitals
extending in the out-of-plane and in-plane directions (nS⊥, nS|),
which are originated from the 3p orbital of the S atom. Contrary
to the case of urea, the intensity of bands 1-3 are larger than
that of bands 4-5 (I(1-3):I(4-5) ) 1.7:1.0) because of the
large intensity of bands 1,2. By model calculation, a strong
attractive interaction was found for the perpendicular direction
of the CdS axis, not around theσCS orbital region (Figure 8).
The intensity of band 4 (σCS) is almost half the intensity of
bands 1-2 (I(1-2):I(4) ) 2.0:1.0) despite the weak attractive
interaction around the CdS group, which can be ascribed to
the nodal plane of 6b2 and 3b1 orbitals corresponding to bands
1,2. The large negative collision energy dependence of bands
1,2 (m ) -0.24) rather than band 4 (m ) -0.16) shows the

Figure 8. Model potential energy curves for thiourea-Li. (a) The
distanceR was measured from the N atom (4) and S atom (O) for the
out-of-plane direction and in-plane direction with keeping the Li-S-C
angle of 0° (1) or 60° (0). (b) The angleθ was measured from the
collinear direction of the CdS group, and the distance between S and
Li was kept 2.5 Å by UHF (+), MP2 (]), and DFT (B3LYP,9)
methods.

Figure 9. Model potential energy curves for thiourea-Li as a function
of the angle Li-S-C (θ) with the dihedral angleæ ()30°, 60°, and
90°).
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influence of attractive interaction for the perpendicular direction
of the CdS group.

Band separation observed in PIES of thiourea gives informa-
tion on the anisotropy of the interaction potential around the
molecule. Band 3 and band 5 are assigned to 1a2 and 2b1 orbitals
extending in the out-of-plane direction, respectively. A large
negative peak energy shift (∆E ) -0.3 eV) and negative
collision energy dependence at lower collision energies (Figure
6) can be ascribed to the influence of the attractive interaction
for the out-of-plane direction of the CdS group. At higher
collision energies, these bands show positive collision energy
dependence (slope values in Table 1 are average), as shown in
Figure 6, which is due to the weak interaction on the NH2 group.
The weak attractive interactions around the “nitrogen lone pair”
of urea and thiourea are unexpected and interesting, because
the interaction around the lone pair of the amino group in C3H5-
NH2 has been known to be strongly attractive,20 with a potential
well depth of ca. 400 meV, and an attractive interaction around
the “lone pair” was a general trend in previous studies.14,16-18,20-24

It should be noted that similar unexpected weak interactions
around “nitrogen lone pair” was found for amide compounds.15

Band 6 and band 7 are both assigned toσNH orbitals and
show comparable intensities. The collision energy dependence
is, however, different. The negative collision energy dependence
of band 6 (m ) -0.19) is thought to be caused by an attractive
interaction for the perpendicular direction of the CdS group.
This negative slope is consistent with the negative peak energy
shift (∆E ) -0.2 eV). The repulsive interaction around the H
atoms results in a small collision energy dependence (m )
-0.08) and peak energy shift (∆E ) -0.1 eV) of band 7.

In band 3 of the collision-energy-resolved PIES (Figure 4),
a band shoulder larger than 8.9 eV (peak position in PIES) in
electron energy was observed to shift from 9.0 eV in the cold
spectrum to a larger electron energy in the hot spectrum (ca.
9.2 eV), as shown in the figure by arrow. In addition, the
electron energy difference of 0.2 ()9.2-9.0) eV was consistent
with the collision energy difference between hot and cold spectra
(0.15 eV). This shift can be ascribed to ionization on a repulsive
surface, because the positive shift shows ionization near the
potential wall. A similar positive shift at a higher collision
energy in the hot spectrum was observed also for band 5 and
band 6. These three bands are all related to ionization around
the NH2 group.

C. Slope of CEDPICS and Anisotropic Interaction Po-
tential. Model potential energy calculations show different
trends around the CdX group with the He* (or Li) atom, as
mentioned above. The angular dependence of the potential
energy (Figures 7b and 8b) shows a similar trend regardless of
the three calculation methods (UHF, MP2, and DFT). This may
show that the effect of electron correlation is not essentially
important in the anisotropy of the attractive interaction in this
study.

An attractive interaction was found for the collinear direction
of the CdO group in the molecular plane (Figure 7), which
can be ascribed to lone-pair electrons in the sp2 hybrids on the
O atom, as shown in the previous study of Penning ionization
of H2CdO.14 In this study, we have found that the attractive
interaction for the perpendicular direction around the CdS group
where the 3p orbital of the S atom extends is much stronger
than the collinear direction (Figures 8b and 9). We can see the
attractive region spreads in a ring (θ ) 90° direction) around
the CdS group, as shown in Figures 8b and 9. The potential
energies atθ larger than 90° are getting higher with decreasing
æ, which can be ascribed to the repulsive interaction around

the NH2 group. It should be noted that a similarly attractive
interaction was found in the previous studies of Penning
ionization of aliphatic thioethers16 (perpendicular direction of
CsSsC plane) and ethers17,18 (in-plane direction around the
CsOsC group) as mentioned above. In addition, the perpen-
dicular direction of the CsCl bond (3p orbital region) was found
to be more attractive with a He* atom rather than the collinear
direction of the CsCl bond in CH2dCHCl.43

For atom-atom collision, when attractive interaction ofR-s

is dominant,σ(Ec) can be expressed by7,44

If the slope parameter for the logarithm plot of CEDPICS
(m) can be connected to-2/s, the steepness of the attractive
part of potential energy curve can be derived bym. It seems
that the anisotropic attractive interaction around the CdX group
has a large influence on the slope of CEDPICS. The nS bands
show a larger negative dependence (m ) -0.24) rather than
theσCS band (m ) -0.16), which is opposite to the trend seen
in the nO band (m ) -0.36( 0.03) andσCO band (m ) -0.44
( 0.03) of HCHO14 as well as band 1-3 (nO and nN, m )
-0.33) and band 4-5 (σCO andπNCO, m ) -0.47) of urea. As
mentioned above, in CEDPICS of thiourea (Figure 6), a bending
dependence with increasing trend at higher collision energy was
observed for bands 3, 4, 5, and 7, which can be ascribed to a
weak interaction for the out-of-plane direction around the N
atoms (band 3 and 5) or a repulsive interaction for the in-plane
direction around the H atoms of two amino groups that are
further from the S atom (band 4 and 7). A weak interaction
around the amino group and an attractive interaction around
the CdO group are consistent with a previous PIES study of
amides.45

In connection with this study, the total electronic energy
partitioning (electron kinetic energy and electron potential
energy) of the energy difference between the interacting system
and the noninteracting system by Tokiwa et al.46 shows a
consistent anisotropic attractive interaction and decrease of
electron kinetic energy for in-plane access of a lithium atom to
the O atom and out-of-plane access to the S atom of dimethyl
ether or dimethyl thioether.

VI. Conclusions

By collision-energy-resolved Penning ionization electron
spectroscopy and model potential energy calculation, the aniso-
tropic interaction with a He*(23S) metastable atom was inves-
tigated. An attractive interaction was found for the collinear
direction of the CdO axis of urea and the perpendicular
direction of the CdS group. An unexpected result was obtained
for both conjugated molecules; a weak interaction was found
around the NH2 group, while a strong attractive interaction was
found in general around the lone pair of molecules including
the nonconjugated amino compound (C3H5NH2).20 Observed
UPS bands were assigned and several IPs for overlapping bands
1-3 and 4,5 of urea were estimated on the basis of experimental
and theoretical results. Strong band intensity was observed for
ionization from theσCO orbital in the Penning ionization electron
spectrum of urea, while ionization from nonbonding sulfur
orbitals (nS) resulted in strong bands in PIES of thiourea.
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