
Classical Trajectory Calculations of Collision Energy Dependence of Partial Penning
Ionization Cross Sections for He*(23S) + CH3CN f He + CH3CN+ + e-

Tetsuji Ogawa and Koichi Ohno*
Department of Chemistry, Graduate School of Science, Tohoku UniVersity,
Aramaki Aoba-ku, Sendai 980-8578, Japan

ReceiVed: June 21, 1999; In Final Form: September 14, 1999

Classical trajectory calculations are performed for the Penning ionization system He*(23S) + CH3CN f
He(11S) + CH3CN+ + e-. Anisotropic model potentials of He*(23S) + CH3CN are adopted to calculate the
partial ionization cross sections for the ionic states, X˜ 12E, Ã12A1, B̃22E, and C̃22A1. Results of the calculations
are compared with experimental collision energy dependence of partial ionization cross sections. Analyses of
opacity functions indicate the attractive characteristics of the anisotropic interaction potential for the X˜ and
Ã states, the repulsive nature for the B˜ state, and the transition from the attractive to the repulsive features
for the C̃state.

I. Introduction

In collisions of a molecule M with a metastable atom A*
having excitation energy larger than the ionization potential of
the molecule M, a chemi-ionization process known as Penning
ionization (A* + M f A + M+ + e-)1 can occur. One of the
important variables in this process is the collision energy (Ec)
between A* and M because collision energy dependence of the
cross section reflects the shape of the interaction potential energy
surface. Illenberger and Niehaus have shown that the collision
energy dependence of the total ionization cross sectionσT for
atomic targets is mainly governed by the form of the entrance
interaction potential.2,3

If several electronic states of the M+ can be produced,σT is
the sum of the partial ionization cross sectionsσi for all the
states. The collision energy dependence of partial ionization
cross sections has been measured for various molecular targets.4-6

These measurements have revealed thatσi for the different final
states may show different collision energy dependence reflecting
the anisotropy of the interaction potential.

One of the examples is the system of He*(23S) + CH3CN
f He + CH3CN+ + e-. Possible ionic states of CH3CN+ are
the X̃12E, Ã12A1, B̃22E, and C̃22A1 states, which correspond
to the removal of an electron from the 2e(πCN), 7a1 (nN), 1e-
(σCH), and 6a1 (σCC) molecular orbitals of CH3CN, respectively.7

In this system, observed collision energy dependence of the
partial ionization cross section differs;σX̃ andσÃ decrease with
an increase ofEc, whereasσB̃ increases in the collision energy
range of 70-350 meV.6 These differences have been interpreted
qualitatively in terms of the anisotropic interaction potential. A
negative slope in a logσ-log Ec plot could be connected to
the long-range attractive part of the interaction potential, and a
positive slope could be connected to the steepness of the
repulsive part.3 On the basis of the electron exchange mechanism
of Penning ionization,8 ionization should take place with high
probability when the 1sorbital of a He atom overlaps effectively
with the molecular orbital from which an electron is removed.9

For example, ionization into the A˜ state, which corresponds to
the removal of an electron from the nonbonding nN orbital,
favorably occurs when a He* atom approaches the lone pair of

the N atom. Thus, the collision energy dependence ofσÃ could
be connected to the interaction potential around the N atom.

A theoretical treatment of Penning ionization can be divided
into two steps on the basis of the Born-Oppenheimer separation
of the electronic and nuclear motion. The first step is to calculate
the potential energy surfaces. Because the entrance A*-M state
can be considered as a resonance state, the potential energy for
this state can be described in terms of local complex potential
V ) V0 - (i/2)Γ; the real partV0 governs the collision dynamics
between A* and M, and the imaginary partΓ is the ionization
width for the decay of the A*-M state into the A-M+-e-

state. Hitherto,ab initio potential calculations for Penning
systems have been limited to atomic targets and to a few
molecular targets such as He*(23S)-H,10-15 He*,16,17 Li,18,19

Na,20-22 K,23,24 H2,12,13,25N2,26 and H2O.27,28 The second step
is to calculate the collision dynamics on the local complex
potentialV. The collision process of Penning ionization for an
atomic target has been discussed by Nakamura29 and Miller.30

Miller has derived formulas for a total ionization cross section
in classical, semiclassical and quantum mechanical frameworks.
Olson31 has calculated collision energy dependencies of the total
ionization cross section for He*(21S, 23S) + Ar using the
classical formula of Miller; theΓ used in the calculation is a
semiempirical single-exponential form. The collision dynamics
for the He*-H2 system has been treated using the infinite order
sudden (IOS),12,32close-coupling,33,34and classical trajectory35-37

methods.
Recently, we have performed calculations of the partial

ionization cross sections for the system of He*(23S) + N2 by
the classical trajectory method based on simplified models for
interaction potential and ionization width.38 The partial ioniza-
tion cross section for every ionic state monotonously increases
with the increase inEc, reflecting the repulsive characteristics
of the interaction potential. The calculated collision energy
dependence of the ionization cross section is in good agreement
with the observation, much better than the calculation based
on theab initio potentials.39

In this study, the method used in our previous work is applied
to the system of He*(23S) + CH3CN. The anisotropic nature
of the collisional ionization dynamics is also discussed.
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II. Calculations

The method of the calculation used in this work has been
reported in the previous paper.38 It has been known that a
metastable noble gas atom similarly behaves as an alkali-metal
atom in interaction with another atom or molecule because of
the outstanding importance of the outer electron as well as the
irrelevance of the inner electrons. For example, the velocity
dependence of the total scattering cross section of He*(23S) by
He, Ar, and Kr is similar to that of Li(22S),40 and the location
of the well of the interaction potential and its depth are similar
between He*(23S) and Li(22S) with various atomic targets.5,41

Therefore, the interaction potential of the He*(23S)-CH3CN
system is expected to be very similar to that of the Li(22S)-
CH3CN system. The Li(22S)-CH3CN potential calculated by
the method given below is regarded as the real part of the local
complex potential of He*(23S)-CH3CN in the present study.
Ab initio molecular orbital calculations42 were performed to
obtain the potential energy surfaceV0(R, θ, φ) of the Li(22S)-
CH3CN system, whereR is the distance between the Li (He*)
atom and the center of mass of the CH3CN molecule,θ is the
polar angle from the CCN axis of CH3CN, and φ is the
azimuthal angle. In these potential calculations, the structure
of CH3CN was fixed at the experimental geometry. This is an
approximation for the experimental condition where collisional
processes occur relatively in a short time with respect to the
molecular structural relaxation. The calculated equilibrium
structure of CH3CNLi has been found to be only slightly
deformed from a single CH3CN framework within ca. 0.01 Å.6,43

Therefore, we believe that the effect of the molecular structural
relaxation is not important. The basis set used is 6-31++G**.
The second-order Møller-Plesset perturbation theory is used
to include electron correlation effects. The full counterpoise
method44 was employed to correct the basis set superposition
errors.

The ionization widthΓ(i) of the entrance potential for each
ionic state (denoted asi) is given by

whereHel is the electronic HamiltonianΦ0 and Φ(i)
ε are the

electronic wavefunctions for the initial state (He*-CH3CN) and
the final state (He-CH3CN+ (i th ionized state)-e-), F(i) is the
density of state, andε indicates the kinetic energy of the ejected
electron. The matrix element of eq 1 can be expanded in terms
of two-electron integrals. The most important term in the case
of He*(23S) is

whereψ2s and φi are the orbitals for the initial state, the 2s
orbital of He and theith orbital of the target molecule,
respectively, andψ1s andφε(i) are the orbitals for the final state,
the 1s orbital of He and the continuum orbital of the ejected
electron, respectively. This term can be approximated as

where the distance between the electrons is replaced by an
average length to yield a constant factor ofC. Such approxima-
tions have been widely used for semiempirical evaluation of
the two-electron integrals related to charge transfer and electron
exchange.45 Because the 2s and continuum orbitals are too
diffuse compared to the 1s and ionized orbitals, positional
dependence of the ionization width is mainly governed by the

more compact 1s and ionized orbitals. As long as the angular
distribution of ejected electrons is neglected, the second overlap
integral involving the continuum orbital has minor importance.
Thus, the following formula can be used as the ionization width
for the purpose of the present study:

whereK is a constant value. In this study, theK value used is
14.6 eV, which was determined to reproduce the total ionization
cross section for the case of He*(23S)-N2.38 The orbital
functionsφi andψ1s obtained fromab initio molecular orbital
calculations with 6-31++G** basis functions for an isolated
molecule (CH3CN) and a helium atom, respectively, were used
for the evaluation of the ionization width at each geometrical
configuration.

In the present classical trajectory calculations, the geometry
of the CH3CN molecule was fixed. The relative motion between
the center of mass of the CH3CN molecule and the He* atom
is governed by the equations of motion. The force acting on
the He* atom is given by the gradient of the interaction potential,

which depends on the relative distance (R) and the mutual
orientation (θ, φ). The rotational motion of CH3CN was treated
by using the quaternion parameters38,46,47in terms of the Euler
angles. Once a set of the initial parameters of a trajectory have
been determined, time evolution of these parameters is calculated
to obtain the classical trajectory. The rateW(i) for ionization
into each ionic state is given by

To describe the dynamics of Penning ionization within a
classical treatment, one should consider the survival factor,S(t),
which indicates the survival probability of He* in the excited
state at a certain timet, as well as the ionization probability
P(i)(t), which indicates the integrated probability that ionization
into the ith ionic state has occurred before timet. These time-
dependent quantities ofS(t) and P(i)(t) should satisfy the
following differential equations:

From the initial conditions ofS(0) ) 1 andP(i)(0) ) 0, S(t) and
P(i)(t) are obtained by integrating the differential equations
together with the trajectory calculation.P(i)(∞) is the probability
that ionization into theith ionic state will occur during the whole
span of the trajectory.

Initial conditions for numerous numbers of trajectories
(10 000 trajectories for each collision energy) are generated as
follows. The impact parameterb is set to beb ) êbmax, where
bmax ) 9 Å is the upper limit ofb. Beyond this limit there are
no effective trajectories leading to ionization. The parameterê
was treated as a random number between 0 and 1. The initial
rotational energy for the CH3CN molecule was also obtained
by a random generation technique so that the distribution obeys
a Boltzmann distribution at 300 K to match the experimental
condition, although the moment of inertia of CH3CN is not so

Γ(i) ) 2πF(i)|〈Φ0|Hel|Φ(i)
ε〉|2 (1)

〈Φ0|Hel|Φ(i)
ε〉 ≈ -〈ψ2s(1)φi(2)| 1

r12
|ψ1s(2)φε(i)(1)〉 (2)

-C〈φi|ψ1s〉〈ψ2s|φε(i)〉 (3)

Γ(i) ) K|〈φi|ψ1s〉|2 (4)

F ) -∇V0(R, θ, φ) (5)

W(i)(R, θ, φ) )
Γ(i)(R, θ, φ)

p
(6)

dS(t)

dt
) -S(t) ∑

i

W(i) (7)

dP(i)(t)
dt

) S(t)W(i) (8)
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small compared with that of H2O for which the effect of the
initial rotational temperature is important.48 A set of parameters
including the orientation of the molecular axis and the rotational
axis in addition to the impact parameter and the rotational energy
was randomly generated to obtain initial conditions for a
trajectory. The set of differential equations were numerically
integrated by the fourth-order Runge-Kutta method with
adaptive stepsize control.49

III. Results and Discussion

Figure 1 shows the contour map of the calculated potential
energy surfaceV0 for Li(22S)-CH3CN, which we regard as the
model for the real part of the potential of He*(23S)-CH3CN.
The spacing of the contour lines is 50 meV forV0 < 0 and 100
meV for V0 > 0. TheV0 is attractive when a Li (He*) atom
approaches the region around the N atom. The minimum of the
potential is located on the coaxial line of the CN. The well depth
is estimated to be about 380 meV. On the other hand,V0 is
repulsive around the methyl group, except for a shallow van
der Waals well, whose depth is less than 10 meV. The intervals
between the contour lines of the repulsive part ofV0 are very
narrow around the nitrogen atom and are relatively wide around
the methyl group.

Figure 2 shows the contour maps of the partial widthsΓ(i)

for ionization into the states correlating asymptotically to the
X̃, Ã, B̃, and C̃states of CH3CN+. The shapes in the contour
maps reflect the electron distributions of the corresponding
molecular orbitals: 2e(πCN), 7a1(nN), 1e(σCH), and 6a1(σCC)
orbitals, respectively. AllΓ(i)’s have the same symmetry as the
corresponding molecular orbitals and decay exponentially as
the distance between the He* and CH3CN increases. In Figure
2, the contour line ofV0 ) 100 meV is also shown for reference.
With the collision energy of 100 meV, He* hardly approaches
within the contour line ofV0 ) 100 meV. Therefore, the contour
lines ofV0 indicate the boundaries to access for each collision
energy. As seen from Figure 2, when a He* atom approaches
the N atom along the CN axis, ionization into A˜ mainly occurs
and ionization into X˜ and B̃ doesn’t occur because of the
vanishingΓ(i)’s. When a He* atom approaches the N atom
obliquely, ionization into X˜ should effectively occur. Ionization
into B̃ should take place effectively when He* approaches the
H atom. Ionization into C˜ takes place when He* approaches
both sides of the CCN axis.

Figure 3 shows the calculated total (σT) and partial (σX̃, σÃ,
σB̃, andσC̃) ionization cross sections as a function of the collision
energyEc. σX̃ andσÃ decrease as the collision energy increases.
σÃ decreases more rapidly thanσX̃. On the other hand,σB̃

increases as the collision energy increases.σC̃ decreases forEc

< 100 meV and increases forEc > 100 meV. The gradientsm

in the logσ vs logEc plot are listed in Table 1 compared with
experimental results.6,50 In the measurement of Pasinszki et al.,6

the collision energy dependences ofσX̃ andσÃ are negative and
that of σB̃ is positive. The collision energy dependence ofσC̃

Figure 1. Contour map of the calculated interaction potentialV0.
Energy spacing is 50 meV forV0 < 0 and 100 meV forV0 > 0.

Figure 2. Contour maps of the calculated partial ionization widths
Γ(i) for (a) X̃, (b) Ã, (c) B̃, and (d) C̃states of CH3CN+. The values of
contour lines are chosen to be 1× 2n-1 meV (n ) 1, 2, ..., 11) for the
nth line from the outside. The contour line of 100 meV of the real part
potentialV0 is also shown by a thick line. The orientation of the CH3-
CN molecule is the same as that in Figure 1.

Figure 3. Collision energy dependence of the calculated total and
partial ionization cross sections.

TABLE 1: Gradients m in log σ vs log Ec plot

ionic
state

this work
(70-400 meV)

experimenta

(70-350 meV)
experiment

(90-300 meV)

X̃ -0.17 -0.25 -0.26
Ã -0.45 -0.40 -0.47
B̃ 0.52 0.15 0.12
C̃ -0.44 (25-70 meV) -0.18

0.45 (140-400 meV)

a Pasinszki (ref 6).b Kishimoto (ref 50).
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was not obtained because the corresponding band intensity was
very weak. Recently, Kishimoto et al. have measured the two-
dimensional Penning ionization electron spectra (2D-PIES)51,52

for this system.50 The collision energy dependence of the partial
ionization cross section derived from 2D-PIES is almost equal
to that of Pasinszki forσX̃, σÃ, andσB̃. The collision energy
dependence ofσC̃ is found to be negative. However, the curve
for σC̃ in the logσ vs logEc plot is slightly bent and the slope
seems to become positive atEc ) 300 meV. The collision energy
dependence in this calculation agree qualitatively with experi-
mental works; the relation of the gradientsm for each ionic
state is asmÃ < mX̃ < 0 < mB̃. Considering that the quantity
used in this work is calculated byab initio MO calculations
except for the only one empirical parameterK in eq 4, these
results are satisfactory.

The ionization cross section is the average of the ionization
probabilities of many trajectories. We, then, examine each
trajectory to obtain information about collisional dynamics.
Figures 4-7 show ionization probabilitiesP(i)(∞) into the X̃,
Ã, B̃, and C̃ states of CH3CN+, respectively, for various
trajectories. Because the target molecule is an anisotropic
system, the ionization probability depends not only on the impact
parameterb but also on the molecular orientation and the
rotational motion. This is why many dots appear at a particular
value of the impact parameter; many different situations are
included for the same impact parameter value. As can be seen
in Figures 4-7, Penning ionization probabilities are distributed
between a certain upper bound and a lower one. The trajectories
near the upper bound are most reactive, leading to ionization
into the corresponding state, and those near the lower bound
are least reactive. The sum of the partial ionization probabilities
for each trajectory cannot exceed the unity. Therefore, because
ionization probabilities for the A˜ state and the C˜ state are related

to the electron distribution extending outside on the N end of
the CN bond, their probabilities are limited to ca. 0.93 (A˜ state)

Figure 4. Ionization probabilities as functions of the impact parameter
b (opacity functions) for ionization into the X˜ state of CH3CN+. From
the top,Ec ) 50 meV (a), 100 meV (b), and 200 meV (c), respectively.
The average probability is shown by a solid curve.

Figure 5. Ionization probabilities as functions of the impact parameter
b (opacity functions) for ionization into the A˜ state of CH3CN+. From
the top,Ec ) 50 meV (a), 100 meV (b), and 200 meV (c), respectively.
The average probability is shown by a solid curve.

Figure 6. Ionization probabilities as functions of the impact parameter
b (opacity functions) for ionization into the B˜ state of CH3CN+. From
the top,Ec ) 50 meV (a), 100 meV (b), and 200 meV (c), respectively.
The average probability is shown by a solid curve.
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and ca. 0.06-0.07 (C̃ state). The sum of average partial
probabilities shown by a solid curve in Figures 4-7 is also
limited to less than the unity.

The opacity functions reflect the collision dynamics. Those
for ionization in the X̃ and Ã states have the following
characteristics:

1. The upper boundary of the ionization probabilities are large
and are almost independent of the impact parameter below
the critical impact parameterbc (ca. 5-7 Å), whereas the
ionization probabilities are almost 0 for the collision with
the impact parameter larger thanbc.

2. The critical impact parameterbc becomes smaller as the
collision energy increases; atEc ) 50 meV some trajectories
with the impact parameter larger than 6 Å lead to ionization
with high probability, but atEc ) 200 meV the trajectories
with the impact parameter larger than 5.5 Å hardly lead to
ionization.

These characteristics can be explained in terms of the
theoretical treatment for a spherical attractive potential.3 As the
impact parameterb is varied to larger values, the turning point,
at which the distance between molecules is shortest, jumps atb
) bc. He* can approach a small distance forb < bc but rebounds
outside the centrifugal barrier of the effective potential forb >
bc. Forb < bc trajectories are mainly determined by the attractive
forces and almost independent ofb and ofEc. As the collision
energy increases, thebc decreases. The trajectories which lead
to ionization into the X˜ and Ã states with high probability are
governed by the attractive potential around the nitrogen atom.
The partial probability on the upper boundary is less than unity
because the ionization into each ionic state is competitive.

Opacity functions for ionization into the B˜ state have the
following characteristics.

1. The upper boundary of the ionization probabilities depends
on the impact parameter. As the impact parameter changes
to a smaller value, the ionization probability gradually
increases.

2. The ionization probability increases as the collision energy
increases forb < 4 Å.

These characteristics are typical for the repulsive potential
such as N2.38 He* can approach smaller distances as the collision
energy increases and as the impact parameter becomes smaller.
The trajectories which lead to ionization into the B˜ state with
high probability are governed by the repulsive part of the
potential. In contrast, the ionization probability decreases as the
collision energy increases for a larger impact parameter (b > 4
Å). This seems to be owing to the trajectories which are attracted
by the potential around the nitrogen atom.

Opacity function for ionization into the C˜ state seems to be
the overlap of that of the attractive and repulsive cases. This is
interpreted as the fact that ionization into the C˜ state can take
place both around the nitrogen atom and the C atom of the
methyl group, as can be seen fromΓ(C̃) in Figure 2. For lower
collision energy, ionization into the C˜ state takes place in the
trajectories which approach the nitrogen atom, so the opacity
function has the same characteristics as those of the A˜ state. In
this case, the ionization cross section decreases as the collision
energy increases. The sum of probability at the upper boundaries
for the Ã and C̃states is almost unity, as mentioned above; the
trajectories which give high probability to the A˜ state also give
high probability to the C˜ state and give little probability to other
states. For larger collision energy, ionization into the C˜ state
takes place both at the N atom side and the opposite C atom
side. As the collision energy increases, the ionization probability
on the trajectories which approach the C atom of the methyl
group increases. Therefore, the ionization cross section begins
to increase at a certain collision energy of ca. 100 meV, as can
be seen in Figure 3.

IV. Conclusion

Classical trajectory calculations of the Penning ionization
process based on theab initio model potential and the overlap
approximation for the ionization width are performed to obtain
the collision energy dependence of the partial ionization cross
sections. Calculated cross sections are compared with the
experimental results. Although our calculations are a combina-
tion of the ab initio and semiempirical treatment, our results
agree qualitatively with experimental results. Analyses of opacity
functions indicate the attractive characteristics of the anisotropic
interaction potential for the X˜ and Ãstates, the repulsive nature
for the B̃ state, and the transition from the attractive to the
repulsive features for the C˜ state. Investigation into the opacity
functions leads to insight into the dynamics in the anisotropic
potential energy surface.
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