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Ionization of 1,4-diazabicyclo[2.2.2]octane (DABCO), 1,4-cyclohexadiene (CHD), and 2,5-norbornadiene (NBD)
with He*(23S) metastable atoms was studied by (collision-energy/electron-energy-resolved) two-dimensional Penning
ionization electron spectroscopy. Anisotropic interaction around the molecule was investigated by determining collision
energy dependence of partial ionization cross sections (CEDPICS) and spatially anisotropic distribution of ionized mo-
lecular orbitals (MOs). The negative slope of CEDPICS for HOMO was smaller than that for the next HOMO of DAB-
CO and CHD; this was due to the repulsive interaction around the Gcc cy bond region, which is related to the through-
bond interaction via the electron distribution. The trend of CEDPICS for DABCO was confirmed by classical trajectory
calculations. For NBD, the negative CEDPICS for the next HOMO was larger than that for HOMO; this was due to the
attractive endo region for the in-phase next HOMO with the through-space interaction.

Since the reactivity and chemical behavior of a molecule
have strong relation to the electron density distribution of spe-
cific molecular orbitals (MOs) as known in Fukui’s frontier or-
bital theory,' the orbital reactivity of the molecule plays an im-
portant role in intermolecular processes including chemical re-
actions. In the frontier orbital theory, the energy of MOs is
also an important factor in interorbital interactions. Regarding
the orbital energy levels, the energetic relationship between
plural T or nonbonding orbitals has been studied with the help
of a concept of through-bond/through-space intramolecular in-
teractions.? To examine the interactions between two T or non-
bonding orbitals in a molecule, photoelectron spectroscopy™*
as well as theoretical calcuations® were applied for determina-
tion of the highest occupied MO (HOMO) and the next
HOMO (NHOMO) of 1,4-diazabicyclo[2.2.2]octane (DAB-
CO), 2,5-norbornadiene (NBD), and 1,4-cyclohexadiene
(CHD).

In Penning ionization (M + He*(2’S) — M* + He + ")
process, an electron in a molecular orbital of M is transferred
to the lowest vacant orbital of He*, and the excited electron
from He™ is ejected.’ The probability of the electron transfer,
therefore, mainly depends on the spatial overlap between the
orbitals of M and He*. Penning ionization electron spectro-
scopy’™ provides us information on the spatial electron distri-
bution of individual molecular orbitals in the frontier region
outside the molecular surface (boundary surface of collision
between a molecule M and He*(23S)).!" In order to estimate
the orbital reactivity, an exterior electron density (EED)
model'® was proposed. In the EED model, orbital reactivity
was simply governed by the electron density extending outside
the molecular surface, assuming head-on collisions with the
hard sphere. This model was successfully applied to estima-
tion of the orbital reactivity of hydrocarbon molecules,!''™!

ethly chloride,'' (CH;),M M = C, Si, Ge, Sn, Pb),'* DAB-
CO,'"" CHD," and NBD.'""* For DABCO and NBD, the
symmetric or anti-symmetric combination of MOs by the
through-bond/through-space interaction was determined from
the difference in band intensity for HOMO and NHOMO. !>

On the other hand, collision-energy/electron-energy-re-
solved (two-dimensional) measurements'® of Penning ioniza-
tion enabled us to measure collision energy dependence of the
partial ionization cross sections (CEDPICS). The different
trends of CEDPICS indicate the anisotropic interactions
around the molecule with He*(2°S) atoms. Recently, we have
studied anisotropic interaction between He*(2°S) atoms and
orbital reactivity of halogen atoms for halogeno ethylenes and
halogeno benzenes.!” In the case of molecules having relation
with the through-bond/through-space interaction, different
trends of CEDPICS for HOMO and NHOMO indicate not only
symmetry of orbitals but also a slight difference in spatial elec-
tron distribution of the two MOs around the bond or spatial re-
gion which is connected to the through-bond/through-space in-
teraction. In this study, we investigated two-dimensional Pen-
ning ionization electron spectra (2D-PIES) of DABCO, CHD,
and NBD.

Experimental

The experimental apparatus for He*(2°S) Penning ionization
electron spectra (PIES) and He I ultraviolet photoelectron spectra
(UPS) was reported previously.'*?° Metastable atoms of He*(2'S,
238) were produced by a discharge nozzle source with a hollow
tantalum cathode. The He*(2'S) component was quenched by a
water-cooled helium discharge lamp. The background pressure in
a reaction chamber was on the order of 107 Torr. Sample mole-
cules were admitted by a variable leak valve into a reaction cham-
ber. He I UPS of these samples were measured by using the He I



1504 Bull. Chem. Soc. Jpn., 75, No. 7 (2002)

resonance photons (584 A, 21.22 eV) produced by a discharge in
pure helium gas. The kinetic energy of ejected electrons was mea-
sured by a hemispherical electrostatic deflection type analyzer us-
ing an electron collection angle 90° to the incident He*(23S) or
photon beam. The energy resolution of the electron energy ana-
lyzer was estimated to be 60 meV from the full width at half-max-
imum (fwhm) of the Ar*(*Ps;) peak in the He I UPS. The trans-
mission efficiency curve of the electron energy analyzer was de-
termined by comparing our UPS data for some molecules with
those by Gardner and Samson?! and Kimura et al.”> Calibration of
electron energy scale was made by reference to the lowest ionic
state of N, mixed with the sample molecule in He I UPS (E. =
5.639 eV)® and He*(23S) PIES (E, = 4.292 eV)*** including a
peak energy shift of 50 meV and the difference between the meta-
stable excitation energy and the lowest ionization potential (IP).

For collision-energy-resolved measurements of Penning ioniza-
tion, the metastable He*(23S) beam was modulated by a pseudo-
random chopper®® rotating at 400 Hz, and then introduced into a
reaction cell located 504 mm downstream from the chopper disk.
Kinetic energies and time-dependent counts of emitted electrons
from sample molecules were stored in a memory. The resolution
of the analyzer was lowered to 250 meV in order to obtain higher
counting rates of Penning electrons. Two-dimensional spectra
I.(E., t) as functions of electron kinetic energy (E.) and time (7)
can lead to the two-dimensional Penning ionization cross section
o (E, E.) as functions of E. and E, (collision energy) normalized
by the velocity distribution of the He* beam. The velocity distri-
bution of He* beam was determined by monitoring secondary
electrons emitted from a stainless plate inserted in the reaction
cell.

Calculations

We performed ab initio self-consistent field (SCF) calcula-
tions in order to obtain electron density maps. The geometries
of neutral target molecules were selected from previous studies
for DABCO,”” CHD,?® and NBD.” In electron density contour
maps, thick solid curves indicate the repulsive molecular sur-
face approximated by atomic spheres of van der Waals radii.*
In schematic diagrams of molecular orbitals, circles and el-
lipses were used. Solid circles indicate valence s orbitals,
where couples of ellipses and dashed circles showed in-plane
and out-of-plane components of p orbitals, respectively. Ion-
ization potentials (IP) were calculated by the outer valence
Green’s function (OVGF)*' method in GAUSSIAN 94 pro-
gram.* The SCF and OVGF calculations were performed with
6-311++G™**and 6-311G™* basis functions, respectively.

Interaction potential energies between He*(2’S) and the tar-
gets for various directions were also calculated on the basis of
the well-known resemblance® between He*(2’S) and Li(22S);
the shape of the velocity dependence of the total scattering
cross section of He*(2S) by He, Ar, and Kr is very similar to
that of Li, and the location of the interaction potential well and
its depth are very similar for He*(23S) and Li(22S) with vari-
ous targets.”**37 For atomic targets (H, Li, Na, K, and Hg),
quantitative estimation of the well depth was summarized to be
in good agreement with the ratio of 1.1 to 1.2 by Li model po-
tential with respect to He*(2’S) in a recent study.*® Due to
these findings and difficulties associated with calculations for
excited states, the Li atom was used in place of He*(23S) atom.
We performed interaction potential energy calculations for ac-
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cess of Li atom to the molecule from various directions using a
second-order Mgller—Plesset perturbation theory (MP2). For
discussing peak energy shift and bandwidth broadening of first
ionic state (X state) in PIES of DABCO, potential energy
curves of the ionized DABCO with a He atom were calculated
by the Hartree—Fock method. The interaction potential calcu-
lations were carried out with 6-31+G™ basis functions.

Trajectory calculations for ionization of DABCO were per-
formed on a three-dimensional potential energy surface ob-
tained by the MP2 method. The cubic spline interpolation cal-
culations were utilized for more than 300 points with D3, sym-
metry of the molecule. Ionization width was calculated on the
following simplification:** since the positional dependence of
the ionization width I"is mainly governed by the helium 1s and
jonized orbitals, the ionization widths for each ionic state I'?,
therefore, are represented by

' = K |<®|¥, > (D

where K is a constant, and ®; and W are the ionized MO and
helium 1s orbital, respectively. The molecule is treated as a
rigid rotator. The orientation of DABCO was randomly gener-
ated, and the initial rotational energy of the molecule was de-
termined with a Boltzmann distribution at 300 K. The impact
parameter b was set randomly from 0 to 8 A for 10000 trajec-
tories at each collision energy (70, 100, 150, 200, 250, and 280
meV). The partial ionization cross section 6 was obtained
from ionization probability P with a weight of 27hdb.

o = 21 [bPDdb 2)

Details of the trajectory calculations were reported in previous
papers.* Several K values were attempted for better agree-
ment of the slope of CEDPICS, because the determination of
the unknown K value requires an experimental value of ioniza-
tion cross section.

Results

Figures 1-3 show the He I UPS and He*(2°S) PIES of
DABCO, CHD, and NBD, respectively. The electron energy
scales for PIES are shifted relative to those for the UPS by the
difference in the excitation energies, 21.22 — 19.82 = 1.40 eV.
In Fig. 1, the EED spectrum of band 1 is shown in the inset,
and details for the synthesis of the band shape are written in
the Discussion Section.

Figures 4-6 show CERPIES of DABCO, CHD, and NBD,
respectively. In each figure, the low collision energy (average
ca. 100 meV) spectra are shown by solid curves, and the high
collision energy (average ca. 250 meV) spectra are shown by
dashed curves. In Fig. 4, band 1 and band 2 are shown in an
inset as a function of peak energy shift in PIES measured with
respect to the “nominal” energy E, (= the difference between
the metastable excitation energy and the target IP).

Figures 7-9 show the log ¢ vs log E. plots of CEDPICS for
DABCO, CHD, and NBD, respectively. The CEDPICS were
obtained from the 2D-PIES within an appropriate range of E,
(typically the fwhm of the respective band) to avoid the effect
of neighboring bands. Solid lines in Fig. 7 showed the calcu-
lated CEDPICS for DABCO. The calculated electron density
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Fig. 1. He I ultraviolet photoelectron spectrum and He™*(23S)
Penning ionization electron spectrum of DABCO. The cal-
culated EED spectrum was also shown in the inset (see
text).

maps of the MOs are also shown in the figures with the simpli-
fied diagrams indicating component atomic orbitals.

Tables 1 and 2 list the vertical ionization potentials (IP de-
termined from the He I UPS) and assignment of the observed
bands based on the OVGF calculations. The peak energy shifts
(AE) in PIES with respect to E, are also shown. The values of
peak energy shift of some diffuse bands or shoulders are
shown in parentheses. Values of the slope parameter m for the
log o vs logE. plots were estimated in the collision energy
range 100-240 meV by a least-squares method.

Figures 10-12 show model potential energy curves V(R) de-
termined by MP2 method for M(DABCO)-Li, M(CHD)-Li,
and M(NBD)-Li, respectively. The curves were obtained by a
spline interpolation method. The distance R between the target
molecule and Li is measured from the center-of-mass for
DABCO and CHD except for the access of Li to the C atom of
the CH, group for DABCO and to the middle point of C=C
group of CHD. For NBD, R is measured from the C atom of
methylene bridge or the middle point of the C=C bond. In Fig.
12(b), the interaction potential energy curve V(6) as a function
of angle 6 between Li-X (X is the middle point of C=C) and
the H-C=C-H plane is also shown. A hump in the curve
around 0 degrees is due to repulsive interaction around H at-

Bull. Chem. Soc. Jpn., 75, No. 7 (2002) 1505

Ionization Potential/eV
§ 9 10 11 12 13 14 15 16 17 18 19 20 21
LI T T T T T T T T T T 1 T

He I UPS 6a;

8aj(ns)
e Sbic

L 1 1 1 ] N NN N (N N N | 1 ] |
14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
Electron Energy/eV

He'(2°S) PIES

| I I Y N [ NS N NN (N TN HN N |
2 11 10 9 8 7 6 S5 4 3 2 1 0
Electron Energy/eV

Fig. 2. He I ultraviolet photoelectron spectrum and He*(23S)
Penning ionization electron spectrum of 1,4-cyclohexadi-
ene.

oms. In Fig. 10(b), the interaction potential energy curves of
the first ionized state of M*(DABCO)-He are also shown. In
Fig. 10(c), the contour map of interaction potential energy cal-
culations for M(DABCO)-Li is shown.

Discussion

A. 1,4-Diazabicyclo[2.2.2]octane. By an SCF MO calcu-
lation and use of an OVGF method, band 1 and band 2 were
assigned to ionization from 6a,” (symmetric nonbonding MO,
n,) and 5a,” MO (asymmetric nonbonding MO, n,), respective-
ly. If the direct through-space interaction between nonbonding
orbitals on two nitrogen atoms dominates the orbital energy (&)
order, the symmetric ng MO is more stable than the asymmetric
n, MO (&(n,) > &(ny)). In the case of DABCO, however, the
through-bond interaction between nonbonding orbitals on two
distant nitrogen atoms dominates™ the orbital energy order for
HOMO and NHOMO, &(n,) > &(n,). In addition, for the n, or-
bital, some anti-bonding mixing of Gcc components with ng or-
bital was seen in 6a,” as shown in the electron density map in
Fig. 7, which results in the band intensity of band 1 in PIES
being relatively smaller than that of band 2, as calculated by
the EED model.'""> The EED values for n, and n, orbitals out-
side the molecular surface approximated by the van der Waals
surface were calculated with the 6-311+ +G™* basis set to be
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Fig. 3. He I ultraviolet photoelectron spectrum and He™*(23S)
Penning ionization electron spectrum of 2,5-norborna-
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Fig. 4. Collision-energy-resolved Penning ionization elec-
tron spectrum for DABCO with He*(23S): dotted line at
average energy of 100 meV and solid line at average ener-
gy of 250 meV. Band 1 and band 2 are also shown as a
function of peak energy shift with respect to “nominal” en-
ergy determined by ionization potentials in an inset. The
intensity of band 1 is shown 2.5 times as large as the case
of band 2.

3.36 and 4.01, respectively. For a good agreement of EED ra-
tios with the PIES result, diffuse functions in basis set at SCF
molecular orbital calculations were found to be important.'>*
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Fig. 5. Collision-energy-resolved Penning ionization elec-

tron spectrum for 1,4-cyclohexiadiene with He*(23S): dot-
ted line at average energy of 100 meV and solid line at av-
erage energy of 250 meV.
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Fig. 6. Collision-energy-resolved Penning ionization elec-
tron spectrum for 2,5-norbornadiene with He*(23S): dotted
line at average energy of 100 meV and solid line at average
energy of 240 meV.

It should be noted that the outermost two symmetric or anti-
symmetric orbitals of DABCO, NBD, and CHD were
observed*' with (e, 2e) electron momentum spectroscopy** and
these results confirmed the importance of diffuse functions in
basis sets.

A negative slope of CEDPICS was observed for band 1
(m = —0.40 = 0.04) and band 2 (m = —0.51 %= 0.07). For an
attractive interaction between the molecule and a He* atom, a
slower atom can reach to reactive region around the molecule
more effectively than faster He™ atoms, which results in a large
ionization cross section for small collision energy and negative
slope of CEDPICS. Opposite to the attractive interaction, a re-
pulsive interaction results in a positive slope of CEDPICS be-
cause reaching the inner reactive region of the molecule is
more possible for faster He* atoms than for slower He™* at-
oms.'® The negative slope of CEDPICS for band 1 and band 2
indicates an attractive interaction around the nitrogen lone pair
orbital region. Indeed, as shown in Fig. 10, the calculated in-
teraction potential curve for the access along the symmetry
axis shows an attractive interaction with the well depth of 600
meV.
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Fig. 7. Collision energy dependence of partial ionization

cross sections for DABCO with He*(23S). Electron densi-
ty maps for respective MOs are also shown on a plane in-
cluding an NCCN bond for 6a,’, 5a,”, 5¢’, 4¢”, 4¢’, 3e”, 3¢’,
and 5a,”" MOs, on a plane including four C atoms for 1a,”
and 5¢” MOs, and on a plane including three C atoms for
la,”, 4e”, 4¢’, 3e”, 3¢/, 1a,’, and 4a,” MOs. Thick solid
curves in the maps indicate the simple estimation of the re-
pulsive surface from spheres of van der Waals radii.

By the trajectory calculation on the interaction potential en-
ergy surface (Figs. 10(a) and (c)), a steeper slope of CEDPICS
for the n, orbital (band 2) rather than for the n, orbital (band 1)
was calculated, which agrees better with the observed slope of
CEDPICS. Since the positive or negative trend of CEDPICS
reflects the deflection of He™ by repulsive or attractive interac-
tions, the slope value of CEDPICS shows the extent of influ-
ence on trajectories of He* atoms by interactions if the corre-
sponding MO extends in both repulsive and attractive interac-
tion regions. Therefore, the difference between the negative
slope of CEDPICS for band 1 (m = —0.40 = 0.04) and that of
band 2 (m = —0.51 £ 0.07) can be ascribed to the repulsive
interaction around the 6cy bonds for ionization from the 6a;”
orbital (band 1) calculated for the straight access to the H atom
(Fig. 10). In this study, from the points of the anisotropic elec-
tron density distribution of MOs and the anisotropic interac-
tions around the molecule, we have confirmed that the X and A
ionic states are due to ionization from ng and n, MOs, respec-
tively. By the (e, 2e) electron momentum spectroscopy, differ-
ent momentum profiles reflecting the different symmetry of
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cross sections for 1,4-cyclohexiadiene with He*(2°S).
Electron density maps for respective MOs are also shown
on a plane at 2 A from the molecular plane for 8a;, 5b;,
4by, and 6a; MOs and on the molecular plane for other
MOs. Thick solid curves in the maps indicate the simple
estimation of the repulsive surface from spheres of van der
Waals radii.

HOMO (6a,”) and NHOMO (5a,”) were observed.*'® On the
other hand, in the case of collision-energy-resolved Penning
ionization electron spectroscopy, the electron distribution of
HOMO in the position space results in different CEDPICS
from that of NHOMO due to the electron distribution around
the 6cy bonds. It should be noted that the extension of wave
functions can be sensitively observed by (e, 2e) electron mo-
mentum spectroscopy, while CEDPICS is mainly affected by
the anisotropic distribution of MOs in the position space and
by the interaction potential around the molecule. The quantita-
tive agreement between observed and calculated CEDPICS
can be achieved by trajectory calculations on the interaction
potential energy surface, in which the effects of electron corre-
lations and electron transfer from He*(Li) to unoccupied MOs
are taken into consideration.®

The electron energy in PIES shows some interaction energy
difference in entrance channel and exit channel at reaction
points.”® With the help of the calculated well depth (ca. 600
meV at R = 3.5 A) of the entrance channel and the height of
the wall (ca. 200 meV at R = 3.5 A) for the first ionic state (ex-
it channel) as shown in Fig. 10, a peak energy shift for ioniza-
tion around N atoms can be estimated as ca. —400 meV. In ad-
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Fig. 9. Collision energy dependence of partial ionization
cross sections for 2,5-norbornadiene with He*(23S). Elec-
tron density maps for respective MOs are also shown: on a
plane (a) including CH, group for 6b;, 10a;, 5b;, 8a;, 4b,
and 3b; orbitals; on a plane (b) including H-C-C-C-H
atoms for 6b,, 9a;, and 5b, orbitals; on a plane (c) includ-
ing four C atoms for 3a,, 4b,, 7a,, and 2a, orbitals. Thick
solid curves in the maps indicate the simple estimation of
the repulsive surface from spheres of van der Waals radii.

dition, a positive peak energy shift can be expected for ioniza-
tion around Gcy bonds from the soft repulsive interaction for
the entrance channel and steep repulsive interaction for the exit

Collision-Energy-Resolved Penning Spectroscopy

channel, as shown in Fig. 10. Band 1 in PIES (Fig. 1) shows a
broadened bandwidth compared with that of band 2. The EED
spectrum of band 1 in the inset to Fig. 1 was synthesized by
utilizing the estimated peak energy shifts for ionization at N at-
oms (—400 meV) and H atoms (+200 meV) and the EED val-
ues of 6a,” MO at N atoms (1.78) and H atoms (1.24) with as-
suming a Gaussian function. For larger electron energy com-
ponent, we adopted the value of 600 meV for band width
(fwhm), which is larger than that of band 1 (ca. 500 meV) in
He I UPS because of the collisional ionization process on the
anisotropic interaction potential with transition probability ex-
tending around the molecule. Since transition processes
around an attractive interaction potential well around N atoms
can result in a larger band width than that for repulsive interac-
tions, the value of 800 meV was adopted for band width of a
smaller electron energy component. The synthesized band
shows a good agreement with the observed band shape. In ad-
dition, different collision energy dependences in higher elec-
tron energy region (m = —0.35 £ 0.02) and in lower electron
energy region (m = —0.43 = 0.05) were observed for band 1
of CERPIES (Fig. 4). If one takes the shapes of entrance and
exit potential energy curves into consideration, the different
tendencies of CEDPICS and CERPIES in higher and lower
electron energy regions correspond to ionization in the repul-
sive region around the 6cy bonds and in the attractive region
around the N atoms, respectively.

For band 2, the shape of CERPIES at E. ~ 100 meV shows
large intensity in lower electron energy region with a negative
peak shift of ca. —400 meV. This shift value is consistent with
deep potential wells for the ny orbital region. That the nega-
tive peak energy shift for band 2 is larger than that for band 1
observed in CERPIES (as inserted in Fig. 4), therefore, indi-
cates that ionization from n, orbital mainly occurs in the attrac-
tive region around N atoms. On the other hand, the bent figure
of observed and calculated CEDPICS for band 1 and band 2
due to the increase of ionization cross sections in larger colli-
sion energy regions may be due to trajectories of He* ionized
against the repulsive interaction around methylene groups
where corresponding MOs extend.

An attractive interaction around N atoms affects the nega-
tive slope of band 5,6 (5¢” and 4¢’ MOs, m = —0.03 = 0.05)
and band 9,10 (5a,” and 3¢’ MOs, m = —0.16 * 0.08) because

Table 1. Band Assignments, lonization Potential (IP/eV), Peak Energy Shift (AE/meV), and
Slope Parameter (m, See Text) for 1,4-Diazabicyclo[2.2.2]octane (DABCO)

Band IP/eV IP/eV Orbital AE/meV m m
Obsd Calcd Obsd Calcd
1 7.51 7.34  6a," (ny) —200 = 100 —0.40 = 0.04 —0.18
2 9.67 9.63 5a,” (n,) —260 = 50 —0.51 £ 0.07 —-0.35
3 11.01 11.36  4e” (6cu, Ocn) 50 = 80 —0.08 £ 0.02 0.09
4 11.47 11.69 la,” (Ocn) 30 £ 80 —0.23 £ 0.02 —0.11
5 13.01 12.98 5¢’ (0ce) —-60 = 80 _ + —0.10
6 13.41 13.47  4¢’ (ocn) —-70 = 80 0.03 = 0.05 —0.03
7 14.02 14.15 36”,(GCH, OcN) 50 = 100 —0.13 + 0.05 —=0.10
8 14.28 14.15 la,” (Gcn) —60 = 100 0.06
’ _ + _
9 16.04 16.11 Sa: (TteN) 100 £ 200 016 = 0.08 0.10
10 16.54 16.63 3e’ (6cn, Occ) —70 = 100 0.12
11 17.49 17.43 4a,” (Cag, Nay) —60 * 100 0.0) 0.24
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Table 2. Band Assignments, Ionization Potential (IP/eV), Peak Energy Shift (AE/meV), and Slope

Parameter (m, See Text) for 1,4-Cyclohexadiene (CHD) and 2,5-Norbornadiene (NBD)

Band  IP,u/eV 1P .ca/€V Orbital AE/meV m
1,4-Cyclohexadiene
1 8.92 8.79 8a,(m;) —160 = 50 —0.35 £ 0.04
2 9.83 9.60 5by(m,) —80 = 50 —0.44 = 0.03
3 11.01 11.02 3ay(Gcn, Occ) 70 = 80 —0.06 = 0.05
4 12.07 12.05 7a(Gcc) —150 = 100 —0.08 = 0.06
5 13.18 13.20 6b,(OcH, Occ) —20 *= 100 —0.01 = 0.04
6 13.67 13.70 5ba(Ten,) —10 = 100 —0.02 = 0.05
7 13.97 14.14 4b(Ttcc) (0 £ 100) —0.09 = 0.05
8 14.66 14.58 6a;(Tcy,) —100 *= 150 _0.18 + 007
9 15.08 14.97 3b1(Gcn, Oce) (0 = 100)
10 15.96 16.12 4b,(Cyy) 90 = 80 —0.07 £ 0.05
11 16.53 16.68 5a;(Ocy) —40 = 50 —0.09 = 0.04
12 18.6 1891 2a,(Cyy) — (0.0)
2,5-Norbornadine
1 8.68 8.28 6b(1r,) —80 = 50 —0.38 = 0.03
2 9.56 9.30 10a, () —30 =50 —0.41 = 0.02
3 11.26 11.36 3ay(Ttec) 0+ 100 0.05 = 0.02
4 11.54 11.86 6b,(0cc) —50 = 100 —0.19 = 0.02
5 12.18 12.04 5b1(Ccn) 0 = 100 —0.13 £ 0.02
6 12.67 12.60 9a,(Gcc) —60 = 100 —0.23 = 0.05
7 13.05 13.09 5b,(Gcc) —50 = 100
8 13.27 13.23 8a,(Gcn) 0 = 100 —0.170.03
9 14.17 13.94 4b(Gcc) —30 =50 —0.16 = 0.03
10 15.74 15.87 3b(Gcn) 90 + 50 —0.06 = 0.08
11 16.44 16.76 4b,(Cys) 0 = 100 —0.04 £ 0.02
12 17.10 17.34 7a,(Cch) —30 = 50 —0.03 £ 0.05
13 (18.3) 18.08 2a,(Cy) — 0.1

the calculated CEDPICS for ionization from 5¢” and 5a,” MOs
extending around the N atoms showed the same negative slope
(m = —0.10). From the calculated CEDPICS, it is clear that
ionization from O¢y orbitals of 1a,” MO (m = —0.11) and 3e”
MO (m = —0.10), which are out-of-phase between bonded
methylene groups, also can be affected by the attractive inter-
action around N atoms because overlap between 1s orbital of
He* and the corresponding MO vanishes at the nodal plane.
On the other hand, ionization from 1a,” MO (m = 0.06) and 3¢’
MO (m = 0.12), which are in-phase between bonded methyl-
ene groups, shows the effect of repulsive interaction around the
ethylene groups with calculated positive CEDPICS. Since
faster He™ atoms can reach the inner reactive region in the case
of the head-on collisions against the soft repulsive interaction
potential, the ionization cross section shows steeper positive
collision energy dependence than that for the collisions against
the hard repulsive potential. The positive slope for ionization
from 1la,” and 3¢” MOs, therefore, can be ascribed to the soft
repulsive potential surface for accessing of a He™ atom to the
CH,—CH, region (Fig. 10).

When we focus on the difference of the phase of MOs and
slope of CEDPICS for ionization from out-of-phase MO (4¢”,
m = 0.09) and in-phase MO (4¢’, m = —0.03) between bonded
two methylene groups, the larger extension of 4¢” MO around
the Gcy bonds than 4e” MO is more important for the slope of
CEDPICS rather than the phase of orbitals around the repul-
sive ethylene groups. Experimentally, the repulsive interaction

around the oy bond results in small CEDPICS for band 3 (m
= —0.08 * 0.02), corresponding to ionization from 4¢” MO,
which is consistent with the small positive slope of the calcu-
lated CEDPICS for ionization from 4¢” MO (m = 0.09) when
one takes the slope differences between observed and calculat-
ed CEDPICS for bands 1, 2, and 4 into consideration.

On the other hand, calculated negative slopes for ionization
from the 5¢’ MO (m = —0.10) and 4¢" MO (m = —0.03) are
inconsistent with the observed CEDPICS for bands 5,6 (im =
—0.03 = 0.05). In the CERPIES, positive collision energy de-
pendence was observed at ca. 6.8-6.9 eV in the region of
bands 5,6. From the estimated values of band 5 (5¢’, 6.84 eV)
and band 6 (4¢’, 6.35 €V), this positive dependence can be as-
cribed to ionization from the 5¢” MO. Taking the electron den-
sity distribution of 5¢” MO into account, this positive collision
energy dependence at ca. 6.8—-6.9 eV is due to head-on colli-
sion with the methylene groups against the repulsive interac-
tion. A softer repulsive interaction potential curve around the
methylene groups of DABCO can be expected.

Although the calculated CEDPICS for band 11 shows posi-
tive slope (m = 0.24) with the repulsive interaction around the
Gcu bonds, the observed CEDPICS shows almost no slope
(m ~ 0.0). A similar difference is obtained for ionization from
4e¢” MO for observed (m = —0.08 = 0.02) and calculated
(m = 0.09) CEDPICS for band 3. Since the negative CED-
PICS can be connected to nitrogen orbitals, the fact that the
difference of slope of CEDPICS for band 11 is larger than that
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Fig. 10. Interaction potential energy curves for (a) M(DAB-

CO)-Li and (b) the first ionic state of M*(DABCO)-He:
straight access to the center of the molecule along NN axis
(O) and around the middle point of CC axis (V); straight
access to the C atom along the CH axis (A). (c) Interac-
tion potential energy contour map for M(DABCO)-Li.
Negative energy area is shown by dashed curves and the
energy spacing is 100 meV.

for band 4 may be ascribed to some shake-up states having re-
lation to ionization from HOMO or NHOMO, while shake-up
states cannot be calculated with the one particle OVGF meth-
od.

B. 1,4-Cyclohexadiene. As with the case of DABCO, the
energy of antisymmetric MO (5by, 1t,) for two Ttcc orbitals is
more stable than the symmetric MO (8a;, Tt;) of 1,4-cyclohexa-
diene by the through-bond interaction, which was confirmed
by the OVGF calculation.** As is the case with DABCO, anti-
bonding mixing of Gcy components with the m; orbital in 8a,
MO results in the band intensity for band 1 being smaller than
that for band 2 in PIES. For CHD, similar EED values for 8a,
orbital (5.81) and 5b, orbital (5.88) were calculated with 6-
311++G™** basis set in this study as reported with 4-31G ba-
sis set.”” Nodal planes of 8a, orbital can reduce ionization
probability from calculated EED values because of no ioniza-
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Fig. 11. Interaction potential energy curves for 1,4-cyclohex-
iadine with Li: in-plane access to the center of the mole-
cule around the CH, group (V) and the middle point of CC
axis (A); out-of-plane access to the middle point of C=C
(@).

tion probability at the nodal plane.

An attractive interaction was calculated for the out-of-plane
access to the center of the planar ring (Fig. 11) with a well
depth of 100 meV that is smaller than that for 2,5-norborna-
diene in the endo region. This attractive interaction can result
in the negative slope of the  bands, band 1 (%, m = —0.35 =
0.04) and band 2 (1t,, m = —0.44 = 0.03). Since the ©, MO
has electron density around the oy bonds, the smaller slope of
CEDPICS for band 1 can be ascribed to the repulsive interac-
tion around the 6y bonds (Fig. 11), which is the same case as
that for DABCO (Section A). In the case of CHD and NBD,
trajectory calculations of CEDPICS and comparisons of the re-
sults with observed ones are difficult because of the lower
symmetry of molecules, although similar trends of CEDPICS
can be expected for band 1 and band 2 of the through-bond in-
teraction oriented cases, DABCO and CHD. In addition, it
should be noted that the band 1 shows a broader shape than
band 2 in PIES.

The CEDPICS of band 3 (m = —0.06 = 0.05) and band 4
(m = —0.08 £ 0.06) show small negative slopes, reflecting a
repulsive interaction around the ¢y bonds for the in-plane di-
rection of the ring and around the methylene groups. Band 5
and band 6 can be ascribed to ionization from the 6b, MO and
5b, MO, respectively. These MOs are in-phase around the ¢y
bonds for the half sides of the ring. Very small slope values of
CEDPICS for band 5 (m = —0.01 = 0.04) and band 6 (m =
—0.02 £ 0.05) indicate soft repulsive interactions in the inter-
bond region around the molecule for in-plane directions. The
soft repulsive interaction for CH, region (A) and C=C region
(¥) for in-plane direction is shown in Fig. 11. Similar electron
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Fig. 12. Interaction potential energy curves for 2,5-norbor-
nadiene with Li: (a) straight access to the CH, group in exo
region (A) and endo region (O), vertical direction to C=C
with the angle of 90 degree (V) or 60 degree (V) between
Li-X (X is the middle point of C=C bond) and the H—
C=C-H plane; (b) as a function of angle between Li—X and
the H-C=C—H plane at Li-X distance of 2.5 A.

density distributions of 7a; (band 4) and of 4b, (band 10) MOs
extending outside of the boundary surface of collision result in
almost the same slopes of CEDPICS for band 4 (m = —0.08 =
0.06) and band 10 (m = —0.07 £ 0.05). Band 11 shows small
negative collision energy dependence (m = —0.09 = 0.04),
which also can be ascribed to repulsive interaction around the
ocu bonds and attractive interaction at the center of the mole-
cule, because of the in-phase distribution of the 5a; MO around
the ocy bonds and at the center of the molecule, as shown in
Fig. 8.

The negative slope of CEDPICS for ionization from the 6a,
MO (band 8,9, m = —0.18 = 0.07) was observed to be some-
what larger than that from the 4b; MO (band 7, m = —0.09 =
0.05) was observed. It should be noted that ionization proba-
bility from the 3b; MO (band 9) is expected to be very small
because it has nodal planes and scarcely extends out of the
boundary surface of collision. Such difference of the slope of
CEDPICS can be caused by the attractive interaction for ac-
cessing to the center of the ring where ionization is favorable
for the 6a; MO rather than for the 4b, MO that has a nodal
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plane perpendicular to the molecular plane.

The large intensity of band 12 is not consistent with the
small electron density extending of the 2a,(C,,) orbital outside
the boundary surface of collision, which may be due to the en-
hancement by intramolecular Auger-like autoionization pro-
cess.** In the case of a previous PIES study for (CH;),C and
(CH3);CCl, enhanced bands were observed for C,, orbitals;
such enhancement was found to be caused by an intermolecu-
lar resonant excitation transfer (He* + M — He + M™) in-
volving a Cy hole in the target molecule M followed by an in-
tramolecular Auger-like autoionization process (M* — M* +
e").* The autoionization process involves an electron transi-
tion from an outer occupied C,3 MO to the inner C, hole. For
CHD, the OVGF calculation shows that IP values for the C,
orbital can be observed around 24.39 eV (2b;) and 26.46 eV
(3a;), which is near the approximate 1s orbital energy (24.59
eV) of He*(2%S) obtained from the ionization energy of a He
atom. The energy of an unoccupied MO is estimated to be
—3.0 eV from the first ionization energy (8.79 eV) and a tran-
sition energy (5.80 eV) determined by electron energy loss
spectroscopy,” this energy value is near to the 2s orbital ener-
gy of He*(2%S), —4.77 eV (= 19.82 — 24.59). It should be
noted, as shown in Fig. 8, that MO coefficients of C,; compo-
nents are larger for the 2a, MO than for the 4b, MO by 1.7
times in the square of Cy, coefficients, which can be the reason
of the enhancement of band 12. In addition, for band 12, there
may be little possibility of shake-up process from 7 orbitals
because of the different trends of the CEDPICS for © bands
(m = —0.35 = 0.04, —0.44 = 0.03) and for band 12 (m ~
0.0).

C. 2,5-Norbornadiene. Contrary to the cases in which the
through-bond interaction orients (DABCO (Section A) and
CHD (Section B)), the energy of the symmetric T, MO (6b,)
for 2,5-norbornadiene (NBD) is more stable than that of the
antisymmetric 7, MO (10a;) by the favorable overlapping of
two Tt orbitals in the endo region with the through-space in-
tramolecular interaction.

A relatively large negative slope of CEDPICS was observed
for ionization from the w, orbital (band 1, m = —0.38 =+ 0.03)
and the 7 orbital (band 2, m = —0.41 £ 0.02). As shown in
the potential energy calculation (Fig. 12), attractive interac-
tions with a well depth of about 100 meV were calculated for
both endo and exo regions. That the intensity of band 2 was
larger than that of band 1 was also ascribed to the in-phase MO
(ms) which is related to the through-space interaction in the
endo region."”” That the negative slope of CEDPICS for the T,
orbital (band 2) is larger than that for the m, orbital (band 1) is
also due to the nodal plane of m, orbital in the endo region
where the attractive well depth is larger than that in the exo re-
gion. Negative peak shifts of band 1 and band 2 can be as-
cribed to the attractive interaction around the C=C bonds.

A positive slope value of CEDPICS was observed for band
3 (m = 0.05 £ 0.02). The corresponding 3a, MO scarcely ex-
tends outside the boundary surface of collision, which can re-
sult in a small intensity in PIES and positive CEDPICS due to
the repulsive interaction around the Gcy bonds. In addition, a
repulsive interaction was calculated around the methylene
group as shown in interaction potential energy curves (Fig.
12(a, b)). The small negative slope values of CEDPICS for
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bands 4-9 are caused by corresponding MOs extending into
the specific regions of attractive interactions in the end (6b,,
9a;, 5b,, and 8a; MOs) or exo region (4b; and 5b; MOs) and
repulsive interactions around methylene group (5by, 8a;, and
4b; MOs) or Gcy bonds (6b,, 9a;, and 5b, MOs) neighboring
the methylene group.

Band 9 (m = —0.16 = 0.03) and band 10 (m = —0.06 =
0.08) show different collision energy dependences in spite of
the similar type of MOs (4b; and 3b;). Since the 3b; MO has
electron density around Gcy bonds, the fact that the negative
slope of CEDPICS for band 10 (3b;) is smaller than that for
band 9 (4b,;) is due to the repulsive interaction around Gcy
bonds as shown at 0 degrees in Fig. 12(b).

Band 11 and band 12 show similarly small negative slope
values of CEDPICS reflecting the repulsive interaction around
the 6cy bonds. The intensity of band 12 is larger than that of
band 11 in PIES, which can be interpreted by the in-phase 7a,
MO (band 12) outside the boundary surface of collision. On
the other hand, the broad band 13 is calculated to be a combi-
nation of electron correlation bands ionized from 2a, MO
mainly at 17.88 eV and 18.50 eV in IP by two-particle-hole
Tamm-Dancoff Green’s function approximation (2ph TDA).*®
The large intensity of band 13 in spite of the small electron
density extension of 6a, orbital (C,s) outside the boundary sur-
face of collision can be connected with the Auger-like autoion-
ization process discussed in Section B. It should be noted that
as shown in Figure 9, coefficients of C,; components are larger
for 2a, MO than for 4b, MO by 1.7 times in the square of Cy
coefficients, which can be the reason of the enhancement of
band 13 as is the case of CHD.

Conclusions

Utilizing the characteristics of collisional ionization, we
have investigated anisotropic interactions between He™(2°S)
and sample molecules (1,4-diazabicyclo[2.2.2]octane (DAB-
CO), 14-cyclohexadiene (CHD), and 2,5-norbornadiene
(NBD)) by measuring collision energy dependence of partial
Penning ionization cross sections (CEDPICS). Due to the dif-
ferences of electron distributions of HOMO and NHOMO
which originate from the through-bond or through-space in-
tramolecular interaction between two functional groups, differ-
ent trends of CEDPICS were observed for related MOs as fol-
lows:

(1) By the through-space interaction, the m, orbital (NHO-
MO) of NBD has electron density in the endo region without a
nodal plane, which results in the negative slope value of CED-
PICS for ionization from NHOMO being larger than that from
HOMO. The attractive interaction in the endo region plays an
important role.

(2) By the through-bond interaction, symmetric orbitals (ng
or mt;, HOMO) have electron density around the G¢ccny bonds
for DABCO and CHD, which results in the negative slope of
CEDPICS for ionization from HOMO being lower than that
from NHOMO. The repulsive interaction around the Gcccn
orbital region plays an important role.

In the case of DABCO, the theoretically computed CED-
PICS based on model potential energy calculations qualitative-
ly agrees with the observed CEDPICS for ionization from
HOMO and NHOMO, which indicates that the different trend

Collision-Energy-Resolved Penning Spectroscopy

of CEDPICS is due to the difference in electron distributions
of HOMO (ny with anti-bonding mixing of Gcc component)
and NHOMO (ny with bonding mixing of C,; component). In
addition, band 1 in PIES of DABCO shows broad width and
different collision energy dependence in the collision-energy-
resolved PIES for larger and smaller electron energies, which
can be ascribed to ionization from the ng orbital (HOMO) in
both the attractive (nitrogen lone pair orbital) interaction re-
gion resulting in smaller electron energy, and the repulsive
(ocy bond) interaction region, resulting in larger electron ener-
gy. The synthesized exterior electron density (EED) spectrum
of band 1 agrees well with the observed band shape.
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