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Penning ionization of formic acid (HCOOH), acetic acid ({CH¥DOH), and methyl formate (HCOOGH

upon collision with metastable He{8) atoms was studied by collision-energy/electron-energy-resolved two-
dimensional Penning ionization electron spectroscopy (2D-PIES). Anisotropy of interaction between the target
molecule and He*(35) was investigated based on the collision energy dependence of partial ionization cross
sections (CEDPICS) obtained from 2D-PIES as well as ab initio molecular orbital calculations for the access
of a metastable atom to the target molecule. For the interaction potential calculations, a Li atom was used in
place of He*(2S) metastable atom because of its well-known similarity in interaction with targets. The results
indicate that in the studied collision energy range the attractive potential localizes around the oxygen atoms
and that the potential well at the carbonyl oxygen atom is at least twice as much as that at the hydroxyl
oxygen. Moreover we can notice that attractive potential is highly anisotropic. Repulsive interactions can be

found around carbon atoms and the methyl group.

I. Introduction increase of collision energy, which is caused by the decreasing
numbers of A* trajectories deflected by the effective potential
with the increase of collision energy.

Since the electron distribution of individual MOs is more or
less localized on a special part of the molecule, information on
the anisotropy of interaction between A* and a target molecule
can be obtained by collision energy dependence of partial
ionization cross sections (CEDPICS) with electron spectroscopy
and a velocity selection of A¥-17 The time-of-flight (TOF)
method was adapted in our group rather than the velocity-
controlled supersonic jet beat¥r,2° since the TOF method has
the advantage in measurement of collision-energy/electron-
energy-resolved two-dimensional Penning ionization electron
spectroscopy (2D-PIESY.The 2D spectrum is accumulated as
a function of two parameters, kinetic enerdy.) of ejected
electrons and collision energid) between A* and M. Cuts of
: . L o the 2D spectrum at selected ionization bands give CEDPICS,
many molecules in previous yedrs: This total ionization cross while cuts of the 2D spectrum at selected collision energies

selctlog IS thel surln of tg.e :oar't\% crolss Eecgons'whl_ch_car_\ be provide collision-energy-resolved Penning ionization electron
related to molecular orbitals (MOSs). In the Penning ionization spectra (CERPIES).

proc%ss,han el?ctronfTA a MO f}avmg Iarg;]]e _electrorljl (Iilensblftlels On the other hand, peak energy shift in PIES or CERPIES
outside the surface of M is transferred to the inner-shell orbital respect to the ionization band in ultraviolet photoelectron

of A*. 12 The relative ratio of the partial ionization cross sections spectroscopy (UPS) can provide us information on anisotropy
can be observed by an electron spectroscopic technique that %f interactions. According to a two-potential curve model of

known as_P_enning ionization electron spectroscopy (P}ES)' Penning ionization processes, the electron en&gis equal
The collision energy depende_nce of Pen_mng lonization Cross 1, e energy difference, at the interdistané® (here the

sections eDabIes u45 to !nvestlg_ate_the Interaction IOO'“.am'alexcitation transfer occurs, between the incoming potential curve

between A* and M-* The increasing ionization cross section V#*(R) for the entrance channel (A% M) and the outgoing

v_wthghe increase of collglsmn energé/ |2d|cates repulswe |nteracL) potential curvev+(R) for the exit channel (A+ M), provided
tion between a metastable atom and the target, since a metastablg i the rejative translational energy is conserved during the

?JOT W'trt' the ]ar??r: klnetlcl energyt re?cregt:]hﬁ |rrl]ne( reglop of transfer of electronic excitation. The position of peaks measured
€ target against the repulsive potential with higher 1onization , pieg can pe analyzed therefore as follows:
probability. On the contrary, attractive interaction between A*

and M results in decreasing ionization cross section with the

The interaction between various atoms and molecules is
important in chemistry. The knowledge about the interaction
potential of molecules can be very useful for the understanding
of chemical processes and reactions. As a method for obtaining
some information on intermolecular interactions, chemiioniza-
tion processes can be used. In the case of Penning ioniZafion,
which is known as one of the chemiionization processes, a target
molecule or atom (M) collides with a metastable atom (A*)
resulting in an electron ejection:

A+ M—A+M" +e (1)
The intensity of the positive ions generated in collisional

ionization determines the total ionization cross section of target
molecules. The ionization cross sections were studied well for

E(R) = V*(R) — V;"(R) = E5 — [IP(») + AIP, (R)] (2)
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Fax: +81-22-795-6580. E-mail: ohnok@qpcrkk.chem.tohoku.ac.jp. where Ea+ is the excitation energy of the atomic probe, A*
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(19.82 eV for He*(2S)), and IR) is the ionization potential Ve = (v,> + kg T/m)Y? (5)
for theith ionic state of thasolatedmolecule determined by
UPS. At last,AIP(R) accounts for the shift in the ionization  \herec is a constantyy is the relative velocity of collision

potential due to the interactions between the molecular target adjusted for the average velocity of the target molecules with
and the probe. massm at temperaturdl, and kg is the Boltzmann constant.
Finally, o(vg) is converted tas(Ec) by the relationship
AIP, = V¥(@) = Vi"(@) = V(R — V/'R]  (3) .
E. = uvgll2 (®)

The anisotropy of the interaction potential cukiedescribing
the approach of the He*#3) probe toward the molecular target
along various directions has been calculated on the b_asis of them. Calculations
well-known resemblanéé 24 between the He*(35) and Li(2S)
species in collision processes. The difficulties of the calculation for excited states can be

In this way, to obtain information on anisotropic interaction avoided by using the resemblance between the metastable
between He*(3S) and various molecules with chemical func- He*(2%S) and Li(2S) atom as mentioned in the Introduction.
tional groups, many materials were investigated in our group The interaction potential/(R) between a molecule and the
in recent yeard® The obtained results allow us to determine approaching Li(2S) can be obtained by ab initio MO calcula-
some tendencies in the anisotropic interaction with H&sf2  tions, whereR is the distance from the Li atom to the

whereu is the reduced mass of the system.

attractive interaction around lone-pair electréfig8 z-regions ~  investigated part of the molecule. The calculation¥/(@®) were
of unsaturated hydrocarbdfisnd heterocyclic compunddpr ~ carried out with use of the second-order MoH&fesset
repulsive interaction around-€H bonds of alkyl group&® perturbation theory (MP2) with the standard 6-313** basis

In this study, 2D-PIES of formic acid (HCOOH), acetic acid Set. Moreover, to correct the basis-set superposition errors
(CHsCOOH), and its structural isomer, methyl formate (HCO- (BSSE), the full counterpoise (CP)method was used.
OCHs), were observed. Attractive interactions around the  The ionization potentials of an isolated target molecule were
oxygen atoms and steric hindrance caused by repulsive interacc@lculated with high accuracy by the outer valence Green's
tions around the methyl groups are interesting in CEDPICS and function (OVGF) method?>*®In addition, a restricted Hartree

Penning ionization reactivity for similar compounds. Fock (RHF) method was performed to obtain the electron
density maps.
IIl. Experimental Section All presented ab initio calculations were performed with the

_ Gaussian 03 quantum chemistry packagd&he molecular
The experimental apparatus used for the measurement hagieometry for these calculations was selected from experimental
been described in detail many times in previous papfefs:?> dat&840 based on the microwave spectroscopy in cases for

Briefly, the metastable He*f8) atoms were produced by the  formic and acetic acids and on the gas-phase electron diffraction
discharge nozzle source at a pressure of about 60 Torr. As aresults for methyl formate.

byproduct of this discharge, the metastable H&j2were
generated, and they were quenched by the water-cooled heliumV. Results

discharge lamp. To obtain the collision energy dependent Figures 3 show the ultraviolet photoelectron spectrum

rlUPS), Penning ionization electron spectrum (PIES), as well

; as collision-energy-resolved PIES of formic acid (HCOOH),
rotated with a frequency of about 400 Hz. For the UPS . .
measurement, the UPS photons from the Hel resonance ”neacetlc acid (CHCOOH), and methyl formate (HCOOG} The

. . scales of the electron kinetic energy for PIES are shifted relative
ﬁisléré’gzals'zz eV) are also generated by the discharge in PU'€45 those for UPS by the difference of the excitation energies,

The kinetic energy of ejected electrons was measured by a21'22 eV~ 19.82 ev=1.40 eV. In CERPIES, solid lines show
hemispherical electrostatic deflection type analjzeat the lower-collision-energy spectra in the range from 70 to 110 meV

detection angle of 90 The energy resolution was determined (average 90 meV) and dashed lines show higher-collision-energy
by the measurement of the full width at half-maximum (fwhm) spectra in the range from 200 and 270 meV (average 235 mev).

of the Ar* (°Ps») peak. The UPS and PIES spectra from high- The relatlv_e intensities of low-energy to high-energy spectra
i are normalized by using the data of loyj¢/ersus logE) plots.
resolution mode have the value of fwhm of about 40 meV, and ;
the 2D-PIES dat btained at lution | than 250 Figures 13 present the general form of the spectra of
€ 2b- ata were obtained at a resoiution 1ess than investigated molecules. All the peaks are numbered in ascending
meV. The transmission curve of the energy analyzer was

determined b mparing of our K intensity data with th order starting with the peak at the lowest ionization potential.
erermined by comparing ozggu peakintensity data OS€ The assignments of peaks were made mainly on the basis of
from well-known UPS dat&

OVGF calculation. When one follows the peak position from

The collision energy dependence of the ionization cross pg 1 pjES; it is possible to notice that the ionization potential
sections can be obtained for a specific ionic state in 2D-PIES. ;g changing for some peaks. This effect is concerned with a

Ir) thg 2D-PIES measurement, the TOF spectraat a_scqnning known fact, that the kinetic energy of an emitted electron in
kll’letl(; energy was accumulated. For the determination of the p|eg s equal to the difference between two curves for the
N ;
He*(2°S) Velocltés”“"’ another measurement of the TOF  gnuance (the curve of interaction poten§é(R)) and the exit
spectrum of He*(2S) Iy by detecting secondary electrons from o, 5nnels as mentioned in the Introduction. If the potential energy
a stainless metal P'at.e |.nse.rted into the.coII|S|on cell was ¢,rve for the exit channel can be assumed to be flat, the energy
employed. The partial ionization cross sectitlftevr) Can b o; the exit channel can be determined from IPs by UPS. The
determined by the equations: peak energy shift, therefore, reflects the anisotropic character
of interaction between a He*¥8) atom and the target molecule
0(Eevr) = Clle(Ecvm)/ (V) (VulVR) (4) at the spatial region where MO is extending and electron

the way to the target molecule by a random choplpdisk
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Figure 1. Hel UPS, He*(2S) PIES, and collision-energy-resolved  Figure 3. Hel UPS, He*(2S) PIES, and CERPIES of HCOOGH
He*(22S) Penning ionization electron spectra (CERPIES) of HCOOH (dashed curve at 235 meV, solid curve at 90 meV).

(dashed curve at 235 meV, solid curve at 90 meV).
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Figure 4. Collision energy dependence of the partial ionization cross
section for HCOOH with He*(2S).
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Figure 2. Hel UPS, He*(2S) PIES, and CERPIES of GHOOH
(dashed curve at 235 meV, solid curve at 90 meV).

transition occurs. Since all potential energy surfaces for the exit (dashed lines) indicates the attractive interaction. Thus it may
channels cannot be assumed to be flat, quantitative discussionde useful to show the CERPIES next to PIES/UPS in Figures
on the potential energy surface of the entrance channel arel—3. As long as the three kinds of spectra were obtained by
thought to be difficult by the negative or positive peak energy different experiments, the reliability of the results increased.
shift. Figures 4-6 show the CEDPICS by log] vs log(E) plots

The anisotropy of interaction potential can be reflected in and the calculated electron density maps together with the
CERPIES; the negative change of peak height between spectraschematic representation of MOs for HCOOH, £ODOH, and
from low collision energy (solid lines) to high collision energy HCOOCH;, respectively. The ©C=0 plane (molecular plane)
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He*(2’S)+CH,COOH TABLE 1: Band Assignment, lonization Potential (IP), Peak
; Energy Shift (AE), and Slope Parameter n) of CEDPICS
IP IP
orbital  OVGF/ UPS/ AE/
molecule band character eV eV eV m
HCOOH 1 mi(10d)  11.69 11.51 —0.09 0.01
1 (formic acid) 2 mco(2d)  12.67 12.60 —0.06 0.09
] 3 ococH9d) 15.17 14.90 —0.06 —0.06
4  moco(ld’) 16.06 15.82 —0.08 0.16
5  ogcood8d) 17.94 17.36 —0.04 —0.06
6 oco(7d) 18.12 17.82*
2z CH3;COOH 1 ri(13d)  11.06 10.87 —0.21 —0.05
ElE (acetic acid) 2 mco(3d) 1219 12.09 —0.11 —0.03
£ 3 mco(2d") 14.19 13.79* 0.07 0.37
= 4 ocu(lld)  14.59 14.39 —0.06
g 5 oco(12d) 1475 14.94
8 6  mcccdld’) 16.44 16.38 0.21
A 7 occ(10d)  16.84 —0.06
S 8 oco(94d) 17.58 17.08 —0.28 —0.22
HCOOCH; 1 Noi(134) 11.36 11.09*—0.09 —0.08
(methyl formate) 2  @coo(3d’) 11.68 11.59 —0.03 —0.09
3 ocu(12d)  13.44 13.14 —-0.19 —0.10
j 4  mceo2d’) 1453 14.17 —0.02 0.06
] 5 ocn(114d) 15.09 15.04 —0.14 —0.05
6  oco(10d) 17.07 16.49 —0.21 —0.20
7  mcoold’) 16.77 17.64 0.06 0.05
8  ococH9d) 1836 18.68 0.06 0.00
10 100 1000 tion and UPS. The positions of some peaks were determined
Collision Energy /meV by the approximation of spectra with Gauss curves, and IP
Figure 5. Collision energy dependence of the partial ionization cross values in this casg are marked with f?m asterigkThe column
section for CHCOOH with He*(2S). of peak energy shiftAE) shows the difference of peak position
in PIES relative to the corresponding UPS peaks taking the
He*(2°S)+HCOOCH, excitation energy difference for PIES and UPS into consideration

(21.22-19.82= 1.4 eV). Slope values of the CEDPICS obtained
by the least-squares method in the collision energy range of
90—270 meV are also listed in Table 1.

The calculated interaction potential curves by MP2/
6-311+G** around the carbonyl and hydroxyl oxygen atoms
are presented in Figures 7 (out-of-plane direction) and 8 (in-
plane direction) as a function of angle. The distance between
Li(22S) and the oxygen atom was fixed at 2.1 A, which roughly
corresponds to the interatomic distance for the bottom of the
interaction potential well. For the out-of-plane directions, the
angle was determined on the additional intersecting planes along
the carbonyl axis or bisect lines of the COH (or COC) angle as
shown in Figure 7. For in-plane directions, the angle was
determined from the carbon atom of carbonyl bonds or the H
(or C) atom of hydroxyl (or methoxyl) bonds on the molecular
plane as shown in Figure 8.

Cross section /arb. units

V. Discussion

In the case of attractive interaction with atomic targets, its
long-range attractiveR"S) part can be approximated by relation:

S VA(R) ~ RS 7
10 100 1000 ( ) ()

Collision Energy /meV The collision energy dependence of ionization cross sections

Figure 6. Collision energy dependence of the partial ionization cross can be representéi® by
section for HCOOCH with He*(23S).

—2Is
was selected as the cutting plane for the electron density maps. o(B) ~ E (8)
For 7 orbtials, the cutting plane is 1.0 A above the molecular
plane. or in the following form:
The experimental data were listed in the Table 1 for three
investigated molecules. The first three columns show the name log(o(Ey) ~ —2/slog(E,) 9)

of the molecules, the band number (ordered as in the previous
figures), and the molecular orbital character. The next two The slope parameten of CEDPICS for the logf) vs log(Ec)
columns show the ionization potentials (IPs) by OVGF calcula- plots are shown in the Table 1.
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Figure 8. Interaction potential energy curves of in-plane directions
on the molecular plane as a function of an@l&#om the carbonyl &

O axis or the hydroxyl OH (methoxyl OC) axig, O, A andll, ®, A
indicate the interaction potential around the carbonyl and hydroxyl
oxygen atoms for HCOOH, G€OO0H, and HCOOCEH respectively.
;he distance between LRR) and the oxygen atom was fixed at 2.1

Figure 7. Interaction potential energy curves of out-of-plane directions
on the molecular plane as a function of anglérom the molecular
plane.[d, O, A andl, @, a indicate the interaction potential around
the carbonyl and hydroxyl oxygen atoms for HCOOH,LLC@O0H, and
HCOOCH;, respectively. The distance between BgPand the oxygen
atom was fixed at 2.1 A,

HCOOH. The OVGF calculation resulted in six ionic states interaction around H atoms. A similar case was investigated
for valence ionization of HCOOH. Figure 1 shows five distinct for formamide (HCONH]).42
bands in PIES. In UPS, band 64p(7d)) can be noticed close Bands 3 ¢cocH9d)) and 5 ¢co.oH8d)) showed negative
to band 5, but in PIES this band 6 is concealed by a strong slopes of CEDPICSnf = —0.06), while ionization from the
band 5 ¢co048d)). A relatively large intensity for therco noj MO showed a zero slope of CEDPICS as mentioned above.
orbital localized mostly around the=€D bond was observed This difference can be ascribed to strong attraction fowths
for several compounds in PIES#1which can be explained by  orbital region as shown in the results of model potential
the large extension of electron density outside the molecular calculations for the €0 axis direction (Figures 7 and 8).
surface foroco MOs. The m values of CEDPICS for bands 2 and 4 are positive:

The comparison of bands 1 and 2 in UPS and PIES shows a0.09 and 0.16. Both of these bands correspond-tgpe MO:
relative decreasing of intensity for band 2 in PIES. Since mco(2d') andmoco(1d'). The repulsive character of interaction
Penning ionzation probability is governed by overlap between around ther-orbital region was observed for amid®s.
the helium 1s orbital and target MOs and vanished at nodal Figures 7 and 8 show the interaction potential between a
planes, the intensity difference in PIES can be explained by formic acid molecule and a Li atom. The calculated interaction
the electron density distribution and nodal planes of correspond- has an attractive nature in the regions around the oxygen atoms.
ing MOs. In the case of band 1 and band 2, #heg(2d') MO This result indicates that the most important area for the
(band 2) has two nodal planes for in-plane and out-of-plane attractive interaction is near the carbonyl oxygen atom and that
directions, while the ,(10&d) MO (band 1) is in-phase outside the well depth around the oxygen atom reaches the value of
the molecular surface and has one nodal plane for the out-of-—319 meV. The attractive area localizes along treCCaxis
plane direction, which is the main reason of the intensity with a cone shape whose vertex is near the carbonyl oxygen.
difference in PIES. The opening angle of this cone can reach ca.—1¥8X. For

As indicated in Figure 4, band 14j(104d)) has a small slope  another oxygen atom in the hydroxyl group, the smaller well
close to zero in CEDPICS. In previous studies, interactions with depth (-127 meV) and smaller opening angle of the attractive
He* around an oxygen atom appear attractive in the lone pair interaction zone{60° in plane of molecule) may result in a
electron region, and corresponding CEDPICS showed negativesmaller degree of attractive interactions between HCOOH and
slope valueg®28 In the case of HCOOH in this study, the He*.
electron density of &, extends around the H atoms, which can Taking the large band intensity in PIES for ionization from
have a relationship with the CEDPICS of band 1 by repulsive gco MOs into consideration, the electron density extension of
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oco MOs is relatively large and, thus, the large interorbital calculations, the attractive area localizes mostly in-plane direc-
interaction between theco-type MO and valence orbital of  tions around the oxygen atoms.
He*(2s) can result in attractive interaction around tag bond It is interesting that one can find a similarity in behavior of
and a negative slope of CEDPICS. In the opposite way, electron CEDPICS for some bands of formic acid (HCOOH) and acetic
density extension oft MOs may be smaller thanco MOs, acid (CHLCOOH) with those of formamide (HCONM and
which can be connected with repulsive interaction around the acetamide (CECONH,);#? repulsive interactions were found
7 MO region. for inco MOs of amides, while the slope of CEDPICS for the
CH3COOH. UPS and PIES of acetic acid are shown in ng orbital is near zero for formamide and weakly negative for
Figure 2. Overlapping bands 4dn(114d)) and 5 ¢co(124d)) acetamide. This similarity may be due to the structural relation-
cannot be separated in PIES, and the IP values by OVGFship between acids and amides. From the slope values of
calculation also exhibit a small difference-@.16 eV) in CEDPICS, interaction between metastable atoms and formamide
reversed order from MO energy (Koopmans’ IP) order. Bands or acetamide showed more attractive character rather than formic
6 (mcccdld’)) and 7 ¢cc(104)) are also close each other. acid or acetic acid. A similar change in interaction for out-of-
lonization fromoco MO shows strong intensity for band 5 in plane directions was investigated for furank@O) and pyrrole
PIES relative to UPS similar to that for band &6 o(124)) (C4HsN).20

of HCOOH. HCOOCH. In Figure 3, UPS and PIES of methyl formate
The large intensity of band 8 in PIES can be assigned to were shown. For the relative band intensity of band 1 and band

ionization from theoco(9d) MO, which is consistent with 2 band 2 has a larger intensity than band 1 in UPS, while band

OVGF calculation, a large negative slope of CEDPI@® 1 is larger than band 2 in PIES, which can be explained by the

—0.22), as well as a negative peak energy siiff (= —0.28 electron density distribution and nodal planes of thg(h3d)

eV). The model potential calculations show similar attractive MO for band 1.

interaction around the oxygen atoms for LKDOH (Figures 7 As for the assignment of observed bands 6 and 7, band 6 in

and 8) and HCOOH. The well depth around the carbonyl group PIES can be assigned to ionization frome-type MO based

and the hydroxyl group is-336 and—131 meV, respectively. 4, the |arge intensity, large negative collision energy dependence
The largely overlapping bands 4 and 5 are both related to jn CEDPICS (Figure 6) and CERPIES, as well as the large
oco(12d) andocr(11&) MO distributions for in-plane directions.  npegative peak energy shift\E = —0.21 eV), which is different
In CERPIES, a negative collision energy dependence of bandfrom the small intensity and positive CEDPICS of band 7. By
intensity was observed for band 5, which should be assigned tothe attractive interaction obtained from model potential calcula-
the strong attractive interaction around the carbonyl group in tions (Figures 7 and 8) and the similarity with HCOOH and
ionization from thesco(12d) MO. The small negative slope of ~ cH,COOH, band 6 is confirmed to occur from ionization from
CEDPICS for the sum of bands 4 and 5 can be ascribed to the;.(104) despite the inconsistency with IP order by OVGF

attractive interaction around tleo region as well as repulsive  cajculation frcoo(1d") < oco(104)) with the energy difference
interaction around thecy(11d) MO region. Thus, ionic states o 0.30 eV.

for bands 4 and 5 are reasonably assigned toNitaand 12a lonization bands corresponding to MOs show relatively

Mo, res.,pectlvel.y._ small intensity and positive (bands 4 and 7) or small negative
Despite the similar & MO character, band 1 of GEOOH (band 2) slope values in CEDPICS. The negative slope value

showed negative CEDPIC&(= —0.05), which is smallerthan  sf hand 2 can be ascribed to the electron density distribution of

that of band 1 for HCOOH (10MO, m= 0.01). This difference ¢ 7tcoo(3d") MO mainly for out-of-plane directions around

COOH around the methyl group. In the case of HCOOH, the cH,cooH.
.H a.m”? has a'ls atomic orbital component and is favorable in lonization fromo MOs shows the following three interesting
ionization, while the C atom of the methyl group has a 2p fe

component and is out-of-phase around the methyl group. The atures: .
small negative slope of band d(104)) can be explained (1) CEDPICS for band 30(x(124)) shows a bending shape
similarly. with a negative slope in the 850 meV region and a positive

. . , , slope in the 156270 meV region, which can be due to the
th;rt] E ;’rr%aye(;:?;_%gl)t}ilnoliPSQ%Z?%OS;?H%Q ?oéiﬁ%(i?e)c)t ron Sum of attractive interaction around the oxygen atoms of Fhe
density distribution and nodal planes as is the case with parbonyl group as well as the me‘.h‘”fy' group and repulsive
HCOOH. Band 3 £co(2d")) in PIES has a positive intensity interaction around the GHyroup for ionization from the 12a
increasing in CERPIES as well as CEDPICS (Figure 5) and a MO, ) )
positive peak energy shifAE ~ +0.07 eV), which indicates (2) CERPIES for band 6oco(104)) shows larger intensity
repulsive interaction for theco(2d’) MO region corresponding ~ for the higher collision energy (dashed curve) in the higher
to band 3. A large positive slope of CEDPICS was observed €lectron energy region of band 6 around 3.6 eV in electron
for band 6 corresponding to ionization fromthec co(1d’) MO. energy (Figure 3) and the slope value of this electron energy
The absolute values of positive slope of CEDPICS for band 3 region is positive ifi = +0.14), which can be ascribed to the
(m= +0.37) and band 6nf = +0.21) are larger than those for ~ ionization from the 10aMO around the methyl group because
7 bands of HCOOH, which can be explained by the electron electron energy is larger for ionization in the repulsive interac-
distribution of x MOs around the methyl group in GEOOH tion region from the two-curve model mentioned in the
and repulsive interaction around the methyl group. As for band Introduction.

2 corresponding to theco(3d") MO, it can be supposed that (3) CEDPICS for band 8 shows a slope value of zero despite
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