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Penning lonization of Cyclic Ethers by Collision with He*(23S) Metastable Atoms
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Penning ionization of tetrahydropyran, tetrahydrofuran, 1,4-dioxane, and 1,3-dioxane upon collision with He*-
(28S) atoms was studied by collision-energy-resolved Penning ionization electron spectroscopy. In the studied
energy range, the interaction potential around the oxygen atoms was found to be attractive and anisotropic
depending on the in-plane and the out-of-plane access of He*, in good agreement with model potential
calculations. Observed collision energy dependence of partial Penning ionization cross sections can be related
to the molecular orbital of which ionization occurs and also to local interaction potentials where the electron
distribution of the molecular orbital is mainly exposed to the outside. Effects of attractive interaction potentials
around the oxygen atoms were found to depend on the stereochemical surroundings. Enhancement of PIES
intensity was commonly found fdZ,s bands and someco bands of studied cyclic ethers. On the basis of
these findings, assignments of ultraviolet photoelectron spectra were discussed.

I. Introduction Recently, novel techniques including detection of state-
resolved Penning electrons as a function of velocity of meta-
stable atom$2! have been developed. Using time-of-flight
(TOF) selections of metastable atoms, we have obtained collision
energy dependence of partial ionization cross sectio(&c),

and we have reported information on the anisotropy of the
interaction potential>-18

By means of these techniques, we found a very anisotropic
potential surface for He*@5) with various organic com-
pounds??~27 These investigations suggest consistently that the
interaction potential strongly depends on geometrical surround-

Since Penning ionization is a collisional ionization process, ings of atoms or chemical groups. In our previous study of
it reflects the interaction potential between a metastable atom CH;OH, (CH),0, and (CHCH,),O upon collision with He*-
and a target molecule. One of the methods to obtain the (23S)26 we found that the potential surface around the lone-
information about the interaction potential is the measurement pair electrons localized on the oxygen atoms is attractive and
of the collision energy dependence of Penning ionization cross the surface around the methyl group is repulsive. It was also
sections. There have been various studies in previousyéars  found that the attractive interaction around the oxy group
for atoms and simple molecules collided with metastable atoms. becomes weaker as the substituents become larger; ig- (CH
The positive collision energy dependence of ionization cross CH,),0, attractive interaction was observed to be weaker in
sections has been obtained for the collision of Ar atom with comparison with CROH or (CHs),O. This may be attributed
He**~8 indicating the interaction potential is repulsive. Onthe to the difference of steric hindrance around the oxygen atom.
other hand, the negative collision energy dependence is observedn order to confirm the effect of geometrical surroundings of
for Hg atom with He*?48 where the interaction potential is  the reaction sites, we selected in this study four cyclic ethers,
attractive. tetrahydropyran (4:00), tetrahydrofuran (§s0O), 1,4-dioxane

If a target system is an atom, the interaction potential is (C4HgO,), and 1,3-dioxane (§sO,), with relatively similar
isotropic, but in the case of a target molecule, there is an chemical composition to (GI€H,),0 but having less rotational
anisotropy of the interaction potential. In this case, it is difficult freedom of CH-groups and bare oxy groups. Along with this
to obtain information on anisotropy from the study of total purpose, the spectral assignments and PIES characteristics of
ionization cross section, and techniques for specification of the these cyclic ethers were also studied.
reaction sites are desirable.

In Penning ionization electron spectroscopy (PIESe Il. Experimental Section
kinetic energies of electrons ejected by Penning ionization are
analyzed. Because of the electron transfer ionization mechanism The experimental apparatus used in this study has been
of Penning ionization proce$3PIES provides the information  reported previously in detaif '8 The metastable atoms of He*-
on the electron distribution of individual molecular orbitals (23S, 2S) were produced by a discharge nozzle source, and
exposed outside the molecular surface (van der Waals sutface). the He*(2S) component was eliminated by a water-cooled
Since the molecular orbitals are (more or less) localized on a helium discharge lamp. The kinetic energy distribution of
special part of the target molecule, the final ionic state-selected ejected electrons was analyzed by a hemispherical electrostatic
collision energy dependence reflects the anisotropic character-deflection type analyzé&t using an electron collection angle to

Penning ionizatiohis a kind of chemionization in which a
molecule M collides with a metastable atom A* having an
excitation energy much larger than the lowest ionization
potential (IP) of the molecule. This ionization process yields
the ground state atom A, an ionic state of the molecuj&, M
and an ejected electrome

A+ M—A+M"+e (1)

istics of the interaction potential. the incident beam axis of 90 The resolution of the electron
energy analyzer was estimated to be 40 meV from the full
® Abstract published irdvance ACS Abstract#ugust 1, 1997. widths at half-maximum (fwhm) of the A(?Ps/,) peak in the
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He | ultraviolet photoelectron spectrum (UPS). The transmis- 1V. Simple Model for Collision Energy Dependence of
sion efficiency curve of the electron energy analyzer was Partial lonization Cross Sections
determined by comparing our UPS data with those of Gardner
and Samsoff and Kimura et af®

In collision-energy-resolved measurements, the H&)2
metastable beam was pulsed with a mechanical chopper an
introduced to the collision cell. The time-of-flight signal (TOF)
of He*(23S) Iy was obtained by detecting secondary electrons
emitted from stainless steel plate inserted into the collision cell.
TOFs of secondary electrons from metal surface to the detector
are negligibly short in comparison with TOFs of He*®

If the simple theoretical modélsestablished for isotropic
target systems can also be applied effectively to anisotropic
ystems, collision energy dependence of partial ionization cross
ections (CEDPICS) for molecular systems can be related to
interaction potentials and electronic transition probability as
described below.

The negative slopm of the logo vs log E. plot is related to
the attractive potential well. When the long-range attractive
part of the interaction potentidl*(R) plays a dominant role,

atoms. ) _ and its function form is the type of
In order to obtain a collision-energy-resolved PIES (CER-
PIES), two spectra with a low collision energy of about 95 meV VH(R)ORS (5)

and with a high collision energy of about 230 meV were
measured by selecting Penning electrons with certain range of
TOF. The resolution of the analyzer was lowered to 250 meV
(fwhm for He | UPS of Ar) to obtain higher counting rates. o(E) OE ~2Is (6)

The time-dependent spectrum of Penning electrons for a given ¢ ¢
ionic statele was measured using the energy fixed mode of the
electron analyzer (fwhm for He | UPS of Ar was 250 meV) in
order to determine the collision energy dependence of the partial
ionization cross sections (CEDPICS). Since the time-resolved
spectrum gives the electron intensity as a function of the
velocity vy of He*(23S), the partial ionization cross section
(Ec) can be determined by the equations:

o(Ec) can be representétl® by

In this case, the slopm of the logo vs log Ec plot is negative.
If the repulsive part of the interaction potential governs the
energy dependence(Ec) can be derivetias
o(EQ) 0 (In EJ/C*(EJ/O)™ (7)

on the basis of the assumption of simple analytical forms for

_ the interaction potential*(R) and electronic transition prob-
o(vg) = (o))} (vulvR) 2) ability w(R)
v = {0y +3 kg T/} €) W(R) = A exp(—bR) ®)
wherec is a constantyr is the relative velocity averaged over V*(R) = Cexp(-dR) 9)

the velocity of the target moleculks is the Boltzmann constant, When the mi d d  the first factor i 7
andT andm are the gas temperature and the mass of the target, en the minor energy dependence of the Nirst factor in eq

lecul ivelv. Finall : E is neglected, the positive slope of the logo vs log !Ec plots
tmhg treé:;tei(,)rr]espectlve y. Finally(vg) is converted tar(Ec) by can be related roughly to the two parametegndd in eqgs 8

and 9.

Ec = uvg’l2 (4) m=b/d— Y, (10)

whereu is the reduced mass of the system. The parameteb can be estimated from asympotic decay of the
) target wave functiod® which is directly related to the lowest
Il Calculations ionization potential (IP) of the molecuf4°

In order to discuss the band assignment and relative band
intensity observed in PIES, ab initio molecular orbital (MO) b= 2(2IP)"? (11)
calculations were performed with 4-31G basis functions utilizing B )
a program packag®. The geometries of neutral target mol- The positive slope parameten is therefore relc_';\ted to the
ecules used for calculations were selected from the literédtie. ~ Parameted. The parameted represents the effective steepness
Interaction potential curves with metastable atom approaching ©f the repulsive potential wall.
the oxygen atom along several directions were calculated for
discussion about observed collision energy dependence by usingv' Results
ab initio MO method in the scheme of the unrestricted Hartree Figures +4 show the He | ultraviolet photoelectron spectra
Fock (UHF). A 4-31+G** basis set was used. (UPS) and Penning ionization electron spectra (PIES) of
Although calculations involving an excited atom of HE*&2 tetrahydropyran, tetrahydrofuran, 1,4-dioxane, and 1,3-dioxane,
are usually very difficult because of the highly excited complex respectively. The electron energy scales for PIES are shifted
system, there are well-known resemblance between H8¥(2 relative to those for the UPS by the difference in the excitation
atom and Li(2S) atom. It has been showWithat the shape of  energies, 21.22- 19.82= 1.40 eV. The present He | UPS
velocity dependence of the total scattering cross sections of He*-and He*(2S) PIES are consistent with the earlier d&4t-46
(2%S) by He, Ar, and Kr is very similar to shape those of Li- Figures 5-8 show collision-energy-resolved Penning ioniza-
(22S). The interaction potential well depths and the location tion electron spectra (CERPIES) of tetrahydrofuran, tetrahy-
of potential well have also been found to be similar for drofuran, 1,4-dioxane, and 1,3-dioxane, respectively. In each
interactions of various target with He®{®) and Li(2S) (see figure, the low collision energy spectrum (ca. 95 meV) is shown
refs 2, 16, 37, and 38 and references cited therein). In this studyby a solid curve and the high collision energy spectrum (ca.
we used a Li atom instead of He* atom for the model calculation 230 meV) is shown by a dashed curve. The relative intensities
of interaction potentials in order to avoid the difficulties of the two spectra are normalized in the figures using the data
associated with calculations for excited states. of the logo vs log Ec plots.
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Figure 1. He | UPS and He*(3S) PIES of tetrahydropyran. Figure 3. He | UPS and He*(3S) PIES of 1,4-dioxane.
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Figure 2. He | UPS and He*(3S) PIES of tetrahydrofuran. Figure 4. He | UPS and He*(3S) PIES of 1,3-dioxane.

Tables 14 list the vertical ionization potentials (determined
from He | UPS) and the assignments of observed bands. Theshown in the figures. The thick solid lines in the electron
peak energy shifts in PIES measured with respect to the nominaldensity map represent the molecular surface estimated from van
energyE, (Eq = the difference between metastable excitation der Waals radii of component atoms. In the contour map several
energy and target ionization potential) are also shown in Tablescutting planes are used according to the orbital character. The
1-4. The peak energy shifts reflect the interaction potential values of the slopenof the logo vs logEc plots are also listed
between He* and the target molecdle When the interaction ~ in Tables 4. The slope parameten was estimated in a
potential is attractive, the ejected electron kinetic energy is collision energy range of #0400 meV. The error for the value
smaller tharEg and the negative peak energy shift in PIES is of mwas estimated to be-0.03.
obtained. When the interaction potential is repulsive, the Figures 13-15 show interaction potential energy curiés
positive peak energy shift is obtained. (R) obtained from the model potential calculations of +i

Figures 9-12 show the logr vs log Ec plots for tetrahydro- tetrahydropyran and Lit tetrahydrofuran when the Li atom
pyran, tetrahydrofuran, 1,4-dioxane, and 1,3-dioxane, respec-access the oxygen atom from (a) in-plane direction of COC
tively. The calculated electron density contour maps and plane and (b) out-of-plane direction of COC planB.is the
schematic representations of the molecular orbitals are alsodistance between the Li atom and O atom.

i1 10 9 8 7 6 5 4 3 2
Electron Energy /eV
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electron spectra of tetrahydrofuran(71-113 meV, average 92 meV;  Figure 8. Collision-energy-resolved He*8) Penning ionization

(+++) 177-403 meV, average 230 meV]. For bands 6 and 7, two peaks electron spectra of 1,3-dioxane-) 71-113 meV, average 93 meV)
are clearly observed in high collision energy spectrum, although they (...) 174-390 meV, average 227 meV].
are not clearly resolved in UPS.

TABLE 1: Band Assignments, lonization Potentials, Peak

He* (23S) PIES 9,10 Energy Shifts, and Obtained Parameter Values for
( Tetrahydropyran 2
O -1 E,~226meV ) obsd, calcd, peak energy
° —:E~ 93mev 1 band IP/eV IP/eV orbital character  shifymeV m
' 1 9.46 10.85 15a nop —200+ 50 —0.258
2 1093 11.81 14a ng —300+ 150} ~0.125
3 1152 1218 94 ocu(eq)pcc —80+ 150 :
4 1210 13.09 13a ocx(ax) -80+ 150} 0,026
5 1250 1342 8a ocu(ax) —70+ 150 :
6 13.32 14.65 12a no\\,O’CH(eq) —110+ 150} —0.226
0 s 8 7 6 5 4 3 2 1 o 7 1363 1454 74 ocu(eq) —100+ 150 :
8 14.25 15.76 6a oco,0cc —1204 150 —0.037
Electron Energy / eV 9 1506 1661 1la oci(ax.eq) 0+ 150
Figure 6. Collision-energy-resolved He*{3) Penning ionization 10 1552 17.13 10a 7con 0+150y —0.016
electron spectra of tetrahydrofuranj(71—114 meV, average 93 meV; 11 1590 17.18 5Ba ock(@x)oco —1004 150
(+++) 174-395 meV, average 226 meV]. 12 16.66 1827 9a ocH(eqyicar —120+100 —0.218
13 18.63 20.87 8a ocu(@ax)(Cs) —100+ 150 0.060
12
He* (235) PIES [0] 9,10 | * See text.
S io1mey 58 ol 13 character is oxygen lone pair extending around the oxygen atom
© '| 87" in perpendicular directions from the COC plane. Since the
4

electron density is distributed outside the molecular surface

selectively around the oxygen atom, the slgpeis the largest

in this compound reflecting attractive interaction around the
AN oxygen atom. This attractive interaction is also confirmed from

= negative peak energy shift@00+ 50 meV) observed in PIES.

1211710 9 8 7 6 5 4 3 2 1 0 The bands 2, 3n0 = 0.125), 6, 7 fn = —0.226), and 12rt
Electron Energy / eV = —0.218) are assigned to I4ay), 9d'(och(eq)oco),

Figure 7. Collision-energy-resolved He*8) Penning ionization 12d(nan,ocn(eq)), 7d(ocn(eq)), and 94ocn(eq)rcal) (eq =
electron spectra of 1,4-dioxane| 74—127 meV, average 101 meV;  equatorial) orbitals, respectively. The set of these bands show
(-r-) 188-464 meV, average 244 meV]. the next largest inclination of CEDPICS. This is quite reason-
able because bands 2, 6, and 12 correspond to the orbitals
extending outside along with the COC plane around the oxygen
A. Tetrahydropyran. The UPS of tetrahydropyran have —atom. A IittI(=T fla_tter slopes compared with band 1 are attributed
been extensively investigaté#*142but assignments have been 10 the repulsive interaction around the hygrogen atoms, because
proposed for only three bands. Table 1 lists the present bands 3, 7, and 12 correspond dey orbitals have electron
assignments based upon the CEDPICS and the CERPIES. [rflistributions extending around equatorial hydrogen atoms.
our assignments, 13 bands are contained in the energy range of The bands 2 and 3 are overlapping in PIES, though clearly
He | UPS, though previously Kimura et #lhave suggested  resolved in UPS, because of a large negative peak shif80D
10 bands. As clearly seen in Figure 1, bands 4 and 5 are= 150 meV for the band 2 originating from attractive interaction
contained in the range of ¥2L3 eV in IP. Bands 6 and 7 are in comparison with a smaller shift for the band 3. The negative
contained in the range of 314 eV in IP, since two peaks are  peak shift of band 2 is larger than that of band 1. As discussed
clearly seen in the high collision energy spectrum in CERPIES in section E, this is because the exterior electron density of
(Figure 5), though they are not resolved in UPS. For the broad 14d(ng)) orbital is distributed in the deep attractive potential
peak in 15-16 eV in IP, we assigned three bands. Although well region and also because the He* atom is more directly
the assignments for bands 6 and 7 are different from thoseaffected by the attractive interaction potential compared with
resulting from the sequence of calculated orbital energies, thethe case of 18énop) orbital. The slopam for the bands 2 and

VI. Discussion

reason is described below. 3 is smaller than band 1 because of the contribution of the band
The largest negative slope of collision energy dependence in3 originated fromocn(eq)occ orbital.
Figure 9 is observed in band In(= —0.258). The band 1 The intensity of bands 6 and 7 is relatively large in PIES

originates from ionization of 15gnop) orbital. The orbital because of the exterior electron distribution extending out-
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TABLE 2: Band Assignments, lonization Potentials, Peak Energy Shifts, and Obtained Parameter Values for Tetrahydrofureh

obsd, C; calcd, C; calcd, peak energy
band IP/eV IP/eV orbital character IP/eV orbital character shift/meV m
1 9.67 10.97 9%b &h 11.26 12a Non —230+ 50 —0.460
2 11.41 12.33 1la dhOocc 12.45 11a Noi,0cc —430+ 150} —0.200
3 11.99 12.97 10a OcH 12.69 84 OcH —210+ 150 :
4 12.48 13.21 8b OcH,0cc 13.17 74 OcH,0cc —70+ 150} —0.222
5 12.90 13.48 9a d,0ocH 13.43 10a NoiL,OcH —70+ 150 :
6 14.00 15.21 7b Oco,0cH 14.93 64 Oco,0cH —70+ 150} 0154
7 14.45 16.09 6b OCH,JTcoo 15.92 9a OCH,JTcon —1904 200 ’
8 15.29 16.18 8a OcH 16.62 54 OcH,0co —60+ 150 —0.093
9 16.70 18.06 7a OCH,JTCQl 18.05 8a OCH,JTCOl —80+ 100} ~0.220
10 16.70 18.71 5b OCH,Tcon 18.65 7a OCH,TTcoT —80+ 100 :
11 19.42 21.85 4b 0cH(Cas) 21.60 44 ocH(Cas) 0+ 100 0.184
aSee text.
TABLE 3: Band Assignments, lonization Potentials, Peak 3
Energy Shifts, and Obtained Parameter Values for He*(2°S) + O
1,4-Dioxané 0
Obsd’ Calcd, peak energy nOL I L} IIIIIIII T IllIIII'
band IP/eV IP/eV orbital  character shift/meV m
1 937 1056 8a nopocc —80+ 50 -0.235 £
2 10.67 12.08 7a no,ocH(ax,eq) —350+150 —0.117 Noyy OcH» Ocg
3 11.20 1236 7b noo —250+ 150 —0.277 ﬁ
4 1257 14.03 5a ocu(@x) } 0133
5 1299 14.06 4p ocu(eq)oco —80+ 150 ’ » 13a'
6 13.34 1464 6b ng —60+ 150 —0.300 = ,
7 14.05 1521 4a ocux(eq) —0.228 S ji\ _'""""L {
8 15.37 17.28 6_{:1 UCH(aX)ﬂcog —504+ 150 —-0.101 _Q rno// Sc 128" ¢
9 16.1 17.35 3a o0co —60+ 150 ; 6,7
10 161 17.73 3p ocn@X)oco  —60+150) —0.023 - ﬁ ﬁN
11 16.62 17.80 5b ocu(€q)tcon  —80+ 150 c
12 17.00 18.96 52 ocu(eq)sicar —260+100 —0.293 _9 r cco Sco 8
13 19.33 21.76 4b ocu(@x)(Cxs) —110+150 0.037 s F
*See text. o | f“°:§°”%i 9,10,11 ¢l
TABLE 4: Band Assignments, lonization Potentials, Peak $
Energy Shifts, and Obtained Parameter Values for © oo e
1,3-Dioxané O i\ Iﬁl \’*\...\
obsd, calcd, peak energy
band IP/eV IP/eV orbital character shift/meV m 13
1 10.08 11.44 1B8a noy —370+ 150} 0315 %H(Czs)
2 10.39 1156 9a ng —410+ 150
3 11.66 12.74 1l4a ocoocH(€q) —-210+ 150} _0.262 | T I
4 1218 12.95 8a nop,ock(ax) —240+ 150 10 100 1000
5 12.79 13.85 13a ocn(ax) —120+ 150 -0.313
6 14.00 15.37 74 ocn(eq)scan —130+ 150 2 Collision Energy / meV
7 1431 1566 12a ocn(eq) —0.258 : . o
8 1515 1694 64 ocy(ax.eq)r —150+ 150 Flgu_re 9. Collision-energy d_ependence of parthl ionization cross
9 1572 1716 11 CHAZY, =R Con } —0.165 sections for tetrahydropyran with He®&®). The experimental collision
72 17, a ocu(eQ)pco  —1004 150 dependence (logys logEc plots) f ding PIES band
10 16.19 17.88 10a ocu(ax) —100+ 150} 0124 energy dependence (lagvs log Ec plots) for corresponding ands
11 16.68 18.10 54 oco ~70+ 150 are plotted in dots. The slopris determined in the range of @00
12 17.35 1921 9a gen(eq)mca 200+ 100 —0.237 meV. To Fhe left of the Ioga' vs log Ec plot_s the schematic
13 19.30 21.75 8a oon(@x)(Cs) —80+ 150 0.015 representations of molecular orbitals cor_respondlng to the PIES barjds
are shown. To the right the electron density contour maps for respective
a See text. MO are shown. The thick solid lines in contour maps represent the

side around the oxygen atom (1Rand of the distribution

around the equatorial hydrogen atomscofand 8 carbon in

common phase (7& The stronger band 6 is assigned to the
12d(no,ocn(eq)) orbital which has larger exterior electron

distribution than that of 74ocnx(eq)) orbital.

Since the corresponding '9ecnH(eq)zca)) orbital has a large
electron distribution extending widely along the COC plane
without nodes (Figure 9), the intensity of band 12 in PIES is
very large. For this band, the collision occurs both around
equatorial hydrogen atoms and with this the in-plane direction

molecular surface. The cutting planes of contour maps areCthe
symmetric plane for 13a144d, 134, 124, 114, 104, and 9&orbitals,

and the plane including four carbon atoms fof' 9&d', 6d’', 94, and

84d orbitals. The plane including CC bond axis and perpendicular to
the plane of four carbon atoms are selected for &ad 54 orbitals.

The direction of the molecule in the schematic representation and the
contour map are the same for each orbital. For @dital, two
schematic representations and contour maps correspond to different
directions are shown.

dominant. This is consistent with the-y(ax) (ax = axial)
character of corresponding 13and 84 orbitals and also with

around the oxygen atom. The negative collision energy very small peak energy shifts for these bands. Since the PIES
dependence is similar to that of bands 2, 3 and 6, 7 which alsointensity for bands 4 and 5 is smaller than the bands 2 and 3,
reflect the interaction both around the oxygen and the hydrogenthe reactivity around the axial hydrogen atoms is considered to

atoms.

The slope of CEDPICS for bands 4 and 5 is almost ftat (

be smaller than the equatorial hydrogen atoms.
The band 8 is relatively weak in PIES. This band is assigned

= —0.026) which indicates that the repulsive interaction is to 6d'(oco,0cc) orbital which makes the molecular ring skeleton.
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Figure 10. Collision-energy dependence of partial ionization cross sections for tetrahydrofuran with$)e*(@o the left of the logr vs log Ec
plots the schematic representations and contour mapS,foonformer are shown. To the right, those @yconformer are shown. The cutting
plane of contour maps are as follows: (@) the plane bisecting the COC plane for 9b, 11a, 10a, 9a, 6b, b, 1204, 94, and 7aorbitals, (b)
the plane including COC plane for 8b, 7b, and 7a orbitals, (c) the plane including oxygen atgivcaritbn atoms for 8a and 4b orbitals, (e) the
plane including four carbon atoms for'7&6d’, 84, and 44 orbitals, (f) the plane containing CC bond axis fof'&mnd 54 orbitals.

Because the electron density is distributed mainly in the bonding B. Tetrahydrofuran. Although the UP&4344 and the
region, the intensity of this band is very small. Collision energy PIES' of tetrahydrofuran have been measured, no assignment
dependence is almost flat because the reaction occurs at théas been proposed except for the first band. Our assignments
equatorial hydrogen atoms although the reactivity is low. are listed in Table 2. Kimura et &.have suggested 9 bands
The bands 9, 10, and 11 are assigned té(&da(ax,eq), 10a in the spectral range of He | UPS, but there are 11 bands in our
(rcon), 5d'(ocH(@x)oco), respectively. The average slope assignments. We assigned at 12.90 eV in IP as band 5 in the
of the log o vs log Ec plot for these bands is almost UPS, which is seen as a shoulder in the UPS but clearly
flat (m = —0.016) because of the relatively large contribu- observed in PIES. From the MO calculation, the bands 9 and
tion of ocy character in these orbitals as in the case of bands 4 10 are assigned to the peak at 16.70 eV in IP, and the band 11
and 5. The band 9, which shows little difference between low is assigned to the peak at 19.42 eV.
and high collision energy spectra (Figure 5), is assigned to  The structure of tetrahydrofuran in the gas phase have long
11d(och(ax,eq)) orbital. Since negative collision energy de- been investigated, both theoreticafly?? and experimen-
pendence for the band 10 is larger than for band 9, the band 10tally.335354 |n the recent study using ab initio calculatidis,
should be assigned to IQacon) orbital, which has relatively G, structure (half-chair, or twisted conformation) is in the energy
high electron density area around the oxygen atom. Relatively minimum andCs structure (envelop conformation) is only 0.3
small PIES band intensity for the band 11 suggests the kcal/mol higher. According to this, the gaseous sample is the
corresponding orbital has relatively small electron density mixture containing 63% ofC, conformer and 37% ofCs
outside the molecular surface. Thus the band 11 is assigned tcconformer at room temperature. As shown in Table 2, the

5d'(ocn(ax)oco) orbital. orbital energies and MO characters of these two conformers
The band 13 is very weak in UPS but very enhanced in PIES resemble each other. The calculated interaction potential with
(Figure 1). This band is assigned to th&8ax(ax)(Czs)) orbital. He* access to the oxygen atom (Figures 14 and 15) are also

The slope of the log vs log Ec plot of band 13 is positive in ~ similar to each other. Thus the following discussions are based
good contrast to other bands, because the reaction site ison the major conformer of the; type.

localized on carbon atoms and also because interaction potential The tendency of the slope of CEDPICS for tetrahydrofuran
is repulsive and soft. The enhancement in PIES is explainedshown in Figure 10 can be explained as in the case of
by theCys character in this orbital, which concentrates electron tetrahydropyran as discussed below. The negative slope of band
density on the inner valence of four carbon atoms. Takami et 1, corresponding to gy orbital (9b for C, conformer) is the

al. observed this enhancement in PIESoef,(Cys) orbital of largest (n= —0.460). The 9b orbital has its electron distribu-
neopentane and explained that the excitation transfer betweertion mainly around the oxygen atom. As in the case of
He* and the target followed by intramolecular Auger-like tetrahydropyran, the large negative slope indicates that the
ionization process would occt. Because the overlap of two interaction potential around the oxygen atom is attractive. The
intramolecular orbitals which participate this ionization process large negative peak shift o230 £ 50 meV and band

is much larger than intermolecular orbital overlap which leads broadening in PIES in Figure 2 are also consistent with the
to usual Penning ionization, the band intensity becomes muchattractive interaction potential. The large negative slope of band
larger. In the case of cyclic ethers the enhanceme@igdiand 1 in tetrahydrofuran compared with tetrahydropyran is related
in PIES is the key of the assignment of the overall spectral rangeto the difference in conformations and the difference in
of the He | UPS. interaction potentials, as described in section E.
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Figure 11. Collision-energy dependence of partial ionization cross
sections for 1,4-dioxane collided with He®&). The cutting planes

of contour maps are as follows: the plane including four carbon atoms
is selected for 8a 7a, 7h,, 4k, 6h, 4a, 6a, 3a, 5h, 5a, and 4h
orbitals, theCs symmetric plane is for §a7a, 7h, 6h, 6a, and 53
orbitals, the plane including CC bond axis and perpendicular to the
plane of four carbon atoms is for S5and 3k orbitals. Two schematic

representations and contour maps corresponding to different directions

are shown for 8a 7a, 7h,, 6h, 6a&, and 53 orbitals.
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Figure 12. Collision-energy dependence of partial ionization cross
sections for 1,3-dioxane collided with He®&). The cutting planes

of contour maps are th€ symmetric plane for 13a11d, and 104
orbitals and the plane including two oxygen and two carbon atoms for
9d', 144, 7d’', 124, 5d', 94, and 8&orbitals. The plane including
CO bond axis and perpendicular to the plane of two oxygen and two
carbon atoms are selected for 13, and 64 orbitals.

from orbital 9a(y,ocH), and band 4 originates from the 8b
orbital (ocn,0cc). The band 5 should be assigned to the orbital
having larger exterior electron distribution around the oxygen
atom, because the band 5 shows slightly larger negative collision
energy dependence than the band 4 (Figure 6).

The bands 9 and 10 are assigned tooéaftca) and 5b-
(ochwtcon) orbitals. The 7afcn,can) orbital is extending to a
parallel direction along the COC plane in the same phase, which

The next largest negative slopes of CEDPICS are obtainedresembles 9aorbital of tetrahydropyran. The 5&f,7con)

for the bands 2, 3ni= —0.200), 4, 5= —0.222), and 9, 10
(m = —0.220). As for the bands 2, 3 and 4, 5, two types of
bands due to ¢ (band 2, band 5) andcy (band 3, band 4)

orbital is extending outside the COC plane. The high intensity
in PIES indicates that the exterior electron distribution of these
orbitals is large. The PIES enhancementrgf orbitals have

orbitals are overlapping. The bands 9 and 10 correspond toalso observed in the case of (gD and (CHCH,),0.26

ochyTcal and ocn,tcon orbitals. The negative slope of CED-
PICS for these bands is relatively large reflecting attractive

interaction around the oxygen atom but smaller than band 1,

As for the bands 6 and 7, the negative slope of CEDPICS is
relatively small (n= —0.154), because it reflects relatively large
electron distribution around the hydrogen atoms in the corre-

because repulsive interaction around the hydrogen atoms issponding orbitals. The band 6 is assigned t@w#gcH) orbital,

involved.

which localizes the electron density in the bonding region and

The bands 2 and 3 are resolved in UPS but overlapped in around the hydrogen atoms a@fcarbon. The PIES intensity is

PIES (Figure 2). The band 2 is assigned to the 13a{sc)
orbital, extending along the COC plane around the oxygen atom

small because the electron distribution extends outside around

.the oxygen atom is very small. On the other handgéhrcon)

The very large negative peak energy shift of band 2 in PIES is orbital extends outside, both around the hydrogen and oxygen
consistent with the strong attractive interaction within the COC atoms. Thus the band 7 should be assigned to the-abtcon)
plane around the oxygen atoms, as in the case of tetrahydro-orbital, since it shows larger negative peak energy shift and
pyran. The band 3 having smaller peak energy shift is assignedrelatively larger collision energy dependence than band 6 (Figure
to the 10agcy) orbital which is mainly distributed around the  6) reflecting attractive interaction. The PIES intensity is
hydrogen ofs-carbon atoms. As can be seen in the CERPIES relatively higher than band 6 (Figure 2).
(Figure 6), the negative collision energy dependence is larger The band 8 is originated from 8a{y) orbital. The ionization
in band 2 than band 3, which is also consistent with this reaction occurs mainly around the hydrogen atoms and the
assignment. attractive effect on the interaction potential around oxygen is
For slopem of bands 4 and 5, an explanation similar to the very small. Thus the collision energy dependence is small (
case of bands 2 and 3 can be made. The band 5 originates= —0.093).
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Figure 13. Model potential curve¥*(R) for tetrahydropyran with Li Figure 14. Model potential curve¥*(R) for tetrahydrofuran®,) with

in the level of UHF: (a) the potential energy curve for the in-plane Liin the level of UHF: (a) the potential energy curve for the in-plane
access to an oxygen atom, (b) the potential energy curve for the out- access to an oxygen atom, (b) the potential energy curve for the out-
of-plane access to an oxygen atom. of-plane access to an oxygen atom.

The band 11 shows an enhancement in PIES. This bandthe oxygen atoms is considered to be attractive both out-of plane
should be assigned tocy(Cys) orbital having large electron  and in-plane directions of the COC planes. The band 12
distribution mainly on the3-carbon atoms, because the slope corresponds to an orbital extending around the oxygen atoms
of CEDPICS is also positive as observed in the correspondingin the COC planes where the interaction potential is highly
band in tetrahydropyran (band 13 in Figure 9). attractive.

C. 1,4-Dioxane. The He P%4142UPS and He* PIE® of The band 1 is assigned tog@asr,0cc) orbital. Negative peak
1,4-dioxane is previously investigated, but assignments of only energy shift in PIES and negative slopenotorresponding to
a few bands have been suggested. On the basis of the UP&ttractive interaction around the oxygen atoms are observed.
including He Il and a semiempirical calculation, assignments The relatively small value ofim| with respect to band 3¢g),
of He Il UPS bands have been propodedOur assignments  as well as small peak energy shift 680 & 50 meV, can be
of UPS are summarized in Table 3. related to a certain amount of the exterior electron density of

The collision energy dependence of partial ionization cross 8ay(nom,occ) orbital around the axial and equatorial hydrogen
sections for 1,4-dioxane can be related to the attractive interac-atoms (Figure 11), where the interaction potential is rather
tion around the oxygen atoms, as in the case of tetrahydropyran.repulsive.

The largest negative slopes of CEDPICS in Figure 11 are The band 2 is assigned to lao,ocH(ax,eq)) orbital,
observed for the bands 3nE —0.277), 6 (h= —0.300), and although it has been assigned tpdobital in the semiempirical
12 (m= —0.293). Since the corresponding MO characters of calculation?® Negative slope o and the large negative peak
bands 3 and 6 areop and ny, the interaction potential around  shift of —350+ 150 meV corresponds to attractive interaction
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600 ————— to the 4B(ocH(eq)oco) orbital and has larger PIES intensity
500 @ and larger collision energy dependence compared with the band
i i 4

The band 6 is originated from @{mo) orbital. This orbital
has large electron distribution in the COC planes around the
oxygen atoms. The negative slope of CEDPICS for this band
(m= —0.300) is the largest in this molecule even though there
are band-overlapping, and this is considered to reflect the local
interaction around the oxygen atoms. This indicates that the
effect of attractive potential is stronger in the parallel direction
rather than perpendicular direction of COC planes. The strong
band intensity in PIES is due to the large exterior electron
distribution of the corresponding orbital.

The band 7 is originated from d@acn(eq)) orbital, which
extends along the direction of equatorial hydrogen atoms. The
band 7 is clearly resolved in UPS but overlapping in PIES
because of the weaker PIES intensity than that of band 6. The
CEDPICS of the band 7 shows relatively large negative slope
due to the overlapping of the neighboring strong band 6.

The band 8 corresponds to @cH(ax)rcon) orbital. Al-
though electron density of g@cn(ax)tcon) orbital is distrib-
uted around the oxygen atoms as that of(ié) orbital, the
exterior electron distribution around the axial hydrogen atoms
is considered to be larger than that of 7 bu orbital. Thus the
CEDPICS for the band 8 shows much smaller negative slope
than that in the case of band 3.

The bands 9, 10, and 11 correspond ta(@go), 3hby-
(och(ax) oco) and 5k(ocr(eq)mcon) orbitals, respectively. The
3ai(oco) orbital has relatively small exterior electron distribution
due to the bonding character of the ring skeleton. Thg 3b
(ocu(ax)oco) orbital has relatively large exterior electron
distribution around the hydrogen atoms. The electron distribu-
tion of 5hy(ocn(eq)rcon) orbital extends outside around oxygen
and equatorial hydrogen atoms. The very small negative slope
of CEDPICS (n= —0.023) shows that the average contribution
of repulsive interaction around the hydrogen atoms is large. The
band 11 shows the more negative collision energy dependence
in CERPIES than bands 9 and 10, probably due to the exter-
ior electron distribution around the oxygen atoms of-5b
(UCH(GQ)JICOD) orbital.

The band 12 is assigned togb@cr(eq)zcal) orbital, although
it has been assigned tq brbital in the semiempirical calcula-
tion.*> Similar characteristics of this band is found in band 12
in tetrahydropyran. The strong band intensity in PIES, the large
Figure 15. Model potential curve¥*(R) for tetrahydrofuran@s) with negative slope ofn, and the negative peak energy shift for this
Liin the level of UHF: (a) the potential energy curve for the in-plane  band can be compared with band 12 in tetrahydropyran. The
access to an oxygen atom, (b) the potential energy curve for the out-yajye of|m| (m= —0.293) is larger than that of corresponding
of-plane access to an oxygen atom. band in tetrahydropyram(= —0.218) and tetrahydrofuram

. ) . = —0.220). This is explained by the structure of containing
around the oxygen atoms in COC plane were obtained as iy, oxygen atoms. Because of relatively large component of

the case of the band 6 (Gbor). The slope ofn (m= —0.117) oxygen the relative contribution of interaction around the
is smaller compared with that of the band 6 because the electronyygrogen atoms is considered to be less effective.

distribution around the axial and equatorial hydrogen atoms are The band 13 corresponds to then(ax)(Ca) orbital. As in

larger for .the. 7%”“"0‘3“(ax'eq)) orbital. Furthermore, the the case of tetrahydropyran and tetrahydrofuran, this band can
electron distribution of 7gnai,ocr(@x,eq)) orbital much less  po rejated to the intramolecular Auger-like ionization process.

extends outside around the oxygen atoms than thengh The positive collision energy dependence reflecting the reaction
orbital. o . _ around the carbon atoms was observed.
The band 3is Ol’lglnated from Z(mlom) 0rb|tal. The exterior D. 1,3_Dioxane' A|th0ugh UPS for 1’3_dioxane have been

electron distribution of this orbital is mostly around the oxygen studied previouslyt42 assignments of only a few bands have

atoms. The large negative slopeofind negative peak energy  peen discussed. Our assignments are listed in Table 4.

shift directly reflect attractive interaction around the oxygen  The pands 1 and 2 correspond tgmrand iy orbitals, which

atoms. are close in energy. The large negative slope of CEDPIES (
The bands 4 and 5 are originated from axial and equatorial = —0.315) and large negative peak energy shift870 and

och orbitals, respectively. The negative slope of collision energy —410 + 150 meV) reflect the attractive interaction both in

dependence is small, reflecting the contribution of repulsive perpendicular and parallel direction of COC planes around the

interaction around the hydrogen atoms. The band 5 is assignedoxygen atoms.
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The bands 3 and 4 correspond to 1dao,ocn(eq)) and The band 13 corresponds ten(ax)(Czs) orbital. Positive
8d'(nom,ocH(ax)) orbitals. The 14eorbital has electron distri-  slope of CEDPICS reflecting the selective reaction around the
bution in COC planes around the two oxygen atoms, and the carbon atoms similarly to the case of other cyclic ethers.
8d' orbital extends out of the COC planes around the oxygen E. Interaction around the Oxygen Atoms. As for the

atoms. The large negative slope in the loys log Ec plots interaction potential around the oxygen atoms (Figures 13a, 14a,
(m= —0.262) is due to attractive interaction around the oxygen and 15a) for COC plane directions of which thg, mrbital
atoms. The smaller negative slope for the bands 3 and 4 inextends, the calculated potential curves show deep potential well
comparison with that for the bands 1 and 2 can be ascribed toof 450-500 meV with separations of abio®iA in thedirections
the relative increase of exterior electron density around the pisecting COC angle. This is consistent with the experiment;
hydrogen atoms well separated from oxygen atoms forddd  the PIES bands corresponding t§ orbitals show large negative
8d' orbitals. peak energy shifts and large negative slope in CEDPICS. The
The band 5 is originated from 13acy(ax)) orbital. The interaction potential around the oxy group with He* in in-plane
electron distribution is predominantly around the axial hydrogen directions is analogous to (GHO and these cyclic ethers, but
atom bonding to the carbon of the 5-position. The negative the well depth of cyclic ethers is slightly deeper than ¢8.

slope of CEDPICS is relatively large. This is probably because  For the direction out of the COC plane (Figures 13b, 14b,
the axial hydrogen atom on the 5-position is in good proximity and 15b), the calculated interaction potential curves6e°

with lone-pair electrons of oxygen atoms in axial positions. This direction of which g orbital extends is repulsive, though the
type of 1,3-diaxial interactions are crucially important for most n,, bands in PIES show negative collision energy dependence
stable conformation of substituted cyclohexanes such as meth-and negative peak energy shifts. This is because the potential

yleyclohexanecis-1,3-dimethylcyclohexane, arais-1,3-cyclo- well region extends widely around oxygen atom to the outside
hexanediol. The large negative peak energy shift due to the directions of the COC plane.

attractive .inte.raction is opserveo! .in low collision energy In our previous study of (CE,0 and (CHCH,),026 the
spectrum in Figure 8. In high collision energy spectrum, the ;e raction around the oxygen atom in the COC plane direction
shoulder around 7.05 eV is stronger, which indicates the iq o nq to be more attractive than in out-of-plane direction. In
contribution of repulsive interaction around the axial hydrogen o case of tetrahydropyran and tetrahydrofuran, the direct
atom. comparison for § and - bands from CEDPICS is not possible
The bands 6 and 7 are assigned td {@cx(eq)sica) and because thed) bands andscy bands are overlapping. As for
12d(ocH(eq)) orbitals, respectively. The value of slope param- the case of 1,4-dioxane, it is shown from the CEDPICS (Figure
etermof the logo vs logEc plots (n = —0.258) is very close  11) that the g, band has larger negative slope (bandrb=
to those for the bands 3, 4 and the band 12. This indicates that—0.300) than g band (band 3m = —0.277). In the case of
the relative importance of attractive interaction is as a whole 1 3-dioxane, though theonand ry; bands are slightly overlap-
similar for those bands. The negative peak energy shifts for ping, the @y, band (band 2) has larger collision energy
bands 6 and 7 are smaller than those for the bands 3, 4 and thejependence tharn band (band 1) in CERPIES (Figure 8). In
band 12. This is likely due to the more electron distribution the view of peak energy shifts, the attractive interaction is to

around the 2-, 4- and 6-equatorial hydrogen atoms Ihatal be stronger in in-plane direction. In general, the interaction

124 orbitals for the bands 6 and 7. potential around the oxygen atom is more attractive for in-plane
The bands 8 and 9 are originated fromY Gaex(ax,eq)scon) direction similarly to the case of chain ethers.

and 114ocn(eq)oco) orbitals, respectively. The contribution In (CH3):0 and (CHCH,),0, the effects of attractive

of repulSiVG interaction around the hydrogen atoms is relatively interaction around the oxygen atoms are considered to be
large and the value dfn| becomes smallenf= —0.165). The  weakened as the functional group becomes large, because the
band 8 is affected by attractive interaction more effectively than steric hindrance of ethy] group is serious in the case 0f3(CH

the band 9, in consistent with the Iarger peak energy shift. The CHZ)ZO In the present Study' the steric hindrance of oxygen
PIES intenSity of band 8 is relatively Stronger than band 9. These atom is found to be smaller in the case of Cyc]ic ethers than
are related to the exterior electron distribution around the oxygen (CH;CH,),0. This is because the vicinity of oxygen atom is
atoms in 6d(ocrH(ax,eq)econ) orbital. On the other hand, the  not effectively surrounded by methylene groups due to the fixed
11d(acr(eq)oco) orbital has an electron distribution around  conformation of cyclic ethers, though the size of the functional
equatorial hydrogen atom on the 5-position far from the oxygen groups are comparable to the size those of {Ci),0.

atoms. Although the calculated attractive potential well depths around
The bands 10 and 11 correspondsig(ax) andoco orbitals,  the oxygen atoms are similar among cyclic ethers andsJ&&H

respectively. Similar to the bands 8 and 9, the reaction aroundthe differences are seen for the extent of the potential well

the hydrogen atoms is dominant and the valugrpis relatively  especially in the directions out of the COC plane. As can be

small. As for the band intensity in PIES, the band 11 is weaker C|ear|y seen by Comparing the Figure 13b with Figures 14b or
than the bands 8, 9 and 10. This is consistent with the 15p, the attractive well region around the oxygen atom in the
assignment for the band 11 since theo orbital has littte  out-of-plane direction is extending wider for tetrahydrofuran
exterior electron distribution outside the molecular surface.  than tetrahydropyran, both in ti@ andCs conformer. This is
The large negative slope of CEDPICS & —0.237) and obviously seen when the potential curves f#680° are com-
the strong band intensity for band 12 are related to a large pared. This tendency found in the calculation is also obtained
electron distribution of 9éocn(eq)ca)) orbital around the in the experiment. In the present experiment, very large negative
oxygen atoms and equatorial hydrogen atoms along the in-planeslope was found for tetrahydrofuran (bandm,= —0.460),
direction in common phase, as in the case of other cyclic etherswhile much smaller negative slope was observed for tetrahy-
mentioned above. Relatively smaller value|of compared dropyran (n = —0.258). The difference between five-
with the band 12 in 1,4-dioxane may be attributed to difference membered ring and six-membered ring is attributed to the
in the geometry of two oxygen atoms which leads to difference difference in the conformations. As for tetrahydropyran, the
in effectiveness of the attractive well to affect the trajectory of axial hydrogens gf-carbon atoms are positioned geometrically
He*. close to the oxygen atoms compared with tetrahydrofuran.
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The interaction potential curves for tetrahydrofuran are similar ~ (12) Germ, V. J. Chem Phys 1966 44, 3781.

i i 6 i (13) Hotop, H.; Niehaus, AZ. Phys B 1969 228 68.
to those for (CH),0 in previous study® both in the depth and (14) (a) Ohno. K.: Mutoh. H.. Harada, ¥ Am Chem Soc 1983 105

shape of potential well. Thus, the resemblance of slope 4555 (b) Ohno, K.; Harada, Y. fheoretical Models of Chemical Bonding
parameter betweerpnbands of tetrahydrofuram(= —0.460) Maksit, Z. B., Ed.; Springer-Verlag: Berlin, 1991; Part 3, pp +JB4.

and (CH),0 (m = —0.379) are considered to be reasonable.  (15) Mitsuke, K.; Takami, T.; Ohno, K1. Chem Phys 1989 91, 1618.
(16) Ohno, K.; Takami, T.; Mitsuke, K.; Ishida, J.Chem Phys 1991,

. 94, 2675.
VII. Conclusion (17) Takami, T.; Mitsuke, K.; Ohno, KI. Chem Phys 1991, 95, 918.
. . . 18) Takami, T.; Ohno, KJ. Chem Phys 1992 96, 6523.
The oxygen lone pair bands of cyclic ethers in PIES show glgg Dunlavy, D. C.; Martin, D. W.; Si)éka, P. B. Chem Phys 199Q

negative collision energy dependence of partial ionization cross 93, 5347.
sections in the collision energy range investigated. This is _ (20) Longley, E. J.; Dunlavy, D. C.; Falcetta, M. F.; Bevsek, H. M.;
attributed to the attractive interaction potential around the Siska P. EJ. Phys Chem 1993 97, 2097.

L . . . . (21) Siska, P. ERev. Mod. Phys 1993 65, 337.
oxygen atom, which is consistent with the calculated interaction (23 pasinszki, T.; Yamakado, H.; Ohno, K.Phys Chem 1993 97,
potentials. The attractive interaction around the oxygen atoms 12718.

is stronger for in-plane directions of COC than out-of-plane 96§273) Ohno, K.; Kishimoto, N.; Yamakado, K. Phys Chem 1995 99,

directions. o . (24) Ohno, K.; Okamura, K.; Yamakado, H.; Hoshino, S.; Takami, T.;
The effects of attractive interactions around the oxygen atom yamauchi, M.J. Phys Chem 1995 99, 14247.

strongly depend on the stereochemical surroundings. The stericl4é27%) Pasinszki, T.; Yamakado, H.; Ohno, &.Phys Chem 1995 99,

hindrance around oxygen atom in cyclic ethe-rs is found to be (26) Yamakado, H.: Yamauchi, M.; Hoshino, S.: Ohno, X.Phys

much smaller than (C#CH,),0 because of the fixed conforma-  chem 1995 99, 17093,

tion of cyclic ethers compared with those of (6EH,)-0. (27) Kishimoto, N.; Yamakado, H.; Ohno, K. Phys Chem 1996 100,
Interesting aspects were found commonly in PIES for these 8204. . .

cyclic ethers investigated. The PIES intensitymf, bands is 306(3222_3) Mitsuke, K.; Kusafuka, K.; Ohno, KJ. Phys Chem 1989 93

strong because the corresponding orbitals have large exterior (29) Gardner, J. L.; Samson, J. A. B. Electron SpectroscRelat

electron density extending around oxygen and also around Phe3n63mKl_976 8,}216_39K- . S Achiba V. Y Wi T Iwata. S

equatorial hycrogen atoms in common phase. Tagbands (30 Kmua, K Katsunats, S Achbe, v Yamazal, T st &

exhibit enhancement in PIES related to the intramolecular wolecules Japan Scientific: Tokyo, 1981.

Auger-like ionization process as well as positive collision energy  (31) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M.; Wong,

dependence reflecting the repulsive interaction around the carbor- W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B., Robb, M. A,
P . 9 p - . . r‘gleplogel, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley, J.
atoms. The relative PIES intensities fogo orbitals which S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.; Stewart
contribute to the ring skeletal structure are small because of J. J. P.; Pople, J. AGaussian 92Gaussian, Inc.: Pittsburgh, PA, 1992.

small exterior electron densities. The large negative peak energyA3%322)258reed, H. E.; Gundersen, C.; Seip, &ta Chem Scand 1979

shifts in PIES were observed ipnbands. . e o
. . . 33) Al , A.; Seip, H. M.; Willadsen, Acta Chem Scand
Assignments of UPS of cyclic ethers, which have hardly been 19((39 )23, S}i’;ﬁ'gen e radsen, Acta Lhemscan

discussed previously, were performed on the basis of the (34) Davis, M.; Hassei, OActa ChemScand 1971, 25, 725.

Qi ial ioni7ati i (35) Allinger, N. L.; Chung, D. Y.JJ. Am Chem Soc 1976 98, 6978.
coll!s!on energy dependence of partial ionization cross sections, (36) Rothe. £. W.. Neynaber, R. FL.: Trujilo, S. M.Chem Phys 1965
collision energy resolved PIES, and ab initio MO calculations. 453370

- ) (37) Hotop, H.Radiat Res 1974 59, 379.
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