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Penning ionization of gHsX (X = F, Cl, Br, I) upon collision with metastable He¥@) atoms was studied

by two-dimensional (collision-energy/electron-energy-resolved) Penning ionization electron spectroscopy. Partial
ionization cross sections are found to be larger for ionization from orbitals having:n emaiacters. Interaction
potentials between the target molecule and the He* atom were found to be highly anisotropic. Attractive
interaction was dominated around the collinear access of Bg)(® C—F axis in GHsF. On the other hand,
attractive interaction was localized around the out-of-plane perpendicular approach of He* atonXto C
bond (X= CI, Br, I). Attractive interaction for these compounds increases on going frgtsGT to CsHsl.
Furthermore, the electronic factor due to the size of the halogen p orbitals and the conjugation between the
benzene ring and the halogen atoms and also the steric factor due to the shielding effect were found to be
important.

I. Introduction repulsive. Contrary, a negative shift can be ascribed to the
] ) attractive interaction.

Itis well-known that shape and spread of molecular orbitals Branching ratio of PIES is determined by the partial ionization
play the central role in the chemical reaction. Penning ionization o<s sections. In many cases, attractive interactions enhance
electron spectroscopy is one of the most suitable methods foryhe jonization cross section, while there are some exceptions
probing fele.ctro.n distributions of molecular orbital_s (MQS). such asno orbital in the carbonyl group.On the contrary,
Penning ionizatiohcan occur when a molecule M collides with repulsive interactions decrease the ionization cross section. It
a metastable atom A* (A% M — A + M* + ). is obvious that the ionization cross section depends not only

The Penning ionization process can be explained by the on the characteristic of the interaction but also on collision
electron exchange model, in which overlap of orbitals related energy of the metastable atom. Two-dimensional (2D) PIES has
to the electron exchange is requife@hno et af*successfully  been recently developed in our laboratdig,which ionization
applied the exterior electron density (EED) model to this process cross sections are determined as functions of both electron
in order to account for experimental branching ratios of Penning kinetic energy E¢) and metastable atom collision enerdsg)(
ionization. Based on this model, Penning ionization partial cross This technique makes it possible to study the collision energy
sections can be roughly simulated by the EED, electron dependence of the partial ionization cross sections (CEDPICS)
distribution of target MOs exposed outside the molecular and collision-energy-resolved PIES (CERPIES), and thus the
surface, which is approximated by the van der Waals radii. Then, state-resolved measurement of partial cross sections fattthe
larger electron distribution outside the molecular surface brings ionic state enables us to investigate anisotropy potential surface
larger overlap of mutual orbitals involving electron exchange around the target molecule. 2D-PIES studies of several aromatic
with resultant large ionization probability. Therefore the reaction compounds (such as benzéngolycyclic aromatic hydrocar-
probability depends on both the electron distribution of the target bons? heterocyclic compound§,[2,2]-paracyclophan¥,azines!?

MO and the interaction potentials, since the electron distributions and substituted benzeréganiline, phenol, thiophenol) with

of the target MOs have anisotropic distributions. The kinetic He(2S) atoms have been reported so far.

energy of the ejected electron depends on the energy difference Anisotropic interaction around Cl atoms in several mole-
between the entrance potential energy surface oftA¥l and cules* 19 with metastable atoms has been discussed. Very
the exit potential energy surface of A M* at the ionization recently, Imura et &% have studied the anisotropic interaction
point> Thus Penning ionization electron spectroscopy does not of halogen atoms in §£isX (X = Cl, F) with He*(2S). We
give the ionization potential (IP) of the isolated molecule, which found a very different trend in the interaction aroune->XC

can be determined by He | ultraviolet photoelectron spectros- (X = Cl, F); attractive interaction was dominated around the
copy. Then there are small kinetic energy shifts compared with perpendicular directions to the<Cl bond axis, while for the
Penning ionization electron spectrum (PIES) and He | ultraviolet C—F bond attractive interaction was localized around the
photoelectron spectrum (UPS), depending on the energy dif- collinear axis.

ference between the metastable atom and the photon energy. From a chemical point of view, it is very interesting and
The information on the interaction potential of the entrance important to reveal the interaction feature of atoms, which have
channel can be obtained from the peak energy shift if the exit same number of valence electrons. Because it is well-known
potential can be assumed as flat in the ionization region. A that atoms having the same number of valence electrons such
positive peak energy shift implies that the interaction is as halogen atoms show similar and systematic chemical
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characteristics in many reaction systems from a macroscopicHe* beam was determined by measuring the intensity of
point of view. One question can be raised from a microscopic secondary emitted electrons from the inserted stainless steel
point of view whether the reaction dynamics of these species plate. The 2D Penning ionization cross sectitie, v;) was

are similar or not. Furthermore, the Penning ionization process obtained with normalization by the velocity distribution of He*

is regarded as an electrophilic reaction of an excited atom A* Iye+(vper).

with a molecule M; the reagent A* attacks an orbital of M and

extracts an electron into the vacant orbital of A* yielding an 0(Eg ) = All(Eg ved)lper(Vpe)(vhed v))

ionic state of M. In this respect, 2D-PIES of the target

molecules with the metastable atoms enable us to investigate v, = [vhe + 3KTIM] M2

the reactivity and anisotropic interaction of the target MO in

the electrophilic reactions. whereA, v, k, T, andM are proportionality constants, the relative
In this paper, we have measured 2D-PIES gfl§&X (X = F, velocity of metastable atoms averaged over the velocity of the

Cl, Br, I) in order to get insight about the anisotropic interaction sample molecule, the Boltzmann constants, the gas temperature
around these halogen atoms and to obtain systematic under{300 K), and the mass of the sample molecule, respectively.
standing for reactivity and anisotropic interaction of the n and Finally, o(Ee, vr) is converted ta(Ee, E;) as functions ofE.
7 orbitals of monohalogenobenzenes. Such a study is of aandEc by the following relation:
considerable chemical significance because it provides insight
into the role of the n and orbitals in electrophilic reactions of E.= yvr2/2
the compounds.
whereu is the reduced mass of the reaction system.
Il. Experimental Section

High purity samples gHsX (X = F, CI, Br, 1) (F, Cl, Br> o ) _ _
99.5% and I> 98%) were commercially purchased and used Ve performed ab initio self-consistent field (SCF) calculations
after several freezepump-thawed cycles. The experimental ~With either 4-31G basis functions foreRsF and GHsCI or
apparatus for He*@5) Penning ionization electron spectroscopy 6-311G for GHsBr and GHsl in order to obtain electron density
has been reported previousl¥’-2122The metastable He* beam ~ contour maps of MOs. The geometries of the molecules were
was generated by a discharge nozzle source with a tantalumused from microwave spectroscopic studies? In electron
hollow cathode. The metastable He* atoms in th® &tate are  density maps, thick solid curves indicate the repulsive molecular
optically removed by the helium discharge (quench) lamp after Surface approximated by van der Waals r#diic = 1.7 A, ry
passing through the skimmer. lonic and Rydberg species = 1-2A rr=135Arc=18A 15 =1.95A n=2.15A).
produced by the discharge were removed by the electric Interaction potential energies between HéSpand M in
deflector. The He*(3S) metastable beam enters into the collision Various directions and angles were also calculated on the basis
cell where sample gas was introduced. Produced electrons byof the well-known resemblance between HéSpand Li(ZS);**
the Penning ionization were measured by a hemispherical the shape of the velocity dependence of the total scattering cross
electrostatic deflection type analyzer using an electron collection S€ction of He*(2S) by He, Ar, and Kr is very similar to that of
angle 90 to the incident He* beam. He | UPS were measured L and the location of the interaction potential well and its depth
by using the He | resonance photons (584 nm, 21.22 ev) are similar for He*(2S) and Li with various targef$~3°
produced by dc-discharge in pure helium gas. The kinetic energy Because of these findings and the difficulties associated with
of ejected electrons was measured by the analyzer using arcalculation for excited states, Li was used in this study in place
electron collection angle 0o the incident photon beam. The ~ 0f He*(2°S). Thus the interaction potential M.i(2%S), V*(R )
energy resolution of the electron energy analyzer was estimated(WhereRis either Li-X distance or the distance from the center
to be 70 meV from the full width at the half-maximum (fwhm)  Of the benzene ring anflis in-plane angle oflLi—X—C), was
of the Arf(2Ps;) peak in the He | UPS. The transmission calculated by moving the Li atom toward the halogen atom and
efficiency curve of the electron analyzer was determined by k€eping the molecular geometries fixed at the experimental
comparing our UPS data of several molecules with those by Values; this assumption meant that the geometry change by the
Gardner and Sams&hand Kimura et ak Calibration of the approach of a metastable atom was negligible in the collisional
electron energy scale was made by reference to the lowest ionidonization process. For calculating the interaction potential,
state of N mixed with the sample molecule in He | UPS standard 6-3+G* basis set was used, and the correlation energy
(E. = 5.639 eV¥5 and He* (3S) PIES E. = 4.292 eV)26.27 correction was partially taken into account by using second-

In the collision-energy-resolved experiments, 2D-PIES, the order Mgller-Plesset perturbation theory (MP2). All calcula-

metastable atom beam was modulated by a pseudorandontons in this study were performed with the GAUSSIAN 98
choppe® rotating about 400 Hz and introduced into the reaction duantum chemistry prografi.The ionization potentials were.
cell located at 504 mm downstream from the chopper disk with calculated at the experlm’entally Qetermlned geometries using
keeping constant sample pressure. The resolution of the electrorf € OUter valence Green's functlt*)n (OVGF) metffed for
analyzer was lowered to 250 meV in order to gain higher C6HsX (X =F, Cl, Br) with 6-31+G* basis sets and for ¢is|
electron counting rates. Time-dependent electron signals for eachVith CEP-4-31G as incorporated in GAUSSIAN 98.

kinetic electron energy B;) were recorded with scanning V. Results

electron energy of a 35 meV step. The 2D Penning ionization " **
data as functions of both. andt were stored in a memory of Figures -4 show the He | UPS and HeXg) PIES of

a computer. The velocity dependence of the electron signals CeHsF, GsHsCl, CsHsBr, and GHsl, respectively. The electron
was obtained from the time-dependent signals by Hadamardenergy scale for PIES are shifted relative to those of UPS by
transformation in which time-dependent signals were cross- the excitation energy difference between He | photons (21.22
correlated with the complementary slit sequence of the pseu-eV) and He*(2S) (19.82 eV), namely, 1.40 eV. The present
dorandom chopper. Similarly, velocity distribution of metastable He | UPS and He*(2S) PIES are consistent with the earlier

I1l. Calculations
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data while there are some contradictions with the band solid curves. Relative intensities of the two spectra are normal-
assignmentd*42-45Band labels in UPS show orbital characters ized in the figures using the data of the logss log E. plots.
based on their symmetriess andsr; orbitals are derived from Figures 9-12 show the logr versus lods; plots of CEDPICS
the splitting of the 1g, orbital of benzene, while the; orbital in a collision energy range of 9800 meV for GHsF, GHs-
is related to the benzenelarbital. n, and m orbitals denote Cl, CgHsBr, and GHsl, respectively. The CEDPICS was
nonbonding characters due to the halogen p orbital distributed obtained from the 2D-PIE&(E.,E.) within an appropriate range
parallel and perpendicular to the benzene ring, respectively. of E(typically electron energy resolution of analyzer, 250 meV)
Figures 5-8 show the collision-energy-resolved PIES (CER- to avoid the contribution from neighbor bands. Electron density
PIES) obtained from the 2D spectra ofHGF, GHsCl, CsHs- maps are also shown in the figures in order to grasp effective
Br, and GHsl, respectively. Hot spectra at the higher collision access direction of He*. The calculated electron density maps
energy (ca. 250 meV) are shown by dashed curves, and the coldor s orbitals are shown on the molecular plane, and those for
ones at the lower collision energy (ca. 90 meV) are shown by p orbitals are shown on a plane at a height of 1.7 A (van der
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Figure 6. Collision-energy-resolved Hel@) PIES of GHsCI. E Figure 8. Collision-energy-resolved He{®) PIES of GHsl. E. denotes
denotes collision energy. collision energy.
Waals radii of C atom) from the molecular plane. At the right understanding of interaction potential between a Li atom and
side of the figures, electron density maps for 73, and m the investigated molecules. In the present study, although
orbitals were drawn on the symmetry plane perpendicular to absolute value of potential energy might be different from the
the molecular plane, while electron density mapsifgorbitals real one within several hundreds meV, systematic and qualitative

were drawn on a plane including the center of the benzene ringunderstanding can be obtained from the calculated interaction
and being perpendicular to both the symmetry plane and the potentials.
molecular plane. Tables -4 summarize experimentally observed and calcu-
Figures 13-15 show calculated interaction potential energy lated ionization potentials (IPs), experimental peak energy shift
curves between a ground-state Li atom agH4E, G;HsCl, and (AE), slope parameters of CEDPIC8)( and the assignment
CeHsBr, respectively. The potential curves are shown as a of the bands. Slope parameters are obtained from the gy
function of (a) the distancR between Li and either the halogen log E. plots in a collision energy range for 9300 meV by a
atom or the center of the benzene ring, and (b)dhé—X—-C least-squares method. Vertical IPs are determined from He |
angle. Calculations were performed at the MP2/6-GF level UPS. The peak energy shifts are obtained as the difference
of theory. Interaction potential energy curves between a Li atom between the peak positiolEdes electron energy scale) and
and GHsl could not be calculated, since the proper basis set the “nominal” value E; = difference between metastable
was not available to investigate the systematic and qualitative excitation energy and sample IPXE = Epjes — Eo.
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Figure 9. Collision energy dependence of partial ionization cross sections for GHsCl with He(2S) atom. The contour plots show electron
sections for @HsF with He(2S) atom. The contour plots show electron  density maps for respective MOs.
density maps for respective MOs.

TABLE 2: Band Assignment, lonization Potentials (IP/eV),

TABLE 1: Band Assignment, lonization Potentials (IP/eV), Peak Energy Shifts AE/meV), and Slope Parametersrf)
Peak Energy Shifts AE/meV), and Slope Parametersrf) CeHsCl
CeHsF
IPovee )
IPoveH IPobsd €V (pole  orbital AE/
IPosd €V (pole  orbital AE/ molecule band eV  strength) character meV m
molecule band eV  strength) character meV m CeHsCl 1 905 8.82(0.90) 4frrs) —90+ 80 —0.24
CeHsF 1 9.29 9.02(0.90) 3bms) —-90+70 —0.18 2 965 9.32(0.90) Lgr) —30+80 —0.27
2 9.74 9.35(0.90) Liwrz) 00+ 70 -0.22 3 11.28 11.23(0.91) 9ty (—40+ 50) -0.21
3 11.85 12.30(0.84) 1b  —180+120 —0.24 4 1165 1163088 3 —1004£50  —0.30
4 1213 12.26(0.91) 3br) —230+80 —0.34 5 1230 12.44(0.90) 1%a  (+40+£60) —0.17
5 12.98 12.88(0.90) 1la  (+50+ 120) —0.28 6 1295 12.49(0.90) 8  (750+100) (-0.13)
6 13.90 14.22(0.89) 9n)  —70+90 +0.01 7 1341 1322084) A -180+60 037
7 14.64 14.69(0.89) 8b +404+90 +0.07 : .51(0.89) 14a .
8 1518 1521(0.88) 1 1 9 14.63 14.63(0.89) 7b (-704+100) —0.09
: 21(0.88) 1Qa —10+£80 —0.05 10 1535 15.39(0.87) 6b  (~200+100) —0.09
9 158 16.49(0.87) Lno) (-100+150) —0.24 11 1564 15.90(0.88) 13a (—160+120) —0.16
ﬂ ig-gi ig-gigg-g;g Sg :igiégo :8-%2 12 17.02 17.37(0.86) 12a  +20+50  —0.01

12 17.84 18.23(0.86) Skwcr) —30+£70 —0.12 we obtained the almost coincident results of the relative

intensities of ther and n orbitals for these compounds. Slight
discrepancy between the present study and the previoustwvork
UPS and PIES of gHsX (X = F, CI, Br, 1) have been can be ascribed to the difference of collision energy. This finding
reported. Band assignments in UPS have been reported on thesuggests that the CEDPICS for these bands should be similar
basis of the relative intensity of the corresponding bands in each other. Observed features of PIES for these compounds are
PIES#® In the present study, we obtained consistent results with summarized as follows.
them from experiment and theoretical calculations except for The enhancement af bands in PIES was observed in accord
CeHsF, in which assignments of band 9 and 11 have slightly with the other conjugated moleculg$As can be seen from
modified from the previous studybased on the latter discus- Figures 13-15, attractive interactions were found for the
sions and also on the results of OVGF calculation. In addition, perpendicular directions to the center of the benzene #)g (

V. Discussion
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Figure 11. Collision energy dependence of partial ionization cross Figure 12. Collision energy dependence of partial ionization cross
sections for GHsBr with He(2S) atom. The contour plots show electron  sections for GHsl with He(22S) atom. The contour plots show electron

density maps for respective MOs. density maps for respective MOs.
TABLE 3: Band Assignment, lonization Potentials (IP/eV), TABLE 4: Band Assignment, lonization Potentials (IP/eV),
Peak Energy Shifts AE/meV), and Slope Parametersrf) Peak Energy Shifts AE/meV), and Slope Parametersrf)
CgHsBr CeHsl
| Pobsc( | POVGF/eV orbital AE/ |Po\/(3|:/
molecule band eV (pole strength)character  meV m IPobsd €V (pole  orbital
molecule band eV strength) character AE/meV m
CeHsBr 1 9.00 866(0.90) ffrs) —1204+100 —0.30
2 963 9300.90) A7) —140+100 —0.34 CeHsl 1 875 8300.92) Hw) —80+60 —0.35
3 10.53 10.61(0.91)  4n) —180+ 60 —0.41 2 949 9.05(0.90) ) —50+80  —-0.26
4 1119 11.12(0.89) #n7) —150+60 -—0.38 3 974 9.37(0.94) dn) —-50+50 -0.29
5 11.95 12.18(0.90) ia —504+80 —0.18 4 10.54 10.17(0.91) 4np) —80+50 —-0.33
6 12.68 12.32(0.90) b —60+ 100 (—0.27) 5 11.64 11.37(0.92) ia +60+ 100 —0.20
7 1296 12.84(0.83) #m) (—50+140) —0.32 6 1229 12.04(0.90) Db (=100+120) (~0.30)
8 14.06 14.09(0.89) ia —-30+90 —0.03 7 126 12.62(0.83) dfm) (—304100) —0.28
9 1452 1456(0.89) b —60+ 100 —0.09 8 13.63 13.63(0.89) ia —20+£90 -0.11
10 15.20 15.25(0.86) ia —230+ 100 -0.15 9 1442 14.47(0.89) Db +60+80 —0.01
11 1566 15.67(0.87) b —70+120 —0.21 10 15.12 15.07(0.87) ia —130+70 —-0.06
12 16.85 17.23(0.86) 1a —504+ 120 —0.01 11 1548 15.34(0.88) b —30+120 -0.05
12 16.83 17.07(0.86) ia +304+100 —0.04

These attractive interactions are responsible for the enhancemenbe explained by the large exterior electron distribution outside

of & bands in PIES. It is noted that the depth of the potential the repulsive surface. The ab initio MO calculation for the out-

well for this direction increases on going fromHsF to GeHs- of-plane perpendicular direction to-X (X = ClI, Br) axis(@®)

Br. indicated that attractive interaction was dominant. As can be
The n bands also show relatively large enhancement of theseen in Figure 15, larger attractive interaction was found for

intensity, while it depends on the constituent halogen atoms. CsHsBr (—165 meV) than that for gHsCl (—54 meV).

The change in the degrees of the enhancement on going from We will further discuss the reactivity and anisotropic interac-

CeHsF to GsHsl was obtained. This is explained by a steric tion of these compounds with He®{®) on the basis of the

shielding effect of the benzene ring. It is known that such a CEDPICS for each band.

shielding effect of bulky groups has been found in various  A. Fluorobenzene.Both m and AE for 2by(7;) band are

compounddg®48 The strong intensities for these orbitals can negative, and their absolute values are the largest. When a slower
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Figure 13. (a) Interaction potential curve¥(R) obtained by MP2 . . . .
calculations for GHsF and Li as a function of distand® out-of-plane Figure 14. (a) Interaction potential curved(R) obtained by MP2
access to the center of the benzene ri@y {n-plane collinear access ~ calculations for €HsCl and Li as a function of distanch; out-of-
to the G-F bond @); in-plane perpendicular access to the Ebond plane access to the center of the benzene Mg i(-plane collinear
(a); out-of-plane perpendicular access to theFobond@®). Note that access to the €Cl bond @); |n-plane perpendicular access to thed
Ris defined from the center of the benzene ring By direction, while axis (a); out-of-plane perpendicular access to the axis (#). Note
for the othersi), (a), (#) Ris defined from the F atom. (b) Interaction tha}R is defined from the center of'the b_enzene ring 1@j @irection,
potential curvev(6) as a function of the in-plane angteof OLi —F— while for the othersM), (a), (#) Ris defined from the CI atom. (b)
C. Distance between Li and F atoms is fixed at 2.0 A. Interaction potential curv®(0) as a function of the in-plane angte

of OLi—CI—C. Distance between Li and Cl atoms is fixed at 2.5 A.

He* metastable atom can approach the reactive region ef-

fectively by attractive force, ionization cross section is enhanced Was expected for 11and 9a orbitals, since attractive interac-
for lower collision energies. Negative slope parameter, which tion was widely distributed<60° to +-60°) around the F atom
indicates a decrease of ionization reactivity with increase of as shown in Figure 13b. It has also been found that attractive
collision energy, is consistent with the negative peak energy region was widely distributed«90° ~ +90°) with respect to
shift. It indicates thatr; orbital shows the largest attractive the C—F bond axis) around the direction of the-€ bond axis
interaction with He*(2S) owing to the character of theorbital in the Li—CoHsF systent? In addition to the above fact, 11a
widely distributed outside the molecular surface. The electron and 9a orbitals have smaller electron distribution around the
density map shown in the right side of Figure 9 indicates that C—H bonds, which shows the repulsive interaction with the
the z orbitals are exposed to the outside beyond the van der metastable atoms, than those of 1@ad 8a orbitals. As a
Waals radii illustrated by solid curves. Then relatively large consequence, absolute values of the slope in CEDPICS fgr 11a
absolute values of the and AE for 1ax(7r2) and 3h(s) bands and 9a bands become larger than those for1&ad 8a bands.
can also be explained by the same argument. However, thoseAlthough 7y, 8k, and 9 orbitals has the same symmetry,
values are slightly smaller than that of theorbital. It can be electron distribution of the orbital is quite different from each
explained as follows. The strongest attractive interaction local- other. The 7p orbital has larger electron distribution outside
ized more or less around the center of the benzene ring, whilethe molecular surface around the-€ bond axis with resultant
these orbitals have less electron distribution owing to the nodal negative slope parameter.,;%nd 8b bands give positive slope
plane around the center of the ring. Bands of,118a, 9a, parameters. It is evidenced that the,8frbital shows the
and 8a show negative slope parameters. Change in the degreesstrongest repulsive interaction with He*. This results from the
of the slope parameters among these bands depends on thirger exterior electron distributions having repulsive character
contribution of attractive interaction around the F atom and around the &H bonds. This is consistent with the positiké&.
repulsive interaction around-€H bonds. As can be seen in  The observed positive slopes of;3nd 8b bands are consistent
Figure 9, 11aand 9a orbitals have larger electron distribution  with the calculated repulsive interaction for the in-plane
around the F atom outside the van der Waals radii than thoseperpendicular approach with respect tolEaxis @) in Figure

of 10a and 8a orbitals. As a result, larger attractive interaction 13.
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(a) +60° with respect to the ECI axis in the Li-C,HsCl systen??
00, It is also noted that Figure 14b shows the potential well causing
¢ . N the attractive interaction for-65° direction. Furthermore, a
sl l_ larger negative slope parameter(Q.21) was o_bta_lneql for the
pa * 9h, band, which has a very large electron distribution around

the in-plane sideways direction to the-Cl axis, as illustrated

in Figure 10. Therefore, it is concluded that in-plane sideways

approach to €CI axis should be governed by the attractive

200+ \ interaction. These findings suggest that further larger basis set
*

400 -

V(R) / meV

will appropriately predict the attractive interaction around this
\__::gay,__. direction. On the other hand, attractive interaction for out-of-
\.‘, s — plane perpendicular directio®] as shown in Figure 14a was
‘<‘_‘/ . . . .
200 obtained from both experiment and theoretical calculation.

' L . . ! ! C. BromobenzeneThe slope parameters for all bands show
negative values. In particular, it is noted that large values of
(b) R/A bands 1, 2, 3, 4, and 7 reflect the large and strong attractive
force owing tosr and/or n orbitals. These values are slightly
’ larger than those of gEisCl. It is noted that calculated well depth
it (—165 meV) of the out-of-plane perpendicular approach of He*
ope— | to the C-Br axis (@) in Figure 15, which corresponds to band
4 (ng), shows good agreement with the obseradel(—150 +
60 meV). Small values of bands 8, 9, and 12 can arise from the
or \ larger repulsive orbital contributions around the-1& bonds.
Relatively larger slope parameters.18,—0.15, and—0.21)
40 \ 2 are obtained for bands 5, 10 and 11. These negative values arise
/ from attractive interaction around the in-plane perpendicular
e direction with respect to the €Br axis in accord with the
0 » m p 20 100 observation in the case ofgBsCl. In Figure 15b, theoretical
) calculation predicted attractive interaction around the in-plane
sideways approach ranged from-8%° to 83+ 1° with respect
to the C-Br bond axis. It is noted that these changes of wideness
of attractive region/cone from ¢BlsCl to CgHsBr should be

V(6)/meV
/

Figure 15. (a) Interaction potential curve¥(R) obtained by MP2
calculations for @HsBr and Li as a function of distanck; out-of-
plane access to the center of the benzene @g i0-plane collinear

access to the €Br bond @); in-plane perpendicular access to the B related to the enlargement of the distribution of the halogen
axis (a); out-of-plane perpendicular access to theR? axis (#). Note orbitals.
thatR is defined from the center of the benzene ring @) (lirection, D. lodobenzeneAs before, ther and n orbitals show strong

while for the othersM), (a), (®) Ris defined from the Br atom. (b)
Interaction potential curv®(0) as a function of the in-plane angée
of OLi—Br—C. Distance between Li and Br atoms is fixed at 2.75 A.

attractive interactions. The change in the degrees of the slope
parameters on going fromgBsF to GHsl are obtained, and
they will be discussed in the next section. Singtl& has an

B. Chlorobenzene. Negative m and AE, which indicate electronic structure similar to that o§@sCl and GHsBr, similar

attractive interaction, were obtained for,2i) band. Slope slope parameters are obtained for the other bands.
parameter of this band is slightly larger compared with that of ~CEDPICS and Anisotropic Interaction. As mentioned in
CeHsF. This is due to the fact that the out-of-plane perpendicular the introductory section, CEDPICS of each band reflects the
approach of He* to €Cl bond axis #) gives the most interaction between the reagents in the collision event. The
attractive interaction as shown in Figure 14, while this direction interaction can be divided into an attractive and a repulsive one.
approach for @HsF turns out to be repulsive. In addition to the If the interaction arises only from either attractive or repulsive
above fact, the phase of p atomic orbitals for six C atoms and eﬁect, jonization cross section decreases or increases with
Cl atom is identical with the resultant widely distributed electron increasing the collision energy, respectively. However, most
distribution. The other bands such as,(1a,) ands(4by) show cases are not so simple, since the electron distribution of a target
large slope parameters because of the attractive interactionMO has anisotropic distribution. In other word, a target MO
Small slope parameters for 8h,, and 12abands result from has both an attractive and repulsive part for the approach of
large repulsive interaction around the-8 bonds. The slope  the metastable atoms. Then, observed CEDPICS contains the
parameter of the 14aband shows a relatively small value Whole interaction around the target MOs. Therefore, if both types
(—0.03) despite the larger electron distribution around the Of interactions contribute to a large extent, a nonmonotonic
collinear direction to the ECI axis. This implies that collinear ~ feature should be observed in the CEDPICS.

approach of He* to the €Cl axis is not strongly attractive. It is easily seen that the 1i1and 8a band for GHsF consist

Ab initio MO calculation predicted that this directiol)( was of two components. Steep slopes of the CEDPICS for lower
repulsive. Bands of 15and 13a orbitals show larger negative  collision energy arise from attractive interaction around the
slope parameters{0.17,—0.16), since these orbitals are similar  collinear direction to the €F bond axis, while the CEDPICS

to each other. It may indicate that the origin of these interactions for higher collision energy region can be ascribed to repulsive
is attractive interaction around the Cl atom centered@f° of interaction, which widely expands over the-8 bonds. In the
OLi—X—C angle, while theoretical calculation does not show line of the same argument, bands 5 and 8 fgii4C| and GHs-

any attractive interaction because of the neighboring H atoms Br consist of attractive and repulsive interactions. On the other
for this direction as shown in Figure 14b. However, the most hands, bands 3 for §EisCl, CsHsBr, and GHsl shows the
attractive interaction has been found around the direction of monotonic decrease, which mainly comes from attractive
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Figure 16. The relative slope parameter of thearbitals with respect
to the sz, m(np)/m(sr,) for CsHsX (X = F, Cl, Br, ).
interaction around the in-plane perpendicular direction with
respect to the €X bond axis. Attractive interaction localized
around 65 of the Li—C—X angle as can be seen in Figures {
14b and 15b. It is noted that CEDPICS of bands 12 fgii4E L3r
and GHsl are similar to each other, which results from both T
attractive and repulsive interactions. This finding indicates that
for CgHsl the attractive interaction is localized around the
collinear direction to the €I bond as well as that for isF.
Contrary, CEDPICS of bands 12 fogldsCl and GHsBr consist
of a single component, which can be ascribed to the repulsive
interaction. Then, collinear direction forg8sCl and GHsBr
shows repulsive interaction.

Relative Reactivity of Orbitals with Metastable Atoms.
In this section, we will discuss the relative reactivity of the

Figure 17. The relative slope parameter of theanbitals with respect
to them,, m(n”)/m(nz) for CeHsX (X =F, CI, Br, |)

m(n,)/ m(m,)
—

and n orbitals of monohalogenobenzenes upon electrophilic 03 ' ' ' ' '
attack by metastable helium atoms on the basis of the slope CHF CHCl CHBr CHI
parameters of the and n bands in the CEDPICS. SinceHzs- Figure 18. The relative slope parameter of theorbitals with respect

Cl, CsHsBr, and GHsl have similar electronic structures, the 1o themz, m(@)/im(z2) for CeHsX (X = F, CI, Br, ).
orbital reactivities are considered mainly among them, although
that of GHsF is referred to occasionally. The slope parameters
were averaged typically two sets of measurements to eliminate
the experimental errors. The relative slope parameters of each
compound were obtained with respect to the slope parameter
of the s, band as a reference in order to minimize systematic }
errors. Because the orbital does not mix with the other orbitals
owing to difference in symmetry, and also it is not shielded
effectively by other orbitals from the attack of the metastable
atoms. : *
() Reactvity of n Orbitals.Figure 16 shows the relative slope L]
parameters of therband with respect to the, band for GHsX
(X = F, CI, Br, ). As can be seen from Figure 16, attractive
interaction around theorbitals region is larger than that for
the .. This is because thepnorbitals, which are mainly
generated from the halogew orbitals 6 = 3, 4, 5), extend
further outside the molecular surface than therbital due to
the carbon 2p orbitals except for the F atom. It is noted that
these orbitals are well correlated to the out-of-plane perpen- before, the porbitals are shielded by the benzene ring from
dicular He* access to the-€X axis (®) in Figures 13-15. Then the attack of the metastables. This shielding effect is strong for
the m orbitals are not effectively shielded by the benzene ring. CgHsCl and becomes much weaker for largeorbitals.
Slightly larger attractive interaction of the orbital for GHsF (ii) Reactiity of & Orbitals. Figures 18 and 19 show the
is a little puzzling here, since ab initio MO calculation predicted relative slope parameters of the ands bands with respect
repulsive interaction for this direction. However, an electron to thes, band for GHsX (X = Cl, Br, ). It is found from the
density map of this orbital indicated in the right side of Figure figures that the attractive interaction for thgbands decreases

m(n,)/ m(n,)

1.0F

05 . . . s |
CHF CHCI CHBr CH]I

Figure 19. The relative slope parameter of thegorbitals with respect
to them,, I"n(ﬂ:g)/rﬂ(ﬂz) for CeHsX (X =F, Cl, Br, |)

9 implies that this orbital has character localized at the-G~ and those for thers increases on going fromgBsCl to CgHsl.

bond, which may be responsible for the attractive interaction These changes can be interpreted in terms of the changes of

of this orbital. halogennp orbital contribution to the orbitals; ands. The
Figure 17 shows the relative slope parameter of theith 1 andsrs orbitals of the benzene interact with the out-of-plane

respect to ther, for CgHsX (X = Cl, Br, ). As was mentioned halogennp orbitals. As can be seen in Figure 20, the halogen
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