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The Penning ionization cross section of At* CHCI; crossed beam reaction is determined as the function

of both molecular orientation and relative collision energy using oriented €miGlecular beam and TOF
measurement. We find that the steric opacity function at low collision energies is well correlated to the exterior
electron density distribution of the CH{holecular orbital that plays a key role in the electron exchange. At

high collision energies, however, the reactivity along the molecular axis becomes favorable while the sideways
approach on the other hand becomes unfavorable. The result of our ab initio calculation reveals that this
collision energy dependence of the sideways approach shows clear discrepancy with the generally accepted
propensity rule for repulsive interaction potential. We propose here that this discrepancy can be ascribed to
the dependent competition of product branching between Penning ionization and that neutral dissociation
varies as collision energy.

I. Introduction the role of collision energy and molecular orientation separately
for understanding stereodynamical aspects of Penning ionization
by active control of molecular orientations for the 2@ ¢) +
CHCIl; — Ar + CHCL' + Cl + e reaction in the 0.080.18

eV collision energy range, where it had been reported that
CHCl," is the only ion producl.

Penning ionization is one of the major processes for de-
excitation of metastable atoms by collisions with molecules.
A* + B — A + Bt + e is a typical scheme for this reaction,
where A* means a metastable atom that should have excitation
energy higher than the ionization potential of B. It has been
recognized that collision energy and the angle of attack play ) )
important roles in Penning ionization. This perspective is based - Experimental Section
on the proposal originally made by Hotop and Niehaus in 1969.

They claim that the ionization takes place via the electron which has been described more fully elsewHértaus only a

exghanlgellm'cll|nlty at tr}le tL:rmng')[ p0|r|1t; nlarr?e'lty, traqsfer thaﬂ brief description is given with reference to the Newton diagram
outer-shell electron of a target molecule into an inner-shell ¢ o arep, 3 + CHCI, colliding system.

vacancy of an excited rare-gas atom, which in turn ejects the
external electroA.That is, the ionization probability is ruled
by the extent of mutual overlap between atomic and molecular
orbitals involved.

The overall stereoanisotropic effect in Penning ionization is
attributed to the sum effect of anisotropy of interaction potential
between the colliding pair, and also anisotropy of electron
density distribution of relevant molecular orbital. Since we can
assign the Penning electron at a fixed enenrgy to a specific
molecular orbital which exhibits characteristic spatial distribution

Figure 1 shows the experimental setup employed in this work,

To carry out the velocity-resolved analysis, the velocity
distributions of the metastable atoms #R{¢), or Ar* in brief,
and the product ion CHEt are determined by a conventional
time-of-flight (TOF) technigue with the flight length of 350 mm.
The Ar* beam with 35s pulse width is generated by the pulsed
glow discharge between grid and filaméhf he glow discharge
was ignited by the pulsed grid voltage, which provides the time
origin for the TOF measurement. The TOF profile of Ar* was
directly measured by a secondary electron multiplier (SEM)
of the exterior electro? collision energy dependence measure- mounted on the p(_)sitive electrode of the orienting ﬁ‘?'d at the

beam crossing point. Ar* metastable atom has two fine-states

ment of the ionization cross section on each specific Penning " : .

electron has been applied to elucidate stereoanisotropy of the\é\’.Ith dlfLeerg'Ent energ|es?P()rs;1H723 ev) aEcFEZ(ll?lS'M\? ?]V)' h
individual molecular orbitat-® In such studies, the same result Ince t h° staltlg has a hig edr ene:jgy y f th ev than the
on collision energy dependence of partial cross sections is.PZ state, the collision energy dependence of the cross section
commonly employed to interpret interaction potential as well. is expected to be shifted by this amount. The relative population

3 3| i 3 3| i
Therefore, it is quite tempting to perform an experiment on of *P t0 °Py, i.e., *Py/*P,, had been determined to be 0.02 for

collision energy dependence under orientation angle-specified.Our beam sourcé: From this result, the contribution frofii,

conditions. We present here a new type of 2D measurement,IS expec@ed to be negligibly small. In other word,_it Is a good
where we combine a time-of-flight technique for velocity assumption that the present result can be attributed to the
analysis and a technique of electrostatic hexapole state selectiofieaction from the¥P; state.

for orientation confinement. Utilizing this method, we clarify ~ The pulsed CHGIbeam with 10 ms width is rotationally
state-selected in the 60 cm long electrostatic hexapole field. The

 Osaka University. state-selected CH&molecules are then oriented in a homo-
* Institute for Molecular Science. geneous electric field of 1.5 kV/cm strength and then cross the
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pulsed Ar* beam with 3%s width at a right angle in the same 9 ® CClLend “
homogeneous field. The orienting homogeneous field is rotatable 5 O Sideways
to choose three different molecular orientations, namely the A flend
CCls-end, the H-end, and the sideways, with respect to the
relative velocity of collision. The orienting field also acts to 2 L
extract CHC}' ions from the collision volume at the beam 0.08 0.09 0.1 0.2
crossing point through a hole of 4 mm i.d. into a SEM ion Collision Energy /eV

detector. The strong field (1.5 kV/cm) ensures the ion collection Figure 3. Experimental reaction cross sections as a function of collision
in the collision volume without any time delay. Subtraction of energy at three orientation conditions, the €@&id, the H-end, and

the background signal due to the direct beam from the signal the sideways orientations.

of total oriented molecular beam enables us to extract the ) o )
necessary signal only responsible for steric effects. In our Figure 3 shows the dependence of the ionization cross section,

previous studies, the total counts of the product ions were used?(E:v) for each of the three orientations in Figure 2. The points
to determine the steric opacity function, in which the relative &€ calculated from the experimental points of Figure 2 using
velocity distribution of collision is averaged ok#in the present  the following equation.
study, on the other hand, the TOF measurement of the reagent

Ar* atoms and CHCI molecules, and the Gi&I* product ions,
made it possible to obtain the steric opacity functions at specified
collision energies, alternatively, the collision energy dependence
at a specified molecular orientation.

(Ev) RCHCI2+(Ur)VAr* )
oEy)=——"—"—
" e (@NcheL,r

whereRchc,+(vr) is the rate of the product CHE1 formation
with the dimension of cm? st and I+ (vy) is the flux of Ar*
with the dimension of cr? s™1 at a specified collision geometry
A. Collision Energy Dependence of Penning lonization represented by;, i.e., the relative velocity vector of the colliding
Cross SectionsFigure 2 shows the TOF profiles of CHLCI particles CHCG and Ar*. va+ is the velocity of Ar*, andnccy,

I1l. Results and Discussion

product ion in the AP,,0) + CHCl3 — Ar + CHCL™ + CI + is the number density of the CH{beam. For simplicity, the
e~ reaction, where the CHglmolecule is oriented in three  velocity of CHCk can be assumed constant because the velocity
orientations with respect to the Ar* approach, i.e., €&id spread of the CHGIbeam is rather narrow as compared with

(filled circles), sideways (open squares), and H-end (open that of Ar*, as shown in the Newton diagram of Figure 1. The
triangles) orientation, respectively. The TOF profile of the Ar* pulse shape of the Ar* beam as the shutter function is not taken
primary beam is also shown with small open squares. The into account for the convolution of the TOF spectra, because
experimental error is estimated to be within each representingthe pulse width is small compared with the energy resolution
point. The data points in the energy region between 0.08 anddue to the velocity spread of the CH®eam. Figure 3 reveals
0.18 eV in Figure 2 were used for the analysis in the present that all cross sections commonly increase at the lower collision
2D-measurement. energy range 0.080.1 eV and they start to decrease after that
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at higher collision energies, even though the tend of decrease 0.5 p=r=—t—T—T—T—TTT"TTT T T
is not monotonic and not similar for each orientation. The curve A)
for sideways orientation (open squares) has a sharper decline 04l
than that for either CGlend (filled circles) or H-end (open
triangles). These different behaviors among different molecular o3k .
orientations clearly show the existence of spatial anisotropy in 3 y e,
collision energy dependence in chloroform Penning ionization = - 4 ¥
reaction. 0.2 e
B. Velocity-Specified Steric Opacity Functionsin general, ¥,

the cross section of Penning ionization can be expressed in terms 0.1 L S
of relative velocity and mutual orientation between two colliders. I Treed

0 1 L 1 L Il

o(v.,cosy) = a(v) I1(v.,cOS 2 0.08 0.1 012 014 016 0.8 0.2
v ) () 1oy ) @ Collision Energy / eV

wherel(vr,cosy) is introduced as the “velocity-specified” steric
opacity function, and it can be further expanded by Legendre L L B B B B LA
polynomials as followd# R 7

2r (B)

- 1.5}
I(v.c08y) = §,(v,) Py(cosy) 3) g

o(E,vy) of eq 1 is the cross section experimentally obtained,
which is weighted by the orientational distributiof(E,cos6).

SZ(vr)
)
n o

T

b i
W
lI
%

The latter is also expanded by Legendre polynomials, as shown 0l ;
inl4 {‘
0.5 ﬁﬁi
W(E,cos6) = ZCn(E) P,(cos6) 4) 1 - : - - -
0.08 0.1 0.12 0.14 0.16  0.18 0.2

The Legendre momen@,(E) appearing on the right-hand side Collision Energy / eV

of eq 4 can be obtained by simulating the experimental focusing Figure 4. Expansion coefficiencies of the steric opacity function by
curve, namely the dependence of the beam intensity upon the-egendre polynomials as the function of collision energy: Hi(v),
hexapole rod voltage. Taking into account a so-called “mis- (B) Si(w)-

alignment” between the orientation field vectd, and the
relative velocity vectory,, Py(E-V,) is introduced and, finally,
the cross sectiorg(E,vy) is written

o(Ev) = 0(v) ) §(v) P(E)P(EV) (5

experimentally obtained cross section$k,v;). The resultant
expansion coefficienciessi(vr), S(v) are plotted with the
estimated error bars in Figure 4.

In Figure 5, we show 3-D plot af(u;,cosy), the cross section
of Penning ionization reaction A, + CHClz — Ar +
CHCIL,*™ + Cl + €7, as the function of collision energy as well
as molecular orientation.

The steric opacity function at a specific collision energy,
I(vr,cosy) can be obtained by cutting the 3-D plot at corre-
sponding collision energy. Polar representation$(afcosy)
thus obtained are shown in Figure 6 from 0.081 eV (top curve) o
to 0.17 eV (bottom curve). The broken vertical line stands for 1 d&’
theT location of the center of mass of the molecule. The horizontal Figure 5. 3-D plot of the reaction cross section(v,,cosy) as the
axis corresponds to the collinear approach of Ar*; the H-end function of both collision energy and orientational angle.

(left) and the CGend (right). The arrow indicates energy
increment. The radial displacement in the polar presentation energy. We shall discuss this aspect more quantitatively in the
represents the magnitude of the reaction cross section. next section.

One clearly sees an interesting change of the steric opacity The collision energy dependence of the ionization cross
funcrionl(v,cosy) from top to bottom. At low collision energies  section at a specific angle of attack can be obtained by cutting
of 0.081-0.096 eV, it appears that the steric opacity function the 3-D plot in Figure 5 at the corresponding orientation. Five
is very similar to the electron density distribution of the,2a representative dependencies are shown in Figure 7. The orienta-
molecular orbital (MO) for chloroform (see Figure 9). As the tion-specified Penning ionization cross section shows an increase
collision energy increases, the collinear approach to either thewith increasing collision energy at both the G€hd ¢ = 20°)
CClz-end or the H-end becomes more favorable. Alternatively, and the H-endy = 18C°). While the sideways attack shows a
the sideways attack becomes unfavorable at higher collision drop with an increase of collision energy. In general, different

S~
where S(vr) and o(v) can be determined by reproducing Jg
(&)
G
e
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C. Potential Energy Curve of Ar* + CHCl3. To elucidate
the above prospect, we have carried out ab initio calculation to
obtain the potential energy curves of Af*CHCI; by following
a scheme of unrestricted QCISD with 6-8G(d) basis sets,
which takes electron correlation effects into account. The long-
range part of interaction between metastable rare-gas atom and
molecular interaction is known to resemble the interaction
between the corresponding alkaline metal atom and the mol-
eculel® A good resemblance of the ground-state K atom to the
metastable Ar* atom, A#P), allows us to approximate the Ar*
atom by the K atom in the calculation.

In Figure 8, the results of the calculation are presented for
five different collision angles of attack. One may easily find
that all five orientations mostly exhibit repulsive character, even
though some of them exhibit a very shallow well for the H-end,
45°, 135. As we discussed above, the repulsive behavior on
the potential energy curve should be correlated with the increase
behavior in the cross section with collision energy. However,
the disagreement between the experimental result and the
theoretical prediction as for the sideways orientation strongly
suggests the necessity of a new factor to be considered for
understanding the experimental finding we obtained in the
present study.

D. Competition with Other Reaction Channels.It is well-
known that de-excitation exit channels other than Penning
ionization are likely to open as the mass of rare-gas atom
increase$.So the Ar* atom could provide more variety of exit
channels than He* and Ne*, in opposition to the order of
excitation energy of He* and Ne*. Their predominant channel
is Penning ionization.

There are at least five ionic states of CH@i the nearby
energy region of the entrance chanhelhey are summarized
behavior in collision energy dependence for the ionization cross in Table 1. We must consider also the Rydberg states that
section can be interpreted due to the difference of interaction converge to 9a 7€, 2€’, and 6é ionic states within the
potential between the colliding partnéfslt has been well experimental energy region. At higher collision energy, those
established that the cross section should show decreasingRydberg states tend to cross the A¥* CHCI; surface. This
behavior with collision energy when the collision takes place level crossing must open up other reaction channels that are
at an attractive interaction potential, while it should show an competing with Penning ionization. It means that the colliding
increasing behavior for a repulsive potential. If this is the case, particles with higher translational energy on the Ar*CHCl;
it is expected that the collinear collisions must encounter a potential energy curve could accelerate the chance of coupling
repulsive wall while sideways collision encounters an attractive with one of the Rydberg states, which subsequently leads to
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Figure 6. Polar plots of the steric opacity function at the specific
collision energy ranging from 0.08 to 0.17 eV.
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Penning lonization Cross Section of At CHCl3 J. Phys. Chem. A, Vol. 105, No. 13, 2002971

12.1

| BN B B S B B S S S

T
3
v

12.0
Ar+CHCL,** (9a,)

CClz-end

Energy /eV

11.6 | H-end

11.5 |- -
Side \/— T
Ar+CHCL™ (22,

1 1 B 3 L 1 i " 2 1 A M M L Y 5 L 1 A A i 1
2 4 6 ., 8 10
Distance /A

Figure 8. Calculated intermolecular interaction potentials of Af*
CHCl; at five different orientation angles. They are determined by ab
initio calculation with the unrestricted QCISD with 6-8G(d) basis (B) 9a
sets. Except for the H-end case, the distance is defined as the distance 1
of Ar* approach toward the center of mass of Ckl@\s for the H-end,

the distance is defined as the distance of Ar* from the H atom of GHCI
for avoiding the overlap of the curves. The screened region schemati-
cally indicates the Rydberg states that converge to GH@a,). (Both
arrows) experimental collision energy region of 0818 eV for the
Ar(3P;) reaction.

o CClz-end

Ar*

TABLE 1: lonic States in the nearby Energy Regions for a
CHCI; Molecule

orbital 23 9a 7€ 2e” 6¢é
ionization energyeV  11.48 1191 12.01 12.85 15.99

aData are cited from ref 17.

o CClz-end

channel”. This dissociation competes with the Penning ionization
channel, especially at the sideways orientation. Since very little
information is available in the literature about the electronic
excitation of CHC} in the 1112 eV energy region, it is difficult

to assign which specific Rydberg state is involved in the above-
mentioned neutral dissociation. Nonetheless, it is generally Figure 9. Electron density distributions of (A) HOMO 2and (B),
recognized that superexcited states and/or Rydberg state mol92 orbital of CHCb. (Dashed lines) distances of closest approach of
ecules are likely to undertake neutral dissociation at relatively A" With the translational energy of 0.080.18 eV.

high efficiency!®

h heref lculated | ible ioni ; whereginiial IS the initial state wave functiogsina is the final
We have therefore calculated some plausible ionic surfacesgse \wave function, and(R) is the interaction potential.

of Ar + CHCls" in the vicinity of the Ar*+ CHCl; covalent As summarized in Table 1, the energies of the molecular
surface using the same method descnbe_d previously. The resu”orbitals are nearly equal to that of the 3p orbital of3R) which
shows that one of them is the 2anic surface located g gegtimated to be 15.76 eV from the ionization potential of Ar.
approximately 0.15 eV below the covalent surface, and the Similarly, the orbital energy of the Rydberg state of 4CH
second one is the Paxcited ionic surface located 0.35 eV above might be nearly equal to that of the 4s orbital of 3R) which
_the covalent surfac¥.Since the fraction of A&P) is negligil_ale is estimated to be 4.2 eV by using the excitation energy of
in the metastable atom beam, the LH" product formation  Ar(3p) je. 11.52 eV. The estimation of the excitation energy
by ejecting an electron from the 2arbital is regarded to be  grongly suggests that the Rydberg state formation at the curve
_th_e_ unique process of Penning ionization. Such ionization is crossing regions might proceed via the electron exchange
initiated if energy transfer occurs between At*CHCl and  mechanism. That is, an electron of the molecule is initially
the 2a ionic surface by ejecting an electron. Penning ionization {ransferred into the vacant inner-shell 3p orbital of3R)¢ then
is regarded to be a major de-excitation process at low collision 5 electron in the occupied out-shell 4s orbital of 3R)(is
energy, for it takes place through direct coupling of the entrance ransferred to the Rydberg orbital of @&1. Within the validity
surface with the 2aionic surface. Thus, the orientation of the electron exchange mechanism for “dark channel® due to
dependence of the ionization must reflect the spatial distribution Rydberg states formation, the cross section of dark channel is
of electron density of the 2amolecular orbital, as shown in  estimated by the exchange type interaction. The initial wave
Figure 9A. function giniia is approximated by the product of the molecular
As the collision energy becomes higher, the Rydberg statesorbital MO(1) and the orbital of atom 4s(2). Similarly, the final
start to provide a good possibility of the level crossing with the wave functiongsina is represented by the product of the atomic
Ar* + CHClz surface. The transition probability to the Rydberg orbital 3p(1) and the Rydberg orbital of the molecule Ryd(2).
states may be expressed as follows: Therefore, the cross section is expressed

o D|Ej0fina||V(R)|§0initia|D]2 (6) o U|B3p(1) Ryd(2)p|1/r 1, [IMO(1) 43(2)10[1]2 (7)
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where 1 and 2 denote the two electrons that exchangepand the other hand, Ar* attacking on the G&&nd or the H-end of
represents the core orbitals. The major contribution toight the target molecule enhances the Penning ionization cross
be localized in the region where the overlap of the molecular section. This experimental finding implies the competition
orbital with the 3p hole of AP) is maximum, because the between Penning ionization and the neutral dissociation at the
Rydberg orbital of CHCI might overlap well with the 4s orbital ~ exit channel, especially at the sideways of the molecule. The
of Ar(3P). This implies that the dark channels are controlled by ab initio calculation suggested that CH@h a Rydberg state
the overlap integral of the two orbitals, 3p(1) and MO(1), in (or states) is likely to correlate to the neutral dissociation
the electron exchange. A similar stereoselectivity has beenchannel, which reduces the branching ratio to the Penning
revealed in our previous studies on the dissociative energy ionization channel significantly.
transfer channels, which also proceeds by the electron exchange
mechanism?2°Among the Rydberg states that converge tg 9a Acknowledgment. The Japanese Ministry of Education,
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