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An overlap expansion method is proposed for improvaiginitio model potentials. Correction
terms are expanded in terms of overlap integrals between orbitals of the interacting system. The
method is used to improvab initio model potentials for b He* (23S), CO+He*(23S), and

C,H,+ He* (23S). Physical meanings of the optimization are elucidated in terms of target orbitals.
Correction terms are found to be dominated by the components of HOMO, LUMO, next-HOMO,
and next-LUMO on the target molecule. The present overlap expansion method using a limited
number of correction terms related to frontier orbitals provides an efficient and intuitive approach
for construction of highly anisotropic intermolecular interaction potentials.2@4 American
Institute of Physics.[DOI: 10.1063/1.1630954

I. INTRODUCTION locity selection and electron kinetic energy analysis of Pen-

. . . . ing ionization hav n develop&d® Recently, th
In order to elucidate chemical reaction dynamics anc{] g ionization have been develop¥d® Recently, these

: . : . echniques further developed to give collision energy/
intermolecular interactions, potential energy surfage8S electron energy resolved two-dimensional Penning ionization
should be determined in good accuracyAlthough quan- ay 9

_ 16 . .
tum chemical methods have been developed extensively, Ca?_lec_:tr_on spectra2D-PIES, ”OT“ w_hph we can obtairta)
collision energy resolved Penning ionization electron spectra

culated PES often need to be improved with the aid of ex- . .
perimental data, especially for intermolecular potentials.(CER_PlE‘_?’ a_nd _(b) collision en_ergyE(IJIDeFE)Iendefnce I(I)ff_palmal
Various expansion technigues using many correction termg’ennlng ionization cross sectiof€ CS for all fina

often undergo slow convergence or sever indeterminac&?n'c states. For molecular targets, each CEDPICS for a par-

Even if interaction potentials could be improved by manyt'cu_lar final ionic state reflects Fhe interaction potgntial in the
correction terms, physical significance of the corrections hakegion where the corresponding molecular orbital extends,
often been disregarded. Thus, the lack of efficient and intuith€refore anisotropy of interaction potentials between mol-
tive potential correction techniques has been an obstacle fécules and excited atoms can be studied from CEDPICS.
many investigations concerning PES. In this regard, com-  Theories of Penning ionization have been established by
parative studies connecting theory and experiment need to f4akamura’ and Miller.*® The collision dynamics in Penning
made in detail. ionization have been studied mainly for atomic tarffets
One of the simplest reaction processes including atom-2nd simple molecules such as#**and N,***"because of
molecule interactions, which can be treated in sufficient levihe difficulties to obtain accurate PES and ionization widths
els of both theory and experiment, is a collisional ionizationby ab initio calculations. Ishida and Horirfie?’ have per-
known as Penning ionizatidhan ionization process of a formed pioneering calculations of CEDPICS for, N
molecule M by collision with a metastable atont Asuch as  +He*(23S) by using various approximations based on
He* (23S), having an excitation energy larger than the low- ab initio potentials?® PES for the excited state was obtained
est ionization potentiallP) of the molecule, directly, but employed basis sets were limited. Ogaival >
performed classical trajectory calculations for , N
+He*(23S) by using the Li model potential of N
According to the electron exchange mechanism of Penning-Li(2 ?S) based on the similarity between H& S) and
ionization/ ionization by Hé (2 3S) takes place with a high Li(2 2S) in an interaction with various atomic targéfs3®
probability when the He 4 orbital overlaps effectively with  The Li model potential optimized by simple scaffichas
the molecular orbital from which an electron is removed. Thebeen successful in reproducing the slope of observed CED-
relative collision energ¥, is one of the important variables, pICS, although the branching ratios were not optimized.
because collision trajectories causing effective overlaps begranching ratios as well as the slopes of CEDPICS have first
tween the orbitals depend df;. The cross sections then peen reproduced by trajectory calculations of 2D-PIES for
may either increase or decrease with an increase oEthe N, + He*(23S).%% Classical trajectory calculations of 2D-
depending on the trajectories influenced by intermoleculap|Es for COr He* (2 3S) were also performetf, where the
interactions’ Coupled experimental techniques including ve- caicylated slopes of CEDPICS was found to be less reliable
than the case of N+He* (23S). Recently, the exponential
¥Electronic mail: ohnok@gqpcrkk.chem.tohoku.ac.jp correction(EC) method was developed to improa® initio

A*+M—A+M'+e". (1)
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Li model potentials and applied to,N He* (23S) and CO  stricted Hartree—Fock method. 6-3&G* basis sets were
+He* (23S) systems?:3° employed for N+ Li and CO+ Li, and 6-311 + G** basis

Although ab initio model potentials using a Li atom in sets were used in the case ofHG+Li. The experimental
place of a H&(2 3S) atom have been optimized to give sat- equilibrium structure in the ground state was used for each
isfactory results in the scheme of the EC method, physicamolecule. A full counterpoise meth#tivas employed to cor-
significance of the optimization has not yet been elucidatedrect the basis set superposition ersb. initio energy calcu-

In addition to this, the EC method has a serious problemlations were carried out by use GhussiAN 94 program$?
when it is applied to a large molecule. The one-center Leg-

endre expansion used in the EC method is not appropriate for

large nonlinear molecules such as benzene. A brute-force aff- Simple scaling  (SS) method and exponential

proach using expansions up to very high orders should bgerrection (EC) method

prohibited, because of the following reasons; the increase of In order to improveab initio Li model potentialsv, by

the number of expansion coefficients makes unable to extraefptimization procedures using an experimental 2D-PIES, a
physical significance, and the optimization process tends teimple scaling methd@3%*”and an exponential correction
undergo very slow convergence with considerable ambigumethod®*®have been employed.

ities caused by many parameters. The simple scaling(SS model potentialVgg is ex-

Since linear combinations of atomic orbitals have beerpressed as
used extensively and successfully in quantum chemical prob- Veea. V/ 3
lems rather than one-center expansion techniques, correction *SS a-Vo- &)
and construction of intermolecular potentials can also bédere, scaling constart is a parameter, which is introduced
made in terms of chemical components. It is of note thato improve an overestimation of repulsive interactions or the
intermolecular interactions are in most cases fundamentallgeficiency of electron correlation effects. This method is,
related to(a) overlap integrals between the interacting spe-however, not able to be used for systems with attractive po-
cies and(b) limited numbers of orbitals such as the highesttential wells, because modifications in the positive parts and
molecular orbitaHOMO) and the lowest unoccupied mo- the negative parts are not compatible. Moreover, the constant
lecular orbital(LUMO). Therefore, it is interesting to expand scaling is not suitable to improve strongly anisotropic poten-
interaction potentials in terms of overlap integrals related tdials.
some important molecular orbitals. The exponential correctiofEC) method has been de-

In this study, an overlap expansi¢®E) method is pro- signed to be applied for both attractive and repulsive parts of
posed for improvingab initio model potentials. In the OE potentials by using exponential functions for the radial parts
method, correction terms are expanded in terms of overlajn combination with Legendre expansions for the anisotropic
integrals between the orbital of a H& atom and target angular parts. Corrected potentials\tf: in the EC method
valence molecular orbitals. The OE method is used to imare expressed as follows:
proveab initio Li model potentials for N+ He* (2 ®S), CO
+He*(239), and GH,+He*(23S) systems, and results Ve(R,8)=V,(R, 9)_ E AP;(cosf)exp —RI/B).  (4)
are compared with other methods. The OE method has ad-
vantages in disclosing physical meanings of the optimizatiotHere, R is the distance between the Hgi) atom and the
in terms of target molecular orbitals such as HOMO andcenter of mass of the moleculé,denotes the angle of the
LUMO as well as further applications to the larger systemsyectorR directing to the H&(Li) atom from the center of

mass with respect to the molecular ax#s(cosé) is theith
Il. CALCULATIONS order term of Legendre polynomials, aAd and B are pa-
rameters to be optimized. In E¢4), the anisotropy of the
interactions can be modified by the Legendre expansion pa-

In order to avoid difficulties associated with highly ex- rametersA;, and the radial dependence of the interactions
cited electronic states embedded in ionization continua, wéan be changed by the parameier
can start from an approximate potentihl model potential
using a Li (22S) atom in place of a Hg(2 3S) atom, based
on the well known similarity between Hé23S) and Li
(225) atoms®*~*The Li model potentiaV/, for interactions In the present study, the overlap expangi®f) method
between the target molecule M and a Li atom can be exwas introduced to modify/, more efficiently by using quan-
pressed by the following equation: tum chemical characteristics of the target molecule. The OE

Vo=Eypi— (Ey+EL) @) model potentialV o is expressed as

A. Ab initio Li model potential

C. Overlap expansion (OE) method

HereEy, Em, andEj; are the energy of the interacting VOE(R,g):VO(R’Q)_E Cil{ il x)2, (5)

system Mt Li, the isolated molecule M, and the isolated Li [

atom, respectively. 3 _
Euwy, and Ey, were obtained by the coupled cluster glmexd —{r]. )

method including single, double, and optional triple excita-Here,R is the distance of the HéLi) atom from the center

tion CCSOT), andE,; was calculated by use of the unre- of mass of the moleculeg denotes the angle of the position
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orbitals, which indicates the numbering #f andC; for each
system. In Fig. 1, HOMO denotes the highest occupied mo-
lecular orbital, and LUMO denotes the lowest unoccupied
molecular orbital. These molecular orbitals are those ob-
tained by HF/6-313+ G* and HF/6-31% + G** levels of
calculations.

NN CO

%

05 —— D. Classical trajectory calculations

Classical trajectory calculations obtaining collision en-
ergy dependence of partial ionization cross secti@isD-
PICS need to be made for each potential energy function of
the interacting systems. Classical trajectories of thé He
atom with respect to the molecule were determined by solv-
ing the equation of motion. For various collision energies, a
number of trajectories were considered for randomly gener-
ated initial conditions, such as impact parameters, molecular
orientation, and angular momenta.

In each trajectory step, transition probabilitie)(t)dt
into each ionic staté were calculated by

. ro
P“)(t)dt:S(t)Tdt, (7)

by ———

(LUMO)

(HOMO)

3 —1—

1my

b —1—
O —1—

FIG. 1. Molecular orbitals of isoelectronic molecules of O, and GH, . ri= K(i>|<¢i| ¢1s>|2a (8)
Electron density maps are drawn in a common scale. Atomic positions are

from the left to the right, NN, CO, and HCCH, respectively,~ ¢ are )

occupied molecular orbitals, angl is the highest occupied molecular or- S(t)y=1- 2 Pi(r'“)(t), (9)
bitals (HOMO). ¢,~ ¢¢ are unoccupied molecular orbitals, agd is the I

lowest unoccupied molecular orbitdlsSUMO). ¢4 for N, and CO are omit-

ted because they are outside the valence shell. The numberings of the orbY[\!h_ere s the 'szat'on _W'dth for tran_s_'t'on to thﬂ_h
als are in common with those in Table V. ionic state, which is a function of the position vect®rdi-

recting to the H&(Li) atom from the center of mass of the
target molecule. An overlap method in E8) is employed in
order to avoid the following difficulties(a) theoretical diffi-
culties associated with direct calculations of the matrix ele-
ments, including very high excited states, dbgl computa-

26,

vector R directing to the H&(Li) atom from the center of
mass with respect to the molecular axis. is the target
molecular orbitaly is a Slater types orbital function withan " e s ) i
exponent;, which is placed at the position of BELi) atom. tlona}l dlff!cultles associated Wlth too many geometrlcal
r is the distance from the center gf The OE method is conflguratlpns and two electron mtegrgls. 'Theor'etlc.al fea-
designed to describe anisotropic interactions by expandel§irés of this overlap method for the estimation of ionization
terms using overlap integrals between molecular orbiggls Widths have been described in detail in the previous péper.
and an atomic orbitay. The expansion coefficients; and ¢; and iy, are the ionized orbital of the target molecule and

. . . i i () j -
the atomic orbital exponeritare parameters for the optimi- the 1S orbital of the He atom, respectivell" is a param
zation. eter for each ionic state to be determined so as to reproduce

The range of the expansion for the target orbitalsnay observed ionization branching ratios, which can be obtained

be chosen from the following criteriéa) Although the math- from the relative band intensities in 2D-PIES. The survival
ematical flexibility requires many functions in the expansion,fractionS(t) represents the survival probability of Hén the

number of variable parameters should be suppressed as sm@&fCited state at a certain tinieAfter calculations of 10000
as possible in order to avoid the indeterminacy in the optiirajectories with various impact parameters, the partial ion-
mization and too heavy computational demarnts.Mean- ization cross sectiom(") was obtained from the ionization
ingful interactions are expected to be concentrated in valenderobability PO with a weight of 2rbdb,

molecular orbitals, especially higher occupied orbitals and _ % _
O'(I):f 2wb P db. (10

lower unoccupied orbitals. 0

Considering these factors, molecular orbitals in the ex-
pansion were limited to valence molecular orbitals. In trial
calculations, inner valence orbitals with large @haracters
were found to be unimportant, and the highest unoccupied Parameters for correction terms in E¢$), (5), and(6)
valence orbital of GH, could be disregarded. Thus, the fol- as well ak (") in Eq. (8) were optimized by a nonlinear least
lowing molecular orbitals are only retained in the presentsquare fitting method, so as to reproduce observed slopes in
study; 2o, 1m, 304, 17y, and 3, orbitals for N, 40, CEDPICS and observed branching ratios in 2D-PIES. In
1w, 50, 60, and 27 orbitals for CO, and &, 304, 1m, each iteration, the optimization step was obtained by the
404, 30y, and L, orbitals for GH,. Figure 1 shows these modified Marquardt methotf. The gradient vector and the

E. Optimization of parameters
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TABLE I. The slopesm of the logo—log E, plots in CEDPICS.

lonic Collision Calc? Calc. calcf

System states energy/meV Obs. (Vs9 (Veo) (Vop)

N, /He* (2 39) X2y 100-200 0.68 0.85 0.65 0.67
200-300 0.3 0.45 0.4¢ 0.24

A2, 100-200 1.08 1.38 1.14 1.19

200-300 0.52 0.87 0.79 0.59

B3, 100-200 0.6 0.84 0.69 0.73

200-300 0.28 0.50 0.47 0.27

CO/He (2 %9) X223+t 100-200 0.1 0.45 0.17 0.24
200-300 0.08 0.31 0.1% 0.01

AL 100-200 0.72 1.15 0.83 0.79

200-300 0.52 0.65 0.4 0.44

B23* 100-200 0.4% 0.83 0.58 0.52

200-300 0.32 0.38 0.28 0.23

C,H, /He* (2 39) X 211, 100-200 -0.23 — -0.2¢° -0.24
200-300 -0.17 — -0.07 -0.24

AZsS 100-200 0.09 — 0.15 0.12

200-300 0.1% — 0.16 0.13

B2, 100-200 0.10 — 0.2¢° 0.12

200-300 0.26 — 0.1 0.14

#D-PIES experiments in Ref. 44 for,MHe* (2 S) and Ref. 37 for CO/H&(2 3S).

The present 2D-PIES experiments.

°The previous calculations by the simple scaling model potenWalsin Ref. 38 for N,/He*(23S) and
CO/He (2 39).

“The previous calculations by the exponential correction model poteMalin Ref. 38 for N, /He* (2 3S) and
CO/He* (2 39).

€The present calculations by the exponential correction model poteltials

The present calculations by the overlap expansion model poteXtigls

Hessian matrix for obtaining a Marquardt step were calcuface to the detector is negligibly short in comparison with
lated numerically only in the first iteration, and then theythat of the H& atoms. The 2D-PIES intensity of sample
were updated based on the hybrid method proposed bmoleculesl (E.,t) as functions of electron kinetic energy
Powell# E. and timet was converted td.(E,,71op) as functions of
E. and TOF of the H& beam. Thd o(E., o) can lead to
Ill. EXPERIMENT SECTION lo(E¢,vher) as functions ofE, and velocity of H& atoms
vuer - By the following equations, the 2D Penning ioniza-

In order to optimize potentials functions for fitting with tion cross sectiow(E, ,v,) was obtained:

experimental data, we used observed 2D-PIES of N

+He* (239,394  CO+He*(2%9),°*® and GH, lo(Ee, Vher) Vher
+He*(23S). 2D-PIES data for gH,+He*(23S) were o(Ee,vr)=cC e (Pper) 77 (11)
newly measured in the present study.
The experimental apparatus has been reported in previ- 5 3kgT
ous paperg:1218A metastable beam of He was produced by~ *r= V Yher T~ (12)

a nozzle discharge source, and the* H'S) component . . ) )

was quenched by a water-cooled helium discharge lamp. Thwherec is a constanty, is the relative velocity averaged
metastable H&(23S) beam was pulsed by a mechanical ©Ver the velocity of the target molecule; is the Boltzmann
chopper and then introduced into a collision cell located 5040nstant, and” andm are the gas temperature and the mass
mm downstream from the chopper disk. The kinetic energy?f the target molecule, respectively. The cross section in Eq.
of electrons was measured by a hemispherical electrostatid? iS normalized with the velocity distributiohe: (vier)
deflection type analyzer using an electron collection angl@f the HE&' beam.a(E.,v,) is converted tar(Ee ,Ec) by the
90° to the incident He(2 3S) beam. The transmission effi- relation

ciency curve of the electron energy analyzer was determined E.= %Mvrz, (13)

by comparing our HeUPS data with those of Gardner and _ o

Samsof® and Kimuraet al*® The energy resolution of the Whereu is the reduced mass of the colliding system.
electron energy analyzer was 70 meV estimated from the full

width at half maximurr(fwhm) of the Ar* (2P5;,) peak in the

Hei UPS. S . IV. RESULTS
The He' velocity distribution| e (vher) Was obtained _
by measuring a time-of-flightTOF) of electrons emitted Table | lists observed slopas of logo®—logE, plots

from a stainless steel plate inserted into the collision cellfor X, A, and B ionic states in the energy regions of 100—200
because the TOF of secondary electrons from the metal sumeV and 200-300 meV for N-He*(23S), CO
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TABLE II. The optimized parameters for the simple scaling model potential TABLE IV. The optimized parameters for present overlap expansion model

Vgs in Eq. (3) as well asK® in Eq. (8) for N,/He*(23%S) and
CO/He* (2 3S), these are reported in Refs. 36 and 37, respectively.

potential Vo in Egs. (5) and (6) as well ask in Eq. (8), obtained
potential well deptD,, and their position®, and ., for N, /He* (2 3S),
CO/He (23S), and GH,/He*(23S). Uncertainties forVoe estimated

N, /He* (2 39) CO/He (2 %9) from errors of experimental slope valueAri= +0.01) are shown in pa-
rentheses.
a 0.80 0.55
Kiiiﬁev igg ‘51-22 N/He*(23S)  COMe (239)  CoHy/He* (2°9)
K*V/eV . .
K®/ev 9.36 1.85 gBohrt  0.498(+0.009 0.584(+0.004 0.510(+0.003
C,/meV  80(+49 734(+44) 98 (+30)
C,/meV  9027(%71) 8478(+58) 6805 (+27)
Cs/meV  705(+23 495 (+20) —470(+6)
. . ) C,/meV  88(*+11 74 (+2 177(+8
+He*(23S), and GH,+He*(23S) in comparison with C:/mev 25§t2)) 57Et4; 67(5:@)
those obtained by the trajectory calculations with optimized c,/mev =~ — _ 48(=8)
potentials,Vss, Vec, andVog. K®/ev  6.82 3.35 9.34
The optimized parameter values for the SS and EC Kii;/eV 3.72 2.90 11.2
methods are listed in Table Il and Table Il in order to com- [ /6V 318 o ot
pare them with those for the present OE method listed ing° 4 535 468 254
. . e . . .
Table IV. Obtained parameters for potential wells, the depthg_jdegree  35.9 66.4 90.0

(D), the distanceR,), and the angleq), are also listed in
Table Il and Table IV. Uncertainties of the potential param-
eters were estimated from errors of experimental slope val-

ues Am==0.01), and they are shown in parentheses.

Figure 2—4 show@ a contour map o¥/ g and (b) in-
teraction potential curves of, (dotted ling, Vg (broken
line), and Voe (solid line for N,+He*(23S), CO

for which electron density contour maps are also shown in
Figs. 5 and 6. Thick solid curves in the maps indicate the 800
meV contour lines. Since total ionization cross sections can-
not be estimated in our calculations, total cross sections for

+He*(23S), and GH,+He*(23S), respectively. The
spacing of the counter lines is 100 meV for positive value
between 0 and 800 meV for each system, and 20 meV for, He* (2
negative values betweer40 meV and 0 meV for the
C,H,+He*(23S) system. Figure 5 shows led’—logE,
plots of CEDPICS for(a) N,+He*(23S) and (b) CO
+He*(239), respectively. Figure 6 shows led’—logE,
plots of CEDPICS for GH,+ He* (2 3S).

Observed partial cross sections together with their total
are shown with open circles. Observed data fgf*"* and
CO*"*°were previously recorded, and the observed data for
C,H, were newly measured in the present study. Respective
ionic states are X3, A%, B?S; for N,, X227,
A, B?3* for CO, and XI1,, A%S,, B2S ) for CoH,,

TABLE lll. The optimized parameters for exponential correction model
potential V¢ in Eq. (4) as well ask( in Eq. (8), obtained potential well
depth D.,, and their positionsR, and 6., for N,/He*(23S),
CO/He*(23S), and GH,/He*(23S). Uncertainties forVgc estimated
from errors of experimental slope valueArf=*=0.01) are shown in pa-
rentheses.

Scrossed-beam

(a)

those for

N,+He* (23S) and CO+He* (23S) were normalized with
experimefits, and
3S) were normalized to a reported valtfe Ob-
tained CEDPICS curves for the OE method by the present
trajectory calculations are shown with solid lines.

6H,

—_
=2
=
S
(=4
(=3

Interaction Energy / meV

Ny/He* (235)2  COMe (23S)2  C,H,/He* (2 3S)° 200
Bo/A 1.104(+0.019 0.861(*0.009 1.535(+0.049
Ay /meV 941(x5) 2870(x3) 265(*17)
A/mevV  — 296(=4) — 0
A, /meV —379(%x7) —1300(*4) 56 (=57)
A,/meV  0(x7) — —146 (+974) L 1111111111
K®/ev 13.6 4.23 87.9 488 2 458

R/ A R/ A

KA/ev 7.58 3.43 90.3
K®/ev 5.71 1.66 7.54 FIG. 2. The potential energy curve for,MHe* (2 3S) obtained from the
D./meV -9.22 -115 —26.6 OE method(solid line) [see Eq.(5)]. Optimized parameter sets were listed
R./A 4.88 4.55 2.63 in Table IV. R s the distance between K 3S) and the center-of-mass of
0./degree  90.0 80.3 90.0 N,, and@is the angle from the collinear direction. The contour maps for the

#The previous calculations reported in Ref. 38.
The present calculations.

repulsive boundary positions are shown with an energy spacing of 100 meV.
Potential energy curves obtained by the Li mo@#tted ling and the EC
method(dashed lingare also shown for comparison.
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(@) (a)
10F
s
~N
<y
(b) z
S I
> 400 s 0.5¢
E ®
5 (b) g
g
200 o
E © 10¢ E
g r ]
s 5 ]
£ 0 [
1 - —
FIG. 3. The potential energy curve for GaHe* (2 3S) obtained from the 0 53_ 1
OE method(solid line) [see Eq.(5)]. Optimized parameter sets were listed “t |
in Table IV.Ris the distance between HE 3S) and the center-of-magX) 10 e 000

of CO, and# denotes the CXHe angle from the collinear direction. The

contour maps for the repulsive boundary positions are shown with an energy

spacing of 100 meV. Potential energy curves obtained by the Li mode|:|G 5. The logr)—logE, plots of CEDPICS for@) N,+ He* (2 3S) and
. 5. .

(s%(:md ling and the EC methoddashed lingare also shown for compari- ) oo Her (2 35), respectively. Observed cross sections are plotted with

circles. The present calculations are drawn with solid lines. Contour maps of
the electron densities for molecular orbitals corresponding to respective
ionic states are also shown. Observed total cross sections are normalized to
V. DISCUSSION reported valuesRef. 47) at E.=200 meV.

Collision Energy / meV

A. Slopes in CEDPICS and modifications
of the potentials
. E model potential¥ ¢ are in excellent agreement with the

AS can b_e seen fro_m Figs. 5 and_6, caICL_JIated total an xperiments by 2D-PIES. Table | compares observed and
partial Penning ionization cross sections using the present, . iated slopesn of log o versus logE, plots for X, A,
and B ionic states. Since the SS method is only applicable to
repulsive systems, the SS method was not used $bt,C
Although relative magnitudes ah are well reproduced by
the SS method for Nand CO, there are large errors of 0.2—
0.4, which cannot be disregarded in comparison with the
experimental error bars afa. 0.03. The EC method gave

(a)

110/ — :
(b) s0L ]
~ T
> 400 < \ngmol-g[)al_
g = .
| 2 Moo\
£ 200 g 1% _.
ia) o [ _M ]
E 850 & N
5T 51
& (@]
2 o
L1111 1 2?“. el o
2 46 2 4 10 100 1000

Collision Energy / meV
FIG. 4. The potential energy curve fogk,+ He* (2 3S) obtained from the
OE method(solid line) [see Eq.(5)]. Optimized parameter sets were listed FIG. 6. The logsr"—logE, plots of CEDPICS for GH,+ He* (2 3S). Ob-
in Table IV. R is the distance between K2 3S) and the center-of-mass, served cross sections are plotted with circles. Data for the A state are almost
and 6 is the angle from the collinear direction. The contour maps for theoverlapped with those for the B state shown beneath. The present calcula-
repulsive boundary positions are shown with an energy spacing of 100 me\ions are drawn with solid lines. Contour maps of the electron densities for
For attractive potential wells, contour curves are shown with and energynolecular orbitals corresponding to respective ionic states are also shown.
spacing of 20 meV. Potential energy curves obtained by the EC metho@bserved total cross sections are normalized to reported vidReds48 at
(dashed lingare also shown for comparison. E.=33 meV.
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improved results for Nand CO in comparison with those by characteristic lengttB in the exponential function can be
the SS method. However, the EC method showed the followtelated with the asymptotic behavior of wave function tail
ing difficulties. As can be seen in Table I, the slope values aknown as B~'=2(2IP)"2 where IP is the ionization
the higher collision energy region for A and B states of N potential>” The characteristic length afa. 1 A corresponds
are still considerably different from the observed values. Thido the ionization potential ofa. 1 eV which approximately
discrepancy is ascribed to the qualities of potential curvesagrees well with the energy level of the unoccupied molecu-
especially for the perpendicular directiof<90°) as shown lar orbital.

in Fig. 2; higher energy parts of repulsive wall are still rather It should be noted that corrections are not necessarily
soft in comparison with those for the OE curve. In the caseconcentrated on the perpendicular sides, because the isotro-
of C,H,, the EC method gave expansion coefficiems,(  Pic term of Ay in Table Il shows large values. Therefore,
A,, andA,) with very large ranges of uncertainty in Table Some other interactions are also responsible for the differ-
lIl. This is probably because the one center expansion of E¢gnces betweeW, andVec. We should note here that impor-
(4) cannot make sufficient anisotropic corrections. In con-tant interactions may involve occupied orbitals of the target
nection with this, the EC method yielded extremely lakge Mmolecule as well as the vacanp 2rbital in the atom. In this
values for GH,, which are one order of magnitude larger regard, it is very difficult to obtain much more precise infor-
than those of other molecules. Sinkeis a proportionality ~mation from the EC model.

constant in Eq(8) for the ionization width, too large values

are highly unlikely. Thus, the flexibility of the EC method of C. Obtained potential parameters in the OE method

Eq. (4) is not sufficient in comparison with the OE method. and characteristic features

Table IV shows optimized parameter values for the OE
o ) _ method. The optimized' values for three systems, 0.498
_B. Characteristic features of potential corrections bohr ! for N,+Li, 0.584 bohF! for CO+Li. and 0.510
in the SS and EC methods bohr ! for C,H,+Li were found to be very close to the
Table Il shows optimized parameters for the SS methodexponent of the & orbital of He" atom, which is determined
The values of the scaling factarfor N, (a=0.80) and CO to be 0.575 bohr! by Slater’s rule. This indicates that the
(a=0.55) are much smaller than 1, which indicates that theatomic orbital functiony introduced in Eq.(6) is for the
correct potential for He should be pulled down to the lower valence 2 orbital and not for the innerd orbital in a Hé
energies from the Li potentidV;. There may be several atom. This is consistent with the approximation replacing a
reasons for this. The larger basis functions as well as thele* atom by a Li atom neglecting the effects of inner orbit-
higher levels of electron correlation corrections tend to lowerls, based on the assumption that the outer electron governs
the interaction energies. A careful comparison of various levihe interactions.
els of calculations showed that the preségtcalculations in Since the 2 electron energy level is much higher for
the CCSD(T)/6-31% G* level is satisfactory. The discrep- He* (23S) than Li (22S), contributions to energy lowering
ancy betweerV, andVggis thus ascribed to intrinsic differ- in the Li potentialV, are expected to be overestimated for
ences of interactions betweeniMHe* and M+ Li. Charac- the occupied molecular orbitals and underestimated for un-
teristic features for th&-parameters will be discussed below occupied molecular orbitals. The magnitude of corrections
in comparison with those obtained for the EC and OE methshould be the largest for HOMO or LUMO in general be-

ods. cause of the smaller energy gaps. Such an argument leads to
Table 1l shows optimized parameters for the EC negative values for the occupied-orbital coefficients and

method. As already noted in the previous studfeS A, /A, positive values for unoccupied-orbital coefficients.

has a negative value afa. —0.4 for N, and CO, which As can be seen in Table IV, coefficients for unoccupied

indicates oblate corrections leading to the more negativerbitals,C,, Cs, andCg, are really positive, and the mag-
contributions pulling down the interaction potentials effec-nitude shows a decreasing order from LUMGQ,] to the
tively in the perpendicular directions whetreelectrons dis- higher levels C5,Cg). This is consistent with the results for
tribute. Therefore, a charge transf€T) interaction leading the EC method, which disclosed the CT interaction involving
to M~A* T4l seems to be dominant in the corrections toan electron transfer from the atom into the molecule. On the
the Li model potentialV,. This propensity can be under- other hand, those for occupied orbitals,, C,, andC5, are
stood from the difference of the energy levels betweeh He mostly positive contrary to the above expectation. Moreover,
and Li atoms. Since the ionization potential of LRY) the magnitude is the largest @ for the next HOMO (47,
(5.392 eV is larger than that of Hg23S) (4.768 eV}, the  of N,, 17 of CO, 304 of C,H,) rather than aC; for the

2s electron energy level is much higher for HeThis means HOMO (304 of N,, 50 of CO and L7, of C;H,).

that the CT interaction is much more important in*Hée- It should be noted here that the Binpaired electron in
cause the energy gap between tlsea?d unoccupiedr lev-  the singly occupied orbital has an antibonding character in
els becomes smaller for Ble This argument is consistent the interacting system. In connection with this, contributions
with the above propensity fok, /A values for N and CO. of vacant D orbitals to Z—2p hybridization in the outer
The importance of the CT interaction with target unoccupiedshell of the H&(Li) atom should be considerdd?353-5¢
orbitals can also be supported by the following aspects omhen the extent of & 2p hybridization increases, the elec-
the smalleB parameter. The optimized values Bin Table  tron overlap repulsion with the target molecule decreases be-
Il are 1.104 A for N and 0.861 A for CO, respectively. The cause of the small lobe of thes22p hybridization. Thus,
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the 2s—2p hybridization contributes also to the energy low- better agreement with those obtained by scattering experi-
ering. However, its magnitude considerably increases iments D.=ca. 2 meVR,=5.7 A)*" than the EC method.
He*, because the-2p energy gap becomes much smallerIn the case of ¢H,, the ionization potential becomes small
in He* than in Li; the energy gap betwees and 20 orbital  enough to have a strong interaction between occupied-
of He*(23S) (1.114 eV is much smaller than that of Li bitals and the He atom. Thus the location of the potential
(22S) (1.848 eV. This indicates that the Li model potentials well is around the perpendicular directiof,&90°) at a
seriously underestimate thes22p hybridization effect and relatively short distance oR,=2.54 A, where occupiedr
thus overestimate overlap repulsions. orbitals have large electron densities. The well positions for
Since the 2-2p mixing occurs via interactions with C,H, by the OE method agree well with those by the EC
occupied molecular orbitals, correction terms for occupiedmethod, though the depth is considerably different. The well
molecular orbitals can be positive, when the-2p hybrid-  depths ofD,=56.5 meV for GH, is much larger than those
ization effect pulling down the unpaired electron level isfor N, and CO, and hence the slopeof log o)—log E, plots
much more important than the lowering effects on the paireqor the X state(corresponding to the #, orbital) of C,H,
electron levels for the occupied molecular orbitals. The posifgg negative values . —0.2 due to the attractive interac-
tive signs for the occupied-orbital coefficients in Table IV tions, whereas for other ionic states the slope vamesre

clearly indicate that the 2-2p hybridization effect domi-  positive reflecting repulsive potentials, as can be seen in
nates. Although the magnitude of the coefficients for the ocTapje | and Fig. 4.

cupied orbitals is not the highest at HOMO, this may be

caused by cancellation with the negative sign contributions

from the interactions of paired electrons. This cancellation

effect of paired electrons is expected to be largest in the

HOMO levels, especially in the case 0fl€,, since the ion-  p. parameter fitting for the ionization width

ization potential for the HOMO of ¢H, is 11.40 eV, which ) ) L .

is much smaller than those for O@4.01 eV and N, (15.60 In connecﬂon(.\;wth the optimization of potential func-
. i o

eV). This order is consistent with the increasing order of thef“on_s’ par_amete_rls for the °Ve”aP method evaluating ion-

coefficientC, for HOMO, —470 for GH,, 495 for CO, and ization widths in Eq.(8) were optimized. As can be seen

705 for N,. A similar tendency depending on the energy M Tables IV, obtained values fat() have some inter-
gaps can also be found for the next-HOMO coefficieat esting features. Absolute values are different among the SS,
These findings show that on going from the larger IP toEC, and OE methods, while the relative magnitudes for three

the smaller IP of target molecules the major contribution to/®NiC States in each system are rather similar. Since ioniza-
the energy lowering mechanisms involving occupied eleclion cross sections depend on both interaction potentials and

trons changes from thes2 2p hybridization effect to the Ionization width,K-parameters may be affected by qualities
interactions between the target electron pairs and the atomf intéraction potentials via the optimization processes. In
unpaired electron. This is consistent with a propensity inth® case of bl and CO, magnitudes d(_(l) showed relative
elastic scattering dafg,for which attractive potential wells Orders of SS-EC,OE. This propensity is consistent with the
of interactions with atomic targets having small ionization™agnitudes of potential energy lowering in these methods
potentials such as alkali metal atoms have been found to g@entioned above. In the SS method, insufficient potential

deeper for Li rather than for He energy lowering caused substantial increases of the
Although expansion coefficients; for interactions be- K-parameter values. _ _
tween the 3, orbital of H&* and unoccupied molecular or- Another tendency in the magnitudes of the

bitals were found to be much smaller than those for interack-parametersK®>K®=>K®, were found for the relative
tions between the Lorbital of He' and occupied molecular Orders among the ionic states. This tendency may be related
orbitals, corrections due to unoccupied molecular orbitals aré0 a factor ofE; ¥? involved in a formula for the ionization
very important at relatively long distances where the otheidth.>® The energy gap between the He drbital and the
types of interactions are very small. Therefore, the CT intertarget ionized orbital may also be responsible for this ten-
actions involving unoccupied molecular orbitals are of greagdency in connection with the electron transfer matrix ele-
significance at longer distances. ments as discussed in the previous sttidly. seems to be

In connection with the above findings, it is worthy to important that theK values for A and B states of €, are
compare well-depth®, and well-positionsR, and 6, in still rather large even in the OE method. Although this may
Table IV. In the case of Nand CO, ionization potentials are be due to some inaccuracies in the interaction potentials, we
so high that energy lowering interactions leading to potentiaghould point out that electron correlation effects are not in-
wells are only effective in long distances, where unoccupiec¢luded in the calculations of the ionization widths. The mix-
molecular orbitals are relevant for the CT interactions. Theng of higher vacant orbitals with the same symmetry of the
obtained anglesd, for N, (6,=35.9°) and CO ¢, ionized occupied orbital may possibly contribute strong en-
=66.4°) are related with electron distributions of unoccu-hancements of the ionization widths. If the vacaet;4and
pied orbitals¢, and ¢s shown in Fig. 1 in the present OE 3o, orbitals are mixed into occupiedod and 2o, orbitals,
method, though the EC methods gave much larger angles foespectively, electron densities may substantially increase in
N, (#.=90°) and CO ¢.,=80.3°). The parameters for,N the exterior regions to result in enhanced ionization cross
(De=3.09 eVR,=5.35A) in the OE method gave much sections.
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E. Characteristic remarks of the overlap interacting systems. This treatment enables us to optimize
expansion method complex features of interaction potentials efficiently with
limited computational efforts.

Applications of the present OE method to other systems,
such as OC% and GH;® with He* (2 3S), have been found

o o ) to be successful. These results will be published elsewhere.
(1) Overestimation or underestimation of important or-

bital interactions between interacting species involved in the
approximate interaction potentials to be optimized can pe/l- CONCLUSION

improved effectively and efficiently. An overlap expansiofOE) method was proposed for
(2) From the sign and the magnitude of each expansioimproving intermolecular interaction potentials. Correction
coefficient, deficiencies involved in the approximate interacterms were introduced as a linear combination of squares of
tion potentials can be clarified. overlap integrals between interacting species, in order to in-
(3) Correction terms can be limited to valence orbitals.clude highly anisotropic interactions intrinsic to the molecu-
Major contributions are expected for HOMO, LUMO, next- |ar systems. The present OE method was applied to improve
HOMO, and next-LUMO, because of the energy gap law forcrude potentials for intermolecular interactions between a
orbital interactions. molecule (N, CO, GH,) and a metastable atom
(4) Highly anisotropic interactions intrinsic to the mol- [He* (23S)]. The crude potentials using a Lif3) atom in
ecules can be considered effectively, because most parts pface of a H&(23S) atom based on their qualitative simi-
anisotropic interactions are essentially related to spatial chatarity were improved very efficiently; an overestimation and
acteristics of molecular orbitals. underestimation of important orbital interactions in the crude
(5) In connection with the above featur€® and(4), the  potentials were corrected for individual valence orbitals,
number of correction terms can be suppressed to be smaiuch as HOMO and LUMO. From the sign and the magni-
even if the size of the molecular system becomes large. tude of the expansion coefficients, deficiencies in the crude

Although the exponential correctigEC) method using pc_)tentials are elucidated in_ terms of orbital i_nt(_eractions.
exponential terms with Legendre expansions gave nearly theinc€ the number of correction terms can be limited to be
same qualities of interaction potentials after optimization ag$mall for certain important valence orbitals, the present OE
the present OE method in the case of CO, the following™&thod is highly promising for its application to large mol-
remarks should be noted. None of the above mentioned fe£cules, for which other methods will meet with computa-
tures for the OE method frort2)—(5) could be obtained for fuonal d|ff_|cult|es arising from too many parameters and their
the EC method. Even for the featu(®, the EC method will ~ndeterminacy.
have serious difficulties if it is applied to nonlinear mol-
ecules or very large molecules. Because of the one-centeACKNOWLEDGMENTS
scheme of the Legendre expansion, too many terms should
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