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The potential energy surface of benzene (C6H6) with a He* (2 3S) atom was obtained by
comparison of experimental data in collision-energy-resolved two-dimensional Penning ionization
electron spectroscopy with classical trajectory calculations. Theab initio model interaction
potentials for C6H61He* (2 3S) were successfully optimized by the overlap expansion method; the
model potentials were effectively modified by correction terms proportional to the overlap integrals
between orbitals of the interacting system, C6H6 and He* (2 3S). Classical trajectory calculations
with optimized potentials gave excellent agreement with the observed collision-energy dependence
of partial ionization cross sections. Important contributions to corrections were found to be due to
interactions between unoccupied molecular orbitals and the He* 2s orbital. A C6H6 molecule attracts
a He* (2 3S) atom widely at the region wherep electrons distribute, and the interaction of
280 meV ~ca. 21.8 kcal/mol) just cover the carbon hexagon. The binding energy of a C6H6

molecule and a He* atom was 107 meV at a distance of 2.40 Å on the sixfold axis from the center
of a C6H6 molecule, which is similar to that of C6H61Li and is much larger than those of the
C6H61@He,Ne,Ar# systems. ©2005 American Institute of Physics.@DOI: 10.1063/1.1834900#

I. INTRODUCTION

Interactions of a molecule with an atom are of great
importance in connection with many aspects in chemical
physics, cluster science, organometalic chemistry, and bio-
logical science. Although interaction potentials for very
simple systems such as linear molecules with an atom have
been studied extensively, determinations of interaction po-
tentials for larger systems have been rather scarce because of
both experimental and theoretical difficulties. However, an
interacting system involving aromaticp rings has attracted
much interest. The geometries and stabilization energies for
benzene and alkali atoms have been studied by matrix iso-
lated IR spectroscopy1 as well as by some theoretical
calculations.2,3 Recently, molecular beam scattering experi-
ments of total cross sections have been successfully made for
collisions of a benzene molecule with a rare gas~Rg! atom;4

semiempirical interaction formulas5 have been successful to
account for the experimental findings. A harmonic expansion
of the interaction potentials leading to the separation of the
radial and angular dependencies was used to express the po-
tential energy surfaces for C6H61(He,Ne,Ar,Kr, or Xe).6

Another type of experiment that may lead to determina-
tion of anisotropic interaction potentials is collision-energy/
electron-energy-resolved two-dimensional Penning ioniza-
tion electron spectroscopy~2D-PIES!,7 which provides
collision-energy dependence of partial ionization cross
sections ~CEDPICS! ~Refs. 8 and 9! and collision-
energy-resolved Penning ionization electron spectra

~CERPIES!.10–12 Penning ionization occurs as collisional
ionization of a moleculeM in interaction with a metastable
rare gas atom Rg* (Rg* 1M→Rg1Mi

11e2). When a
He* (2 3S) atom ~the excitation energyE* 519.82 eV) is
used as Rg* , ionization into a final ionic stateMi

1 takes
place with a high probability when the 1s orbital of the He
atom overlaps effectively with the target molecular orbital
~MO! f i from which an electron is removed.13 Since Rg*
cannot penetrate into the repulsive wall, partial ionization
cross sections become approximately proportional to exterior
electron densities of respective MOs to be ionized.14,15 Thus
the most reactive geometries for Penning ionization are gov-
erned by the electron distributions of the target MO. Due to
this characteristic reactivity, the interaction potentials around
the spatially limited region can be reflected in collision-
energy dependence, even in random collision experiments.
Negative collision-energy dependence in CEDPICS is related
to attractive interactions causing deflection of collision tra-
jectories into potential well regions, which increases ioniza-
tion probabilities especially in the lower collision energy
Ec .16 When attractive interactions are not important, repul-
sive boundaries limit the spatially accessible regions of Rg*
to result in a positiveEc dependence in CEDPICS, because
the largerEc causes turning points of collision trajectories
into the inner regions where target electron densities are
highly distributed. Thus, CEDPICS for several ionic states
gives information on the anisotropic interactions between a
molecule and a He* (2 3S) atom. Attractive interactions of
He* (2 3S) with p electron systems such as benzene11,17,18

and substituted benzenes19–23 have been disclosed by 2D-
PIES technique. However, theoretical calculations on the col-
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lision dynamics have not been made for these systems, and
detailed anisotropic characteristics of the interaction poten-
tial surfaces are remained to be unknown.

Two important factors in the theory of Penning ioniza-
tion are the ionization widthG and the entrance potential of
the reactionV* .24 Theoretical calculations have been made
for relatively simple molecules such as H2,25 N2 ,12,26 and
H2O.27 A semiempirical potential surface has been used for
Ne* 1CH3Cl.28 Since the electronic state with a large exci-
tation energy of a He atom is embedded in continuum states
higher than the ionization threshold of the target molecule,
ab initio calculations ofG andV* are in general very diffi-
cult. However, the difficulty for estimatingV* can be re-
moved by using the well known similarity of a rare gas atom
Rg* to a respective alkali metal atom with the same valence
electron.29,30 CEDPICS for He* (2 3S)1N2 has been suc-
cessfully calculated by classical trajectory calculations based
on Li1N2 model potential and ionization widths for various
ionic states estimated from overlap integrals.31 Similar cal-
culations were also performed for He* (2 3S)1CH3CN.32

Replacement of Rg* by a respective alkali atom has also
been made for interaction potentials of Ar* 1CHCl3 .33

In order to obtain interaction potentials by experiment,
the interaction potential surface should be optimized to re-
produce experimental features. Li model potentials for
He* (2 3S)1(N2 ,CO) have been improved by using an ex-
ponential function combined with Legendre polynomials.34,35

However, the Legendre expansion suffers a very slow con-
vergence in optimization, when the system becomes much
larger and more highly anisotropic. Since intermolecular in-
teractions are more or less related to overlaps of wave func-
tions between the interacting species, corrections of model
potentials can be expanded in terms of overlap integrals be-
tween MOs. In He* (2 3S)1(N2 ,CO,C2H2 ,OCS), the radial
and angular dependences of the overlap integrals between an
s-type function and the target MOs were found to be suc-
cessful for improving the Li-model potentials.36,37 Since the
overlap expansion method inherently takes anisotropies of
the interacting system into account, it is a promising method
to describe highly anisotropic interactions of large molecular
systems.

In this paper, the improvement ofab initio Li model
potentials by using the overlap expansion~OE! method36 was
first demonstrated for the nonlinear target molecule C6H6 .
Benzene is chosen, partly because it involves anisotropic re-
pulsion and attraction around the molecule,11,17,18 and also
because a dimer of C6H61Li ~Refs. 1–3! is an interesting
system, based on the similarity between Li(22S) and
He* (2 3S) atoms.

II. EXPERIMENTAL SECTION

The experimental apparatus used in the present study has
been reported in previous papers.8,9A metastable beam of He
was produced by a nozzle discharge source, and the
He* (2 1S) component was quenched by a water-cooled he-
lium discharge lamp. The metastable He* (2 3S) beam was
pulsed by a mechanical chopper and then introduced into a
collision cell located 504 mm downstream from the chopper
disk. The kinetic energy of electrons ejected during the Pen-

ning ionization was measured by a hemispherical electro-
static deflection type analyzer using an electron collection
angle 90° to the incident He* (2 3S) beam. The transmission
efficiency curve of the electron-energy analyzer was deter-
mined by comparing our He I ultraviolet photoelectron spec-
tra ~UPS! data with those of Gardner and Samson38 and
Kimura et al.39 The energy resolution of the electron-energy
analyzer was 200 meV estimated from the full width at half
maximum~FWHM! of the Ar1(2P3/2) peak in the He I UPS.
The background pressure in the reaction chamber was on the
order of 1027 Torr, and the experiments were performed un-
der a sample pressure of ca. 231025 Torr.

The He* velocity distributionI He* (vHe* ) was obtained
by measuring the time-of-flight~TOF! of He* from the me-
chanical chopper to the collision cell which can be obtained
by the detection of electrons emitted from a stainless steel
plate inserted into the collision cell, since TOF of secondary
electrons from the metal surface to the detector are negligi-
bly short in comparison with that of the He* atoms. The 2D
Penning ionization electron intensity of sample molecules
I e(Ee,t) as functions of electron kinetic energyEe and time
t was converted toI e(Ee,tTOF) as functions ofEe and TOF
of the He* beam. The I e(Ee,tTOF) can be lead to
I e(Ee,vHe* ) as functions ofEe and velocity of He* atoms
vHe* . By the following equations, the 2D Penning ionization
cross sections(Ee,v r) was obtained,

s~Ee,v r!5c
I e~Ee,vHe* !

I He* ~vHe* !

vHe*
v r

, ~1!

v r5AvHe*
2

1
3kBT

m
, ~2!

where c is a constant,v r is the relative velocity averaged
over the velocity of the target molecule,kB is the Boltzmann
constant, andT andm are the gas temperature and the mass
of the target molecule, respectively. The cross section in Eq.
~1! is normalized by using the velocity distribution of He*
beam I He* (vHe* ). Finally, s(Ee,v r) is converted to
s(Ee,Ec) by the relation

Ec5
1
2 mv r

2, ~3!

wherem is the reduced mass of the colliding system. CED-
PICS can be obtained by integrating 2D-PIES cross sections
s(Ee,Ec) over theEe range related to each ionic state.

In order to estimate branching ratios between produced
ionic states, PIES at seven collision energies were deconvo-
luted with the following asymmetric Gaussian functions cor-
responding to each ionic band:

I e~x,Ec!5H A~Ec!exp@2b1~x2E0!2# for x,E0

A~Ec!exp@2b2~x2E0!2# for x.E0
, ~4!

whereA(Ec), E0 , b1 , and b2 are parameters to be deter-
mined for each ionic band. Figure 1 displays the fitted re-
sults. Solid lines obtained by summations of asymmetric
Gaussian functions almost agreed with experimental data
plotted with circles. First, asymmetric widths (b1 and b2)
and peak positionE0 of each Gaussian function were deter-
mined by a least-squares method for PIES atEc

5193 meV. For the PIESs at the other energies, the widths
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and peak positions were fixed at those obtained from PIES at
Ec5193 meV and the intensitiesA(Ec) of each band were
fitted. Although band shape and position in PIES may varies
with Ec , its changes were found to be negligibly small for
the system in this study as shown in Fig. 1.

III. METHOD OF CALCULATIONS

A. Entrance potential energy surface

It is difficult to obtain reliable interaction energies by the
ab initio treatments of He* (2 3S) associated with highly ex-
cited electronic states embedded in ionization continua.
Based on the similarity between He* (2 3S) and
Li(2 2S),29,30 a ground state Li atom instead of a He* (2 3S)
atom can be used in calculations of the approximate poten-
tials VLi for V* . In the present study, the Li-model potential
VLi should be improved by a reasonable manner to give bet-
ter agreement with experiments.Ab initio MO calculations
were performed on aGAUSSIAN program40 by the second-
order Møller-Plesset perturbation theory~MP2! with 6-311
11G** basis set for C6H61Li. Interaction model potential
energyVLi can be obtained in the following manner:

VLi5EMLi 2~EM1ELi !. ~5!

Here,EMLi , EM , andELi are the total energy of the super-
molecule~MLi !, the isolated molecule (M ), and the isolated

Li atom, respectively. The full counterpoise method41 was
employed to correct the basis set superposition error. The
molecular structure was fixed at the experimental equilib-
rium geometry, and then the interaction potentialVLi(R,u,f)
becomes a function ofR, u, andf, whereR is the distance
between a Li(He* ) atom and the center of mass of the target
molecule,u denotes the polar angle from the principal axis
(C6 axis for C6H6), andf represents the azimuthal angle.Ab
initio interaction energies of C6H61Li were calculated at
267 independent sampling points,'15 points of differentR
and every 15° ofu andf.

Although Li(2 2S) has the same outer valence electronic
configuration as He* (2 3S) with a 2s electron that mainly
contributes to the interactions, orbital interactions between
Li(2 2S) with a target molecule may be quantitatively differ-
ent from those of He* (2 3S). Therefore, it is efficient to
modify VLi according to the overlap between molecular or-
bitals. This OE method has recently proposed.36 In the OE
method, calculated model potentialsVLi can be modified
with the following equations to obtain theV* for He* (2 3S):

V* ~R,u,f!5VLi~R,u,f!2(
i

Ci u^f i uxs&u2, ~6!

xs~r !5~z3/p!1/2exp~2zr !. ~7!

Here,f i is the i th target MO andxs is a normalized Slater-
type orbital with exponentz which centered on a He* (2 3S)
atom. In the present study,z was set to be the He 2s orbital
exponent of 0.575 bohr21 determined by Slater’s rule. The
coefficientsCi are the potential parameters to be optimized.
Figure 2 lists the numbering off i and Ci for considered
MOs of C6H6 ; lowest p and s type unoccupied
(1e2u,4a1g,4e1u) and higher occupied (1e1g, 3e2g, 1a2u,
3e1u, and 1b2u) MOs. The cutting planes for the electron
density contour curves of the MOs are 1.0 Å away from the
sh plane of a benzene molecule. MOs were obtained fromab
initio self-consistent field~SCF! calculations with 6-3111
1G** basis set.

B. Ionization widths

The ionization widthG ( i ) for producing thei th ionic
state is given by

G ( i )52pr ( i )u^F0uHeluF ( i )&u2, ~8!

wherer ( i ) is the density of the final state,Hel is the elec-
tronic Hamiltonian, andF0 andF ( i ) are the electronic wave
function for the initial and final states, respectively. By using
Slater determinant wave functions composed of the same
one-electron orbitals for both initial and final states, we ob-
tain for He* (2 3S),

^F0uHeluF ( i )&'^x2s~1!f i~2!u
1

r 12
ux1s~2!x«( i )~1!&, ~9!

wherex2s andf i are the 2s orbital of He* and thei th orbital
of the target molecule, respectively, andx1s andx«( i ) are the
He 1s orbital and the ejected electron orbital, respectively.
Miller and Morgner factored̂ x2s(1)ux«( i )(1)& out of the
two-electron integral and simplified the two-electron integral

FIG. 1. Deconvolution of Penning ionization electron spectra at some col-
lision energies. Experimental data are plotted with circles and deconvoluted
band shapes are drawn with dashed lines. Summations of asymmetric
Gaussian functions are shown with solid lines.
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by physical intuition rather than by a rigorous derivation.42

The two-electron integral in Eq.~9! can be approximated as
a product of two overlap integrals by employing widely used
treatment in semiempirical molecular orbital theories43 as
well as in electron transport phenomena,44

2C^f i ux1s&^x?sux«( i )&, ~10!

whereC is a constant factor obtained by replacingr 12 to an
average value. Since the 2s and continuum orbitals are very
diffuse, anisotropy of the ionization width is strongly gov-
erned by the compact He 1s and ionized molecular orbitals.
Thus, the following equation for the estimation of ionization
width into i th ionic state was used in the present study:

G ( i )5k( i )u^f i ux1s&u2, ~11!

wherek( i ) is a parameter to be determined to reproduce ob-
served branching ratios. SCF calculations with 6-3111
1G** basis set were performed to obtain the orbital func-
tions for the isolated benzene molecule and a He atom.

C. Classical trajectory calculations and optimizations

CEDPICS was obtained by the following way.31,32,34–37

Initial rotational energies of the molecule were generated so

as to fit with the Boltzmann distribution at 300 K, and the
impact parameterb was set randomly from 0 to 10 Å. The
relative motion between the center of mass of the molecule
and the He* (2 3S) atom was determined by the equations of
motion. At each trajectory step of an intervaldt, transition
probabilitiesP( i )(t)dt into each ionic statei were expressed
by

P( i )~ t !dt5S~ t !
G ( i )

\
dt, ~12!

S~ t !512(
i

Pint
( i )~ t !, ~13!

where the survival fractionS(t) is the probability of
He* (2 3S) surviving in the excited state at a certain timet
and then Pint

( i ) represents the integrated partial ionization
probability before timet. After 5000 trajectories were calcu-
lated with various initial parameters for initial collision en-
ergy, the partial ionization cross sections ( i ) was obtained
from the partial ionization probabilityP( i ) of a trajectory,

s ( i )5E
0

`

2pbP( i )db. ~14!

Ci in Eq. ~6! and k( i ) in Eq. ~11! were optimized by a
nonlinear least-squares method, so as to obtain good agree-
ment between observed and calculated CEDPICS.

IV. RESULTS

Figure 3 shows potential energy curves of some selected
directions. The definitions ofu andf are also displayed and
R indicates the distance between a He* (2 3S) atom and the
center of mass of a benzene molecule. The obtained poten-
tials V* are drawn with solid lines and the Li model poten-
tials VLi are shown with broken lines. Figure 4 shows ob-
tainedV* (R,u,f) contour maps of a He* (2 3S) atom on~a!
sh (u590°) and~b! sv (f530°) planes of a C6H6 mol-
ecule. The spacing of the contour lines is 20 meV for nega-
tive values from2100 meV to220 meV and 100 meV for
positive values from 0 meV to 800 meV, respectively. The
optimized parameters for potential correction terms in Eq.
~6! as well ask( i ) in Eq. ~11! are listed in Table I. The most
stable geometry for He* (2 3S)1C6H6 are also listed in
Table I. Uncertainties of the potential parameters were esti-
mated from errors of experimental slope values (Dm5
60.03) of logs(i) versus logEc plots, and they are shown in
parentheses.

Figure 5 shows logs(i) versus logEc plots of CEDPICS
for He* (2 3S)1C6H6. Observed partial cross sections for
He* (2 3S)1C6H6 were plotted with circles. Calculated
CEDPICS curves are shown with solid lines for the use of
V* and dashed lines forVLi . Electron density contour maps
for respective MOs are also shown in Fig. 5, in which the
thick solid line in the maps represents the molecular surface
estimated from van der Waals radii of component atoms. The
cutting planes of the electron densities for C6H6 are 1.0 Å
away from thesh plane of a benzene molecule.

In PIES of He* (2 3S)1C6H6 as shown in Fig. 1, the
satellite bands (S1 , S28 , andS2) were observed11,17,45which

FIG. 2. Electron density contours of MOs of C6H6 . Unoccupied MOs
(4e1u , 4a1g , 1e2u) and occupied MOs (1e1g , 3e2g , 1a2u , 3e1u , and
1b2u) were used for potential optimization procedure~see Sec. III A!.
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stem from the many-body effect of the ionization process
different from the electron exchange type one~see Sec. II B!.
Moreover, the C2s (2E2g) band is known to be enhanced by
the excitation energy transfer from He* to a target molecule
followed by the autoionization.11,46 In our treatment of ion-
ization width, these satellite bands and C2s band were not
considered, and trajectory calculations were performed with-
out taking account of their contributions. However, some
findings on the assignments were remarked from energy de-
pendence of satellite bands intensities that will be discussed
in Sec. V A. Although absolute values of ionization cross
sections cannot be obtained by our apparatus, a pulse radi-
olysis experiment47 predicted the total deexcitation cross sec-
tion for He* (2 3S)1C6H6 is ca. 85 Å2 at Ec533 meV
which must contain the contributions from satellite and C2s

bands. Calculated total ionization cross section except for
satellites and C2s bands is estimated to be ca. 60 Å2 at Ec

533 meV, which is consistent with the reported value47 in
taking account for the absence of the contributions from sat-
ellite and C2s bands. However, 2D-PIES data at lower energy
region will enable us to determine more reasonable values
for partial ionization cross sections by comparison with the
reported total cross section. Table II shows average slope
valuesm of logs(i) versus logEc plots in theEc range~100–
300 meV!, which were obtained by a linear approximation of

FIG. 3. Interaction potential energy curves ofV* for He* (2 3S)1C6H6

~solid lines! andVLi for Li1C6H6 ~broken lines!. Different directional ap-
proaches are represented with circles (u50°), triangles (u545°, f50°),
squares (u590°, f50°,), and diamonds (u590°, f530°). R represents
the distance between a He* (2 3S) atom and the center of mass of a benzene
molecule. Optimized parameter sets are listed in Table II.

FIG. 4. Contour maps ofV* for He* (2 3S)1C6H6 ; a He* (2 3S) atom is
on the~a! sh (u590°) and~b! sv (f530°) planes of a C6H6 molecule.
The spacing of the contour lines is 20 meV for negative values from
2100 meV to220 meV and 100 meV for positive values from 0 meV to
800 meV, respectively.

TABLE I. Optimized parametersCi in the correction term of( iCi u^f i uxs&u2

and k( i ) parameters for ionization widths~see text! for C6H61He* (2 3S).
Uncertainties ofCi for obtainedV* estimated from errors of experimental
slope values (Dm560.03) are shown in parentheses. Optimized parameters
(De , Re , and ue) for a complex of He* (2 3S)1C6H6 are given in the
bottom.

z (bohr21) 0.575

C3I ~meV! 101 (628)
C2I ~meV! 142 (67)
C1I ~meV! 1844 (615)
C1 ~meV! 1501 (6393)
C2 ~meV! 1789 (6602)
C3 ~meV! 71 (6307)
C4 ~meV! 257 (6301)
C5 ~meV! 1704 (6340)

k(X) ~eV! 0.823 (60.13)
k(A) ~eV! 1.71 (60.34)
k(B) ~eV! 1.23 (60.20)
k(C) ~eV! 2.83 (60.47)
k(D) ~eV! 23.6 (63.6)
k(E) ~eV! 3.44 (60.69)
k(F) ~eV! 6.97 (61.1)

De ~meV! 107 (618)
Re ~Å! 2.40 (60.3)
ue ~deg! 0

044303-5 Penning ionization of C6H6 J. Chem. Phys. 122, 044303 (2005)
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CEDPICS in log-log plot. Obtained slope values of CED-
PICS almost agree with previous ones17 except for C̃2E1u,
S1 , and F̃ 2A1g. The calculated results using the Li model
potentialsVLi are shown with Calc. 1 and those using the
overlap expansion potentialsV* are listed in Calc. 2.

V. DISCUSSION

A. CEDPICS and the potentials

In the present study, two satellite bandsS1 andS2 which
were previously observed in PIES~Ref. 45! were also ob-
served in 2D-PIES aroundEe;3.6 eV and;1.7 eV, respec-
tively. By the deconvolutions of CERPIES, the additional
satellite bandS28 was also found in 2D-PIES aroundEe

;2.1 eV. S1 band was assigned to the ionization from the
1e1g(p2 ,p3) orbitals associated with thep(1e1g)
2p* (1e2u) excitation,45 since the binding energy for theS1

band~16.1 eV! is in good agreement with the summation of
the ionization potential~IP! of the 1e1g(p2 ,p3) electron
~9.25 eV! ~Ref. 39! plus thep(1e1g)2p* (1e2u) transition
energy~6.95 eV!.48 Green’s function method49 assigned the
S1 band to2A2u state which originates from the interaction of
the 1a2u(p1) hole and the (1e1g)

22(1e2u)
1 configurations,

and the theoretically predicted IP for2A2u state~16.69 eV!
was in good agreement with the observed one. Moreover,
collision-energy dependence of theS1 band intensity showed
negative slope,11,17 which support the assignment based on
the similarity in the slope of CEDPICS with the
1e1g(p2 ,p3) orbitals. In the present study, similar slope of
CEDPICS betweenS1 and 1e1g(p2 ,p3) orbitals was also
obtained. Another satellite bandS2 has not ever been dis-
cussed with CEDPICS, although it was observed in PIES.45

In this study, the slope of CEDPICS forS2 band was re-
ported. As shown in Table II, this slope is similar to that ofs
bands rather thanp bands, which implyS2 band originates
from a s orbital ionization. Theoretical ionization spectra
obtained by Green’s function method50 showed a shoulder in
the higher electron energy ofG̃ 2E2g state. According to
Green’s function calculations,49,50 this 2E2g state consists of
several satellite states that originate from ionization of the
2e2g orbital, and the three major leading configurations are
(2e2g)

21, (3e1u)
21(1e1g)

21(1e2u)
1, and (1e1g)

22(4a1g)
1.

There are three2E2g states with pole strengths of the order of
0.10 and larger, and these states correspond toS28 , S2 , and
G̃ 2E2g states. The result of CEDPICS can support this as-
signment.

As can be seen in Fig. 5, calculated CEDPICS curves by

FIG. 5. Observed and calculated CEDPICS for He* (2 3S)1C6H6 ; ob-
served CEDPICS are plotted with circles and calculated CEDPICS curves
obtained by the present trajectory calculations are shown with solid lines for
V* @Eqs.~6! and ~7!# and dashed lines forVLi .

TABLE II. The slopesm of the logs2log Ec plots in CEDPICS of He* (2 3S)1C6H6 in the collision-energy
range from 90 to 300 meV.

Molecule Ionic state MO Expt. Calc. 1 (VLi) Calc. 2 (V* )

C6H6 X̃ 2E1g
1e1g(p2 ,p3) 20.2960.03 20.13 20.32

Ã 2E2g 3e2g(sCH) 0.0760.06 0.49 0.08

B̃ 2A2u 1a2u(p1) 20.3260.01 20.18 20.31

C̃ 2E1u 3e1u(sCH) 0.0960.06 0.53 0.09

D̃ 2B2u 1b2u(sCC) 20.0260.01 0.57 0.07

Ẽ 2B1u 2b1u(sCH) 0.0060.06 0.56 0.11

S1
2A2u (1e1g)

22(1e2u)
1 20.2160.02 ¯ ¯

F̃ 2A1g 3a1g(sCH) 0.0360.03 0.49 0.06

S28 20.1160.05 ¯ ¯

S2
2E2g 0.0360.05 ¯ ¯

G̃ 2E2g 2e2g(C2s) 0.0560.03 ¯ ¯
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the optimized potentialsV* as well as branching ratios are in
excellent agreement with the experiments, whereas those by
VLi are far from satisfactory. Table II shows a considerable
improvement of calculated CEDPICS by the potential opti-
mizations. Measured partial cross sections show smooth en-
ergy dependence, and no quantum behavior could be ob-
served. Therefore, reasonable interaction potential energy
surface can be addressed within the use of classical trajecto-

ries. ForD̃ 2B2u state, the calculated CEDPICS slightly de-
viates from the experiment due to large experimental errors
in estimating partial cross sections of a embedded band~See

Fig. 1!. In Fig. 5, CEDPICS curves forX̃ and B̃ states cor-
responding to ionization fromp orbitals (1e1g,1a2u) de-
crease with the increase ofEc in connection with the attrac-
tive potentials around the regions where thep electrons are
largely distributed. The similarity between two curves for the
p states is due to the similar spatial electron distributions and
PIES could be reasonably deconvoluted. Observed CED-

PICS curves for thes (Ã, C̃, D̃, Ẽ, andF̃) bands are nearly
flat or slightly positive. Calculated curves fors orbitals by
V* indicate that repulsive interactions are involved at high
Ec regions, whereas attractive interactions become dominant
at low Ec regions. Extending features of attractive well re-
gions can be seen in Fig. 4. The difference of CEDPICS
betweens andp orbitals which reflects the anisotropy of the
potential surface was consistent with the obtained potential
energy surface and well reproduced with the present classical
trajectory calculations. Contour surfaces of220 meV ~ca.
20.5 kcal/mol) completely wrap the benzene molecule, sur-
faces of250 meV ~ca. 21.2 kcal/mol) nearly sandwich the
benzene molecule including hydrogen regions, and surfaces
of 280 meV~ca.21.8 kcal/mol) just cover the carbon hexa-
gon.

The deepest point of the attractive potential well@the
structure of a He* (2 3S)1C6H6 complex# is located at a
distance ofRe52.40 Å on the sixfold axis (u50°) from the
center of a benzene molecule, and the well depth~the bind-
ing energy! is 107 meV~2.47 kcal/mol!, which is of the order
of hydrogen bonding. This direction of the attractive well is
the same as those for Li1C6H6 ~Ref. 3! and is much larger
than that for He1C6H6.6,51 It was found that an excitation of
a He atom leads to considerable increase of stabilization en-
ergy with a benzene molecule around thep electron area.
For the parallel directions to the benzene ring@Fig. 4~a!#, the
interaction potentials are almost repulsive except for weak
van der Waals interaction of ca.220 meV. As can be seen
from Fig. 4, sizes of repulsive surfaces diminish on going
from 0 meV to 800 meV, where the repulsive surface nearly
converges to the hard-core limit. The diameter of a benzene
ring as probed by a He* (2 3S) atom is ca. 7.5-10 Å, and the
thickness is ca. 3.1-4.4 Å.

Interesting features of the potential optimization from
VLi to V* may be summarized as follows:

~1! Potential wells around thep electron area vertical to
the molecular plane are considerably widened, though the
depths are only slightly deepened.

~2! Long-range attractive interactions are augmented
typically by ca.21 kcal/mol atR56 Å.

~3! Repulsive walls are slightly hardened.

From derivatives of obtained potentials with respect to
geometrical parameters, forces exerting on the He* atom
around a benzene molecule can be obtained. Attractive forces
along the symmetry axis are ca. 50–55 pN in a wide range
betweenR52.7– 4.5 Å. Attractive forces in the molecular
plane are ca. 30–35 pN atR55.7– 6.6 Å. This means attrac-
tive forces are much stronger in the vertical directions.

B. Obtained potential parameters and characteristic
features

The physical significance of the potential correction can
be considered with the optimized parameters in Table I. The
z value of 0.575 bohr21 was found to be satisfactory, which
implies that the correction terms in Eq.~6! represent orbital
interactions between target MOs and a He* 2s orbital and
not for the inner 1s orbital in a He* atom. Since He* (2 3S)
has a smaller ionization potential~4.768 eV! than Li ~5.392
eV!, the 2s electron-energy level of He* (2 3S) is higher than
that of Li(2 2S). According to the concept of orbital interac-
tions, He* 2s orbital can be stabilized by unoccupied mo-
lecular orbitals of a target molecule and the magnitude of the
stabilization is proportional to the inverse of the orbital en-
ergy difference. Contributions of energy lowering in the Li
model potentialVLi are thus expected to be underestimated
for unoccupied MOs. As can be seen in Table I, the lowest
unoccupied molecular orbital~LUMO! (C1I ) shows a large
positive contribution to the correction, which considerably
lowers the Li model potential at aroundu545° in Fig. 4, and
the magnitude shows a decreasing order from LUMO (C1I )
to the higher levels (C2I , C3I ). It should be noted that
LUMOs 1e2u(p4 ,p5) have electron distributions not on the
sixfold symmetry axis but nearly on the skeletal carbon at-
oms, as can be seen in Fig. 2. Small but significant positive
contributionsC2I and C3I from unoccupied 4a1g and 4e1u

orbitals should also be noted, because theses orbitals are so
diffuse that they may contribute substantial corrections of
long-range interactions. Although long-range interaction
terms directly related to the polarizability were not included
in the present potential corrections, the overlap with unoccu-
pied MOs such as 4a1g and 4e1u may correct indirectly long-
range interactions because of the use of diffuse basis sets.

Large positive contributionsC1 , C2 , andC5 from occu-
pied orbitals of 1e1g(p2 ,p3), 3e2g(sCH), and 1b2u(sCC)
should also be noted. It is interesting that these orbitals cor-
respond to different area around the molecule, regions at
vertical directions to the ring, around hydrogen atoms, and
around CC bonds, respectively. This feature may be partly
related to that attractive interactions are in all area underes-
timated in VLi , because of insufficient electron correlation
effects in the present calculations (MP2/6-31111G** ).
Electron correlation effects play an essential role in attractive
interaction that is caused by induced dipole and induced di-
pole interactions. In this case, 2s-2p hybridization effects in
the Li/He* atom should be considered. Since the 2s-2p en-
ergy gap for He* (2 3S) ~1.114 eV! is smaller than that for
Li(2 2S) ~1.848 eV!, He* (2 3S) is more easily polarized by
the 2s-2p hybridization effect.
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Highest occupied molecular orbital~HOMO! coefficient
of acetylene has negative contribution to the energy correc-
tion whereas those of N2 and CO has positive.36 This was
interpreted by the overestimation of the stabilization for
HOMO energy level, because Li 2s orbital can more easily
interact with target occupied MOs than He* 2s. Since acety-
lene has small ionization potential (IP511.40 eV),39 the
magnitude of this correction became larger than 2s-2p hy-
bridization corrections. However, HOMO coefficient of a
benzene molecule positively contributes to energy lowering,
although benzene has smaller IP~9.25 eV! ~Ref. 39! than
acetylene. The MO levels of benzene are weakly affected by
the presence of He* 2s orbital, because the overestimation
of energy stabilization is suppressed by intramolecular or-
bital mixings. The energy difference of HOMO-next-HOMO
calculated with 6-31111G** basis is 4.27 eV for benzene
which is much smaller than for acetylene~7.38 eV!. On the
other hand, the magnitude of the 2s-2p hybridization will
become important for energy correction. It is of note that
benzene can more strongly attract a He* (2 3S) atom than
acetylene, which is well reflected in the slope of CEDPICS
for p orbitals.

Thek( i ) parameters determine the absolute values of par-
tial cross sections and hardly affect their collision-energy
dependences. The relative magnitude of obtainedk( i ) is
roughly related to the ionization potential. The larger the
ionization potential of the ionized electron~the smaller the
kinetic energy of ejected electronEe) the corresponding val-
ues fork( i ) becomes larger. This tendency may be related to
a factor of Ee

21/2 in a formula for the ionization width.52

Discrepancy inD̃ 2B2u state is due to the difficulty in obtain-
ing band intensity. Since2A2u state contributes theS1 band,
the k( i ) parameter forB̃ 2A2u state must be underestimated.

VI. CONCLUSION

Anisotropic interaction potential energy surface of ben-
zene (C6H6) with a metastable He* (2 3S) atom was inves-
tigated by collision-energy/electron-energy-resolved two-
dimensional Penning ionization electron spectroscopy
combined with optimization of theab initio model potentials.
In order to estimate CEDPICS as well as ionization branch-
ing ratios, asymmetric Gaussian deconvolutions were applied
to observed collision-energy-resolved Penning ionization
electron spectra. Observed slopes in log-log plot of
CEDPICS were compared with those estimated from
electron-energy integrations around peak positions which
were obtained in the ordinary way, and the slopes were well
reproduced within experimental errors. Observed partial ion-
ization cross sections showed apparently different energy de-
pendence on whether ionized molecular orbital hasp or s
characters. Althoughab initio Li model potentials based on
the similarity between a He* (2 3S) atom and a Li(22S)
atom were used for classical trajectory calculations, the in-
teraction potential surface was found to be disappointing to
reproduce observed CEDPICS. The optimization was per-
formed to modify the model potentials by correction terms
composed of overlap integrals between the orbitals of the
interacting system. The results of trajectory calculations were

dramatically improved by the potential optimizations. Impor-
tant contributions to corrections were found to be due to
orbital interactions between unoccupied molecular orbitals
and the He* 2s orbital. The overlap expansion method was
successful in modifyingab initio model potentials effectively
and efficiently, and it enables us to understand the physical
meaning of potential corrections.

A benzene molecule was found to attract a He* (2 3S)
atom widely at the region wherep electrons distribute. A
complex of a C6H6 molecule with a He* (2 3S) atom has a
binding of 107 meV~2.47 kcal/mol! at a distance of 2.40 Å
on the sixfold symmetry axis which is much larger than the
case of acetylene~56.5 meV!.36 Attractive forces acting on
He* atom around a benzene molecule are strong as ca.
50–55 pN in a wide range between R52.7– 4.5 Å in the
vertical directions. This means that mechanical characteris-
tics of the molecular surface of benzene are highly aniso-
tropic.
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