
ARTICLES

Collision-Energy-Resolved Penning Ionization Electron Spectroscopy of Nitriles:
Conjugation Effects on Interactions with He*(23S) Metastable Atoms
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Penning ionization of propionitrile (CH3CH2CtN), acrylonitrile (CH2dCHCtN), and 3-butenenitrile
(CH2dCHCH2CtN) upon collision with He*(23S) metastable atoms has been studied by two-dimensional
Penning ionization electron spectroscopy in which Penning electron intensity is measured as a function of
both collision energy and electron energy. We have observed a strong negative collision energy dependence
of the partial ionization cross sections for ionization from nonbonding andπCN orbitals of all samples studied,
which indicates that the interaction potentials between He*(23S) and target molecules are strongly attractive
around the cyano group. Forπ-conjugated acrylonitrile, strong attractive interaction was shown for theπCC

orbital region, while the attractive interaction for theπCC orbital region became weak for nonconjugated
3-butenenitrile. The observed results are consistent with calculated model potential curves. The electron
density difference for charge transfer was analyzed for the lone pair orbital region where the molecule acts
as an electron donor, while the molecule acts as an electron acceptor for the conjugatedπ orbital region.

I. Introduction

A chemiionization process known as Penning ionization1 can
occur when a metastable atom A* collides with a target molecule
(or atom) M, where A* has a larger excitation energy than the
lowest ionization potential (IP) of M:

Two important variables of this process: (a) collision energy
Ec between A* and M in the entrance channel and (b) kinetic
energyEe of the ejected Penning electron in the exit channel,
can be measured by (A) velocity (or collision energy) selection
of A* and (B) Penning ionization electron spectroscopy,2,3

respectively. Observed band intensities of Penning ionization
electron spectra (PIES)4 for various ionic states reflect partial
ionization cross sections. One can, therefore, measure collision
energy dependence of partial ionization cross sections (CED-
PICS) by collision-energy-resolved Penning ionization electron
spectroscopy5-16 that is the combined technique of methods A
and B.
When one measures total ionization cross sections as func-

tions of collision energy, it is difficult to obtain information on
anisotropic interaction potentials because the total ionization
cross section, which is the sum of partial ionization cross
sections, reflects averaged characteristics of the interaction
potentials.17-24 In the Penning ionization process, an electron
in a molecular orbital (MO) having large electron densities
outside the surface of M is transferred to the inner-shell orbital
of A*, and the excited electron in A* is ejected.25 It has been
shown from the study26 of partial ionization cross sections or
branching ratios for Penning ionization that the most effective
geometrical situations for the collisional ionization are different
depending upon the electron distribution of the target MOs.
Since the electron distribution of individual MOs is more or

less localized on a special part of the molecule, the measurement
of the CEDPICS for ionization from particular MOs enables us
to obtain the local information on interaction potentials.
Recently, we have improved the efficiency of measurement

by two methods:27 (1) two-dimensional (2D) Penning ionization
electron spectroscopy,27a,28which enables us to measure kinetic
energies and time-dependent counts of Penning electrons
simultaneously, and (2) the cross-correlation time-of-flight
(TOF) method27b,29with a pseudorandom chopper for measuring
the velocity distribution of A* and time-dependent distribution
of Penning electrons. By combining these methods, it has
become possible to measure collision-energy-resolved PIES
(CERPIES) for various collision energies and CEDPICS for
various electron energies at the same time with considerably
improved signal-to-noise ratios of time-dependent counts.
In our previous studies,7-16 we reported CERPIES and

CEDPICS with one of the two variables of the Penning
ionization process fixed, and we obtained information on the
anisotropy of interaction potential for some molecules. Strong
attractive potentials were shown in the pseudohalide terminal
lone electron pair region of CH3SCN,11 CH3CN,14 and CH3-
NC14with remarkably enhanced bands in PIES for nonbonding
orbitals mainly localized on nitrogen or carbon atom (nN or nC),
while theπ orbital region of CH3NCS11 was shown to be more
attractive than the nS orbital region. Also, repulsive potentials
were shown around the methyl group of these compounds. In
this study, we investigated CEDPICS of propionitrile (CH3-
CH2CtN), acrylonitrile (CH2dCHCtN), and 3-butenenitrile
(arylcyanide: CH2dCHCH2CtN) to elucidate the effect of the
CdC bond and its distance from the CtN group.

II. Experimental Section

We measured He*(23S) PIES and He I ultraviolet photoelec-
tron spectra (UPS). For PIES, a metastable beam of He*-
(23S,21S) was produced by a discharge nozzle source7-9 andX Abstract published inAdVance ACS Abstracts,June 15, 1997.

M + A* f M+ + A + e- (1)
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the He*(21S) component was quenched by a water-cooled
helium dc lamp. The He I resonance photons (21.22 eV) were
produced by a discharge in pure helium gas. The energy
resolution of the electron energy analyzer for the He*(23S) PIES
and the He I UPS was estimated to be 60 meV. The
transmission efficiency curve of the electron energy analyzer
was determined by comparing UPS data with those by Gardner
and Samson30 and Kimura et al.31

In collision-energy-resolved Penning ionization electron
spectroscopy, we have combined two techniques with the
apparatus reported previously:7-10 the 2D Penning ionization
electron spectroscopy27a,28and the pseudorandom modulating
cross-correlation TOF method.27b,29 The metastable beam was
pulsed by the pseudorandom chopper and introduced into a
reaction cell located 504 mm downstream from the chopper disk.
The pseudorandom chopper was made by etching two slit
sequences of 127 elements on a 104-mm-diameter and 0.2-mm-
thick brass disk. The element width of ca. 1.2 mm was selected
to be comparable to the 1.0 mm diameter of the skimmer.
Kinetic energies and time-dependent counts of emitted electrons
from sample molecules or a reference stainless steel plate were
analyzed by a hemispherical electron analyzer and stored in a
2 MB random-access memory (1M channels× 2 byte/channel).
In 2D measurements, we lowered the resolution of the analyzer
to 250 meV in order to obtain higher electron-counting rates.
The time resolution∆t determined both by the rotational
frequency (ca. 400 Hz) and the number of elements (2× 127)
was about 10µs. Electron energies were scanned by 40 meV
step, and a dwell time for the time-dependent measurement was
4 µs, which were both adequate for the electron energy and the
time resolution.
The observed 2D electron intensity spectraIe(Ee,τ) as a

function of electron kinetic energyEe and timeτ (Figure 1a),
which consisted of about 70 000 data points, were accumulated
in about 6.5 h. The 2D spectraIe(Ee,τ) were converted on a
workstation to 2D spectraIe(Ee,τTOF) as a function of the time-
of-flight of He* (Figure 1b) by Hadamard transformation in
which time dependent signals were cross-correlated with the
complementary sequence of the slit sequence. TheIe(Ee,τTOF)
can be led toIe(Ee,νHe*) as a function of the velocity of He*
and then to the 2D Penning ionization cross sectionσ(Ee,νr) by
the equations

wherec is a constant,νr is the relative velocity averaged over
the velocity of the target molecule,k is the Boltzmann constant,
andT andM are the gas temperature and the mass of the target
molecule, respectively. The origin ofτTOF and velocity distribu-
tion of He* beamIHe*(νHe*) were determined by monitoring
secondary electrons emitted from the inserted stainless plate.
Finally, σ(Ee,νHe*) is converted to the 2D-PIESσ(Ee,Ec) by the
relation

whereµ is the reduced mass of the system (Figure 1c).

III. Calculations

We performedab initio SCF calculations with 4-31G basis
functions for neutral target molecules in order to obtain electron
density contour maps, schematic diagrams of MOs, and orbital
energies. The geometries of molecules were selected from
literature for propionitrile,32 acrylonitrile,33 and 3-butenenitrile.34

In electron density contour maps, thick solid curves indicate
the repulsive molecular surface approximated by van der Waals
radii.35 In schematic diagrams of MOs, circles and ellipses were
used. Solid circles showed valence s orbitals, where couples
of ellipses and dashed circles showed in-plane and out-of-plane
components of p orbitals, respectively.
Interaction potential energies between He*(23S) and M in

various directions were also calculated on the basis of the well-
known resemblance between He*(23S) and Li(22S); the shape
of the velocity dependence of the total scattering cross section
of He*(23S) by He, Ar, and Kr is very similar to that of Li,36

and the location of the interaction potential well and its depth
are similar for He*(23S) and Li with various targets.17,18,37,38

Because of these findings and difficulties associated with
calculations for excited states, the Li atom was used in this study
in place of He*(23S). When we carried out interaction potential
calculations for the out-of-plane direction of acrylonitrile with
a 4-31++G** basis set, the calculations using an unrestricted
Hartree-Fock (UHF) method and second-order Møller-Plesset
perturbation (MP2) theory were difficult to converge or the
obtained results were strongly spin contaminated. Then we
calculated with density functional theory (DFT) for all M-Li
systems in this study by the electron correlation energy
correction taken in Becke’s three-parameter exchange with the
Lee, Young, and Parr correlation functional (B3LYP)39 and
checked the small degree of spin contamination by the expected
values of the spin angular momentum. For comparison, the
interaction energy values by MP2 or spin-projected MP2

σ(Ee,νr) ) c{Ie(Ee,νHe*)/IHe*(νHe*)}(νHe*/νr) (2)

νr ) [νHe*
2 + 3kT/M]1/2 (3)

Ec ) µνr
2/2 (4)

Figure 1. Schematic diagrams of 2D Penning ionization electron
spectra for propionitrile: (a) observed 2D spectraIe(Ee,τ) as a function
of electron kinetic energyEe and timeτ, (b) converted 2D spectra
Ie(Ee,τTOF) as a function ofEe and the time-of-flight of He*τTOF, and
(c) obtained 2D Penning ionization cross sectionσ(Ee,Ec) as a function
of Ee and collision energyEc.
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(PMP2) calculations shall also be mentioned in this paper. All
the calculations in this study were carried out by using a
quantum chemistry program.40

In order to see the change of electron distribution upon charge
transfer between the molecule and a lithium atom, the electron
density difference was calculated with using wave functions
obtained by DFT. In the electron density maps, the increase
of electron density was plotted with solid lines and the decrease
with dashed lines, respectively.

IV. Results

Figures 2-4 show the He I UPS and He*(23S) PIES of
propionitrile, acrylonitrile, and 3-butenenitrile, respectively. The
electron energy scales for PIES are shifted relative to those for
the difference in the excitation energies, 21.22-19.82) 1.40
eV. Some overlapping bands in PIES were decomposed into
Gaussian type components and shown by dashed curves.
Figures 5-7 show the CERPIES of propionitrile, acrylonitrile,

and 3-butenenitrile, respectively. In order to gain enough
intensities, CERPIES were obtained from the 2D-PIES within
ca. 20µs width of TOF. In each figure, the low-collision-energy
(ca. 90-110 meV, average 100 meV) spectrum is shown by a
solid curve, the middle-collision-energy (ca. 135-165 meV,
average 150 meV) spectrum is shown by a dotted curve, and
the high-collision-energy (ca. 220-290 meV, average 250 meV)
spectrum is shown by a dashed curve.
Figures 8-10 show the logσ vs logEc plots of CEDPICS

for propionitrile, acrylonitrile, and 3-butenenitrile, respectively.
The CEDPICS were obtained from the 2D-PIES within an
appropriate range ofEe (typically the fwhm of the respective
band) to avoid the effect of neighboring bands. The calculated
electron density maps of the molecular orbitals are also shown

in the figures with simplified diagrams indicating component
atomic orbitals. Electron density contour maps forσ orbitals
are shown on the molecular plane, and those forπ orbitals are
shown on a plane at a height of 1.70 Å from the molecular
plane.
Table 1 lists the vertical ionization potentials (IP determined

from the He I UPS) and assignments of the observed bands.
The peak energy shifts (∆E) in PIES measured with respect to
the “nominal” energyE0 (E0 ) the difference between the
metastable excitation energy and the target ionization potential)
are also shown. The peak energy shifts to some diffuse bands
or shoulders were not determined. Values of the slope
parameterm for the logσ vs logEc plots were estimated in a
collision energy range for 150-185 meV by a least-squares
method.
Figures 11-13 show model potential energy curvesV(R) by

DFT (unrestricted B3LYP/4-31++G**) for propionitrile-Li,
acrylonitrile-Li, and 3-butenenitrile-Li, respectively. The
distanceRbetween the target molecule and Li is measured from
the nitrogen atom, the CN axis, or the molecular plane.
Figure 14 shows electron density difference contour maps

of (a) propionitrile and Li for in-plane access along the CN bond
axis (R) 2.0 Å), and acrylonitrile and Li for out-of-plane access
to the vinyl group of (b)R ) 3.0 Å and (c)R ) 2.0 Å.

V. Discussion

A. Propionitrile. The UPS31,41 as well as PIES42 of
propionitrile have been studied previously. In the PIES of
propionitrile (Figure 2), an intense band 3 that originates from
a lone pair nN(11a′) orbital43 shows large electron density
exposed outside the molecular surface.42 In this study, we
observed a strong negative collision energy dependence of
σ(Ec) in CERPIES (Figure 5) and CEDPICS (Figure 8) for band

Figure 2. He I UPS and He*(23S) PIES of propionitrile.

Figure 3. He I UPS and He*(23S) PIES of acrylonitrile.
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3 (m ) -0.50( 0.10). This negative dependence indicates
that the potential energy surface of the entrance channel is
strongly attractive along the CN bond axis. When the long-
range attractive part of the interaction potentialV*(R) plays a
dominant role and its form is the type

we obtain the collision energy dependence ofσ(Ec) as

This equation gives a relationship between the slope parameter
m and the potential parameters (m ) -2/s).2,17,22 Indeed, an
attractive potential curve with a deep well was calculated for
straight access along the CN bond axis (Figure 11). In addition,

TABLE 1: Band Assignments, Ionization Potentials (IP/eV), Peak Energy Shifts (∆E/meV), and Obtained Slope Parameter (m,
See Text) for Nitriles

molecule band IPobsd/eV IPcalcd/eV orbital character ∆E/meV m

propionitrile 1, 2 12.12 12.37 12a′(πCN)} -250( 100 -0.44( 0.0912.43 3a′′(πCN)
3 12.83 14.56 11a′(nN) -390( 30 -0.50( 0.10
4 13.55 14.73 2a′′(σCH) } -0.28( 0.075 14.23 15.10 10a′(σCC)
6 15.08 15.87 9a′(σCH) 10( 100 -0.17( 0.12
7 16.57 17.97 1a′′(σCH) 50( 100 0.10( 0.15
8 17.40 19.05 8a′(σCC) -120( 100 -0.04( 0.12

acrylonitrile 1 10.97 10.62 2a′′(πCC) -230( 50 -0.30( 0.01
2 12.63 12.72 12a′(πCN) -190( 100 -0.41( 0.03
3 13.07 14.84 11a′(nN) -270( 30 -0.60( 0.04
4 13.60 14.10 1a′′(πCN) -220( 100 -0.47( 0.03
5 14.42 15.70 10a′(σCH) -300( 200 -0.33( 0.03
6 16.26 17.56 9a′(σCC) -110( 50 -0.12( 0.03
7 17.75 19.58 8a′(σCH) 30( 100 -0.11( 0.02

3-butenenitrile 1 10.60 10.47 3a′′(πCC) -20( 50 -0.10( 0.02
2, 3 12.19 12.69 15a′(πCN)} -350( 100 -0.37( 0.0112.76 2a′′(πCN)
4 12.98 14.97 13a′(nN) -350( 30 -0.48( 0.01
5 13.40 14.20 14a′(σCH) -320( 100 (-0.32( 0.05)
6 14.68 16.14 12a′(σCC) -120( 100 -0.07( 0.03
7 15.93 17.46 1a′′(σCH) } 0.02( 0.018 16.35 17.90 11a′(σCH,σCC)
9 17.15 18.99 10a′(σCH) -50( 200 -0.03( 0.02
10 19.26 21.65 9a′(C2s)

Figure 4. He I UPS and He*(23S) PIES of 3-butenenitrile.

V*(R) ∝ R-s (5)

Figure 5. Collision-energy-resolved He*(23S) PIES of propionitrile:
solid curve at 93-108 meV, average 100 meV; dotted curve at 136-
164 meV, average 150 meV; dashed curve at 223-284 meV, average
250 meV.

Figure 6. Collision-energy-resolved He*(23S) PIES of acrylonitrile:
solid curve at 92-110 meV, average 100 meV; dotted curve at 135-
169 meV, average 150 meV; dashed curve at 217-300 meV, average
250 meV.
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a negative peak energy shift of band 3 (∆E) -390( 30 meV)
indicates the existence of an attractive potential well of this
order, and the estimated value is in good agreement with the
calculated value by DFT (ca. 400 meV) and an MP2 calculation
(ca. 410 meV,R ) 2.0 Å).
A strong negative collision energy dependence of band 1, 2

(m) -0.44( 0.09) that originates from nearly degenerateπCN

orbitals also shows attractive potential for in-plane and out-of-
plane directions around the CN bond. The calculated potential
curve for out-of-plane access to the cyano group vertical to the
molecular plane (Figure 11) shows a pulled-down shape with a
shallow well (ca. 30 meV), which can indicate that a deep
attractive potential well spreads widely around the nN orbital
region. The negative slope of CEDPICS for theπCN bands can
be ascribed to the effect of the strong attractive force. Compar-
ing the observed results with the calculated results, the trends
of steepness for anisotropic interaction potential curves are

consistent with obtaineds values of nN band (s) 4.0) andπCN

bands (s) 4.5). The strong attractive force can be connected
with charge transfer from propionitrile to the lithium atom in
the direction of the lone pair orbital as shown in the electron

Figure 7. Collision-energy-resolved He*(23S) PIES of 3-butene-
nitrile: solid curve at 92-111 meV, average 100 meV; dotted curve
at 135-170 meV, average 150 meV; dashed curve at 218-294 meV,
average 250 meV.

Figure 8. Collision energy dependence of partial ionization cross
sections for propionitrile with He*(23S).

Figure 9. Collision energy dependence of partial ionization cross
sections for acrylonitrile with He*(23S).

Figure 10. Collision energy dependence of partial ionization cross
sections for 3-butenenitrile with He*(23S).
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density difference map (Figure 14a), where the lithium atom
acts as an electron acceptor by a 2s-2p hybridized orbital.
In contrast to the cases of the attractive potential, positive

slope shown in the nonlinear behavior of band 7 (σCH) can be
ascribed to a repulsive potential energy surface around the ethyl
group. The calculated potential curve for out-of-plane access
to the ethyl group shows a repulsive potential energy curve
(Figure 11). As discussed in the literature,8 when a repulsive
term is dominant in the interaction, the slope parameterm is
related to the parametersd andb by the equationm) (b/d) -

1/2, whered is the effective decay parameter for the interaction
potential between the target molecule and metastable atom (V*-
(R) ) B exp(-dR); R is the distance) andb is the effective
parameter of the transition probability (W(R) ) C exp(-bR))
related to the IP of the molecule (I(M)) by the equationb )
2{2I(M)}1/2. Similarly, the positive slope of nonlinear CED-
PICS for band 8 can be ascribed to the 8a′(σCC) orbital whose
density is distributed around the repulsive methylene region.
For bands 4 and 5, the shape and position of each band were
uncertain in PIES due to overlapping with band 6 or being
hidden under the intense band 3 by its large negative peak shift
(∆E) -390( 30 meV). The negative slopes of band 4, 5 (m
) -0.28 ( 0.07) and band 6 (m ) -0.17 ( 0.12) can be
ascribed to the relative large electron density of 10a′ and 9a′
orbitals around the cyano group, respectively.
B. Acrylonitrile. For the assignments of valence ionization

spectra of acrylonitrile, extensive studies31,41,42,44-51 have been
investigated. It should be noted that the assignments ofπCN

bands and nN band were discussed42,49 on the remarkable
intensity of the nN band in PIES (see Figure 3).
In this study, a strong negative collision energy dependence

was observed (Figures 6 and 9) for the strongly enhanced nN

band (m) -0.60( 0.04). The relatively small negative peak
shift for the nN band (∆E ) -270 ( 30 meV;∆E ) -210
meV by Perreau et al.49) can be ascribed to a well of this order
for the entrance channel, although the well depth was overes-
timated (Figure 12) by DFT (ca. 390 meV) and a PMP2 (R)
2.0 Å, ca. 390 meV) calculation.
For an in-plane access to the cyano group, theπCN band (band

2) showed weaker negative dependence (m ) -0.41( 0.03)
than the nN band (m) -0.60( 0.04). This trend can also be
explained by the influence of the strongly attractive CN bond
region as for propionitrile, which is consistent with the negative
peak shift (∆E ) -190( 100).
For out-of-plane directions of the conjugatedπ system,

negative collision energy dependence was observed for the 2a′′
(band 1,m ) -0.30( 0.01) and 1a′′ (band 4,m ) -0.47(
0.03) orbitals. Since exterior electron density26 outside the

Figure 11. Model potential curvesV(R) for propionitrile-Li: (0) in-
plane access along the CN axis; (2) out-of-plane access vertical to the
CN axis; (b) out-of-plane access to the ethyl group.

Figure 12. Model potential curvesV(R) for acrylonitrile-Li: (0) in-
plane access along the CN axis; (]) in-plane access vertical to the CN
axis; (2) out-of-plane access vertical to the CN axis; (b) out-of-plane
access vertical to the vinyl group.

Figure 13. Model potential curvesV(R) for 3-butenenitrile-Li: (0)
in-plane access along the CN axis; (2) out-of-plane access vertical to
the CN axis; (b) out-of-plane access vertical to the vinyl group.
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molecular surface is mostly localized on the vinyl group (69.2%)
for the 2a′′ orbital and on the CN group (70.0%) for the 1a′′
orbital obtained by the SCF MO calculation, the negative
dependence of band 1 and band 4 is expected to mainly reflect
ionization in theπCC and theπCN regions, respectively. In
contrast to the repulsive interaction around the ethyl group of
propionitrile, the potential energy surface for out-of-plane access
to the vinyl group of acrylonitrile is thought to be an attractive
curve (m) -0.30( 0.01,s) 6.7) steeper than in-plane access
along the CN bond axis (m ) -0.60( 0.04,s ) 3.3). The
calculated potential curve by the DFT method shows an
undulating attractive form that can be ascribed to curve crossing
of two different electronic states in connection with the change
of an occupied orbital from the 2s to 2p orbital of He*. The
well depth is estimated from the negative peak shift (∆E )
-230( 50 meV), which is on the order of the calculated steep
well of ca. 330 meV (R ) 2.0 Å) by DFT. In PMP2
calculations, interaction potential energy for the out-of-plane
access was increased to ca.+390 meV atR) 2.2 Å and then
lowered to ca.+10 meV (ca.-70 meV for an optimized
geometry) atR ) 2.0 Å, which also suggests an undulating
potential, but the potential barrier is too high for the collision
energy range in this study. In the collision-energy-resolved

PIES (Figure 6), the peak position of band 1 shifted to lower
electron energy for lower collision energy spectra, which means
that He* atoms of low collision energy are captured in the
potential well and that the barrier height which is determined
by centrifugal barrier and the hump of the potential curve is
thought to be comparable with collision energy. The hump,
therefore, should be smaller than+100 meV.
The calculated potential curve for out-of-plane access to the

πCN orbital region also shows a steep well by short-range
attractive force, which is quite different from in-plane access
to the cyano group (Figure 12). The stronger negative
dependence of theπCN band (m) -0.47( 0.03) than that of
theπCC band (m) -0.30( 0.01) is thought to reflect both the
attractive force for the out-of-plane direction and the strong
attractive force along the CN bond axis. The origin of the
undulating attractive potential curve will be related with theπ
conjugation effect in section D.
Negative slopes for band 5 (σCH, m) -0.33( 0.03), band

6 (σCC, m ) -0.12( 0.03), and band 7 (σCH, m ) -0.11(
0.02) are thought to be affected by the strong attractive force
around the molecule, while the slope for theσCH band andσCC
band of ethylene13 gave positive values of ca. 0.12 and 0.18,
respectively.
C. 3-Butenenitrile. The small slope of CEDPICS (m )

-0.10( 0.02) and the very small peak energy shift (∆E )
-20( 50 meV) of band 1 (πCC) is consistent with a calculated
repulsive interaction by DFT (Figure 13) and a PMP2 calculation
(R) 2.0 Å, ca.+410 meV) for out-of-plane access to theπCC

orbital region, while attractive interaction was observed and
calculated for the conjugatedπCC orbital region of acrylonitrile.
From intensity ratio estimation of theπCC and nN bands (I(πCC)/
I(nN)) of acrylonitrile and 3-butenenitrile, theπCC band of
acrylonitrile (0.32) is enhanced compared with that of 3-butene-
nitrile (0.19), which also shows attractive interaction around
theπCC orbital region of acrylonitrile. As we shall mention in
the next section, the effect of inserting a methylene group into
the conjugatedπCC andπCN system is thought to weaken the
attractive force around theπCC orbital region.
On the other hand, the potential energy around the cyano

group is strongly attractive, which is shown by the CEDPICS
and large negative peak energy shift of band 4 (nN,m) -0.48
( 0.01,∆E) -350( 30 meV) and nearly degenerate band 2,
3 (πCN, m ) -0.37( 0.01,∆E ) -350( 100 meV). The
experimental results are consistent with the trend of calculated
curves by DFT (Figure 13). The slope ofπCN bands (m )
-0.37( 0.01) is similar to that for the nonconjugated in-plane
πCN orbital of acrylonitrile (band 2,m ) -0.41( 0.03).
The small collision energy dependence of band 6 (σCC, m)

-0.07( 0.03), band 7, 8 (σCH, σCC, m ) 0.02( 0.01), and
band 9 (σCH,m) -0.03( 0.02) can be ascribed to the repulsive
σCH orbital region.
D. π Conjugation Effect. In electron density difference

maps, large decrease of electron density between the lithium
atom and acrylonitrile is shown for out-of-plane access to the
πCC orbital region of acrylonitrile at a distance ofR ) 3 Å
(Figure 14b). On the contrary, a large increase of electron
density both in theπCC orbital region and around the cyano
group by charge transfer from the electron-donating lithium atom
is shown at a distance ofR ) 2 Å (Figure 14c), while charge
transfers from the molecule to the lithium atom along the CN
bond axis of propionitrile (Figure 14a). As discussed in a
previous study,46 the energy level of the lowest unoccupied
molecular orbital (LUMO) of acrylonitrile is considerably
lowered by both the inductively electron-withdrawing effect of
the cyano group and theπ conjugation effect of theπCN and
πCC system for the out-of-plane direction. The loweredπ*-

Figure 14. Electron density difference contour maps: (a) in-plane
access along the CN axis (R) 2.0 Å) for propionitrile in the molecular
plane; (b) out-of-plane access to the vinyl group (R ) 3.0 Å) for
acrylonitrile (the left panel is in the molecular plane; the right panel is
in the vertical plane including the CdC bond and Li atom. The left
panel and the right panel are intersecting each other along the dashed
line); (c) out-of-plane access to the vinyl group (R ) 2.0 Å) for
acrylonitrile (the left panel is in the molecular plane; the right panel is
in the vertical plane including the CdC bond and Li atom). The
increase of electron is shown by solid lines, and the density difference
of thenth solid line from the outside (dn) is 2n-2 × 10-5 au-3 except
thatd1 is 0 au-3. The decrease of electron is shown by dashed lines,
and the density difference of thenth dashed line from the outside is
-2n-1 × 10-5 au-3.

log σ(Ec) ∝ (-2/s) logEc (6)
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type LUMO, therefore, can overlap with the 2p component of
lithium atom in the short range as shown in the right panel of
Figure 14c, which is thought to be the origin of the attractive
force for the out-of-plane direction of acrylonitrile. In this
connection, infrared and electron spin resonance spectroscopic
studies52,53of Li-CH2CH2 complex showedπ type equilibrium
structure, which was confirmed to be a2B2 electronic ground
state with a binding energy of ca. 2.2 kcal/mol (94 meV) by a
DFT calculation54 with geometry optimization. For some
substituted ethylenes, on the other hand, a direct correlation
between the energy levels of an occupiedπCC orbital and the
slope of CEDPICS forπCC bands has been observed.55

In contrast to aπ-conjugated system, back-donation from
He*(23S) to the LUMO of the sample molecule, which was
mentioned above, cannot occur for a nonconjugated system
because of higher energy of the LUMO. As mentioned above,
the slope of theπCC band became flattened from-0.30( 0.01
(acrylonitrile) to-0.10( 0.02 (3-butenenitrile) by inserting a
methylene group into the conjugatedπCCandπCN system, which
is consistent with the peak energy shift ofπCC band for
acrylonitrile (∆E ) -230( 50 meV) and for 3-butenenitrile
(∆E ) -20 ( 50 meV).

VI. Conclusions

The partial ionization cross sections have shown characteristic
negative collision energy dependence for propionitrile, acrylo-
nitrile, and 3-butenenitrile by collision-energy-resolved Penning
ionization electron spectroscopy, which indicates that the
interaction potential between a He*(23S) metastable atom and
the target molecule is highly anisotropic, having a repulsive
potential around theσCH bond and an attractive potential around
the lone pair orbital region around the nitrogen atom. Interaction
potential curves by model calculation with Li(22S) instead of
He*(23S) using DFT have been calculated and are in good
agreement with the experimental results. The electron density
difference has been analyzed for charge transfer from a molecule
to the lithium atom in the direction of the lone pair orbital.
For aπ-conjugated system, attractive potentials have been

shown for out-of-plane access to the conjugatedπ orbital region
by a strong negative collision energy dependence for theπCC

band andπCN band, which can be explained by interorbital
interactions of the 2p component of lithium atom with the
energy-loweredπ*-type LUMO of acrylonitrile. By inserting
a methylene group into the conjugatedπCC andπCN system,
the attractive force for the out-of-plane direction became weak
in the nonconjugated system because of the higher energy of
the LUMO than that ofπ-conjugated acrylonitrile.
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