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The ion–ion neutralization reactions of He1 with C6F5X
2 ~X5F, Cl, Br, CF3! leading to He* have

been spectroscopically studied in a helium flowing afterglow. Although both singlet and triplet He*
states were formed when X5F and Cl, only triplet He* states were produced when X5Br and CF3.
More than 99% of the product He* atoms were formed in the low-lying He~3s, 3p, or 3d! states
for all the reactions, and their electronic-state distributions were similar. The electronic-state
populations decreased rapidly with increasing excitation energy of He* . They were represented by
effective electronic temperatures of 0.070–0.19 eV. The observed electronic-state distributions were
compared with those predicted from a simple statistical theory. ©1999 American Institute of
Physics.@S0021-9606~99!00706-0#

I. INTRODUCTION

Although electron–ion and ion–ion recombination pro-
cesses contribute significantly to the loss of charged species
from cold plasmas, little information on the product-state
distribution has been obtained.1 We have recently succeeded
in applying a flowing–afterglow method to optical spectro-
scopic studies of electron–ion and ion–ion recombination
processes.2–12 Very recently, we have studied the formation
of He* in a helium flowing afterglow.7 Fifty-one singlet and
triplet ns, np, andnd Rydberg states of He* in the 22.72–
24.53 eV range were identified as produced by electron–ion
recombination processes. The dependence of the emission
intensities on the He pressure and the electron density indi-
cated that these He* states were formed by the three-body
collisional radiative recombination reaction,

He11e21e2→He* 1e2, ~1!

where an electron acts as a third body. The excited
electronic-state distributions, which were independent of He
pressure in the 1.0–2.7 Torr range, increased with decreasing
excitation energy of He* . They were expressed by double
Boltzmann distributions with effective electronic tempera-
tures of 0.46 eV in the 22.7–24.4 eV range and 0.089 eV in
the 24.4–24.5 eV range. The low-temperature component at
the high-energy range was explained by the Saha equilibrium
between He* and free electrons, while the high-energy com-
ponent at the low-energy range was discussed in terms of the
non-Saha equilibrium due to the collisional excitation to a
neighboring state and low reionization rates. The total
steady-state distributions ofns1S, np 1P, nd 1D, ns3S,
np 3P, andnd 3D states are 0.22, 0.079, 0.17, 0.36, 0.066,
and 0.10, respectively. The observed electronic-state distri-

butions did not agree with that predicted from simple statis-
tical theory, when a long-lived@He12e2# was assumed.

In the present study, ion–ion neutralization reactions of
He1 with C6F5X

2 ~X5F, Cl, Br, CF3! leading to He* have
been spectroscopically studied in the helium flowing after-
glow. The electronic-state distributions are determined and
compared with those predicted from a simple statistical
theory in order to obtain dynamical features of the neutral-
ization processes. Preliminary results for the He1/C6F6

2 re-
action have been communicated previously.5

II. EXPERIMENT

The flowing-afterglow apparatus used in this study was
similar to that reported previously.3,13 A schematic diagram
of the flowing afterglow used for studying ion–ion neutral-
ization reactions is shown in Fig. 1. It consists of a stainless
steel main flow tube and a quartz discharge tube in which
He(23S), He1, and electrons were produced by a micro-
wave discharge in high purity He gas. Although a reagent
C6F5X gas was injected from the first or second gas inlet
located 10 and 20 cm downstream from the center of the
discharge, respectively, the latter case is shown in Fig. 1.
There are two regions in the helium flowing afterglow above
and below the inlet of C6F5X. They are denoted by regions A
and B in Fig. 1, respectively. Active species in region A
were He(23S), He1, and electrons formed directly in the
discharge region, and He2

1 formed by the secondary ionic
reaction
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He112He→He2
11He, ~2!

k258.3310232 cm6 molecule22 s21 ~Ref. 14).

In region B, the C6F5X
2 ~X5F, Cl, Br, CF3! anions were

formed by a fast electron attachment to C6F5X,

e21C6F6→C6F6
2 ~100%!, ~3!

k352.131027 cm3 s21 ~Refs. 15, 16),

e21C6F5Cl→C6F5Cl2 ~100%!, ~4!

k458.431028 cm3 s21 ~Ref. 17),

e21C6F5Br→C6F5Br2 ~>97%! ~5a!

→Br21C6F5 ~<3%!, ~5b!

k5a1k5b58.331028 cm3 s21 ~Ref. 17),

e21C6F5CF3→C6F5CF3
2 , ~6!

k652.4231027 cm3 s21 ~Refs. 15,18).

Thus, the active species in region B were He(23S), He1,
He2

1 , C6F5X, and C6F5X
2. The partial pressure in the reac-

tion zone was 0.6–2.5 Torr for He and 1–10 mTorr for
C6F5X. The electron density,@e2#, was measured using a
single Langmuir probe. The@e2# value was determined to be
3.2310922.631010cm23 in a He pressure range of 0.2–1.4
Torr using the same procedure as that reported by Smith
et al.19,20Since thermal electrons were completely scavenged
through processes~3!–~6!, the density of C6F5X

2 was ex-
pected to be nearly the same as that of the electron density.

Emission spectra from region B were dispersed in the
200–840 nm region with a Spex 1250 M monochromator.
Digital photon signals from a cooled photomultiplier were
stored and analyzed with a microcomputer. The relative sen-
sitivity of the monochromator and photomultiplier was cali-
brated using standard D2 and halogen lamps. The contribu-
tion of He1 and He2

1 ions to the observed emissions was
examined using a pair of ion-collector grids placed on an exit
opening of the discharge tube.

III. RESULTS AND DISCUSSION

A. Excitation process of He * in a helium flowing
afterglow

When the emission spectrum from a He afterglow was
observed without the addition of C6F5X ~X5F, Cl, Br, or
CF3!, 51 He* lines due to He1/2e2 collisional-radiative re-
combination~1! were observed in the 260–1000 nm region.7

They were ascribed to the following six Rydberg series of
He* lines with excitation energies of 22.72–24.53 eV21:
ns1S→2p 1P(n53 – 6), ns3S→2p 3P(n53 – 8), np 1P
→2s 1S(n53 – 10), np 3P→2s 3S(n53 – 13), nd 1D
→2p 1P(n53 – 10), andnd 3D→2p 3P(n53 – 16). By the
addition of C6F5X into the He afterglow, almost all He* lines
with high excitation energies above 24 eV disappeared, and
only 2–8 lines with low excitation energies are observed.
These results indicate that electrons are completely scav-
enged by C6F5X, so that the contribution of the He1/2e2

reaction to the formation of He* is negligible.
For example, Fig. 2~a! shows a typical emission spec-

trum observed by the addition of C6F5Cl into the helium
afterglow, where several He* lines and a broad
C6F5Cl1(B̃–X̃) band in the 470–650 nm region22 are ob-
served. When He1 and He2

1 are trapped using the ion-
collector grids, some He* lines and the C6F5Cl1(B̃–X̃) band
reduce their intensities, as shown in Fig. 2~b!. These results
imply that He1 and/or He2

1 take part in the formation of
these emissions. The He* lines observed in Fig. 2~b! are
stray He* emissions resulting from the microwave discharge
of He. On the other hand, the C6F5Cl1(B̃–X̃) band in Fig.
2~b! arises from the He(23S)/C6F5Cl Penning ionization,

He~2 3S!1C6F5Cl→C6F5Cl1~B̃!1He1e2. ~7!

Although process~7! becomes an additional source of elec-
trons, Penning electrons are rapidly scavenged by C6F5Cl
through process~4!. The dependence of the emission inten-
sity of the C6F5Cl1(B̃–X̃) band resulting from ionic reaction
was similar to that of the CO2

1(B̃–X̃) emission resulting
from the He2

1/CO2 charge-transfer reaction.23 Therefore, the

FIG. 1. Schematic diagram of the
flowing afterglow for studying ion–
ion neutralization reactions between
He1 and C6F5X

2.
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He2
1/C6F5Cl reaction was concluded to be responsible for the

C6F5Cl1(B̃–X̃) emission resulting from ionic reaction,

He2
11C6F5Cl→C6F5Cl1~B̃!12He. ~8!

The emission spectrum resulting from ionic reactions
was obtained by subtracting Fig. 2~b! from Fig. 2~a!. The
result obtained is shown in Fig. 2~c!, where besides a weak
C6F5Cl1(B̃–X̃) emission due to process~8!, a few He*
lines, on which the present study is focused, are found. The
He1 and/or He2

1 ions are responsible for the formation of the
He* lines in Fig. 2~c!. Therefore, possible excitation pro-
cesses of He* are the following charge-transfer and ion–ion
neutralization reactions:

He11C6F5X→He*1C6F5X
1, ~9!

He2
11C6F5X→He*1He1C6F5X

1, ~10!

He11C6F5X
2→He*1C6F5X, ~11!

He11C6F5X
2→He*1C6F51X, ~12!

He2
11C6F5X

2→He*1He1C6F5X. ~13!

Charge-transfer reactions~9! and ~10! are highly endoergic
(DH.10 eV) on the basis of reported thermochemical
data.21,24–26 Ion–ion neutralization processes~12! and ~13!
are also endoergic (DH51.0– 3.9 eV) on the basis of re-
ported thermochemical and spectroscopic data.21,24–26There-
fore, these processes are energetically excluded from the
possible excitation processes of He* . Since only the nondis-
sociative ion–ion neutralization process~11! is energetically
accessible for the formation of He* , it was concluded to be
the excitation source of He* .

The emitting excited He* states formed in each neutral-
ization process~11! and their excitation energies are listed in
Table I, together with corresponding data for the He1/2e2

reactions.7 The electron affinities of C6F5X are also given in
the first column of Table I. Figure 3 shows an energy-level
diagram of He* and the potential energies of He11C6F5X

2

at an infinite interparticle distance. The energy levels of He*
are shown for those observed in the He1/2e2 reaction.7 We
have recently found that He* atoms in the He1/2e2 reaction
are excited up to 0.06–1.87 eV below the energy of He1,
and the energy of the highest populated level increases with
an increase in the degeneracy of He* .7 We found here that
the highest populated levels of He* in the He1/C6F5X

2 re-
actions are 0.04–1.0 eV below the entrance He11C6F5X

2

potentials. The highest populated level of He* in the
He1/C6F6

2 reaction is the 3p 1P state, with an excitation en-
ergy of 23.09 eV. On the other hand, that in the He1/C6F5X

2

~X5Cl, CF3! reactions is the 4d 3D state with a higher ex-
citation energy of 23.73 eV, though the electron affinities of
C6F5X ~X5Cl, CF3) are larger than that of C6F6 . This shows
that there is little correlation between the highest populated
levels and the electron affinity of C6F5X. The lack of the 4d
state in the He1/C6F5Br2 reaction is explained by the endot-
hermicity of the reaction due to a high electron affinity of
C6F5Br ~see Fig. 3!.

B. Electronic-state distributions of He *

The electronic-state distributions of He* in the
He1/C6F5X

2 reactions were evaluated from the emission in-
tensity of a (u,l ) transition of He* , I ul , using the following
relation:

Pu5AulNu}(
l

I ul }ku . ~14!

Here,Pu is the initial electronic-state distribution,Aul is the
Einstein coefficient,Nu is the steady-state distribution, and
ku is the relative formation rate of He* . The normalizedNu

FIG. 2. Emission spectra observed by
the addition of C6F5Cl into a He flow-
ing afterglow. Helium active species
in ~a! are He(23S), He1, and He2

1

and~b! are He (23S), and~c! is a dif-
ference spectrum between~a! and ~b!
@~a!–~b!#. OH(A–X: ;310 nm) and
H ~Balmer series! bands due to H2O
impurity are also observed.

2905J. Chem. Phys., Vol. 110, No. 6, 8 February 1999 Tsuji et al.
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andku values obtained using knownAul data27,28are given in
Table I. For comparison, corresponding data for the
He1/2e2 reaction are also given in the last line of Table I.
The observedNu andku values were essentially independent
of the He gas pressure in the 0.6–2.5 Torr range and the
distance between the discharge and the observed region,
which was about 10 or 20 cm. This shows that electronic
relaxation involving excitation transfer between singlet and
triplet states by collisions with buffer He atoms were insig-
nificant under the present experimental conditions.

The Nu distributions can be classified into two groups.
One is X5F and Cl, for which both singlet and triplet He*
states are populated. The other is X5Br and CF3, for which
only triplet He* states are populated. The
SNu(triplet)/SNu(singlet) ratios are 4.9 and 6.8 for X5F
and Cl, respectively. Since theSNu(triplet)/SNu(singlet)
ratio in the He1/2e2 reaction is 2.6,7 the formation of triplet
states is much more favored in the He1/C6F5X

2 reactions.
Both singlet and triplet entrance He1–C6F5X

2 surfaces are
possible, because He1 and C6F5X

2 are doublet. Some tra-
jectory change from singlet He1–C6F5X

2 surfaces to triplet
He1–C6F5X

2 surfaces probably occurs in the He1/C6F5X
2

reactions. Such a trajectory change becomes significant for
C6F5X

2 with a heavier X due to a stronger spin-orbit inter-
action, so that theSNu(triplet)/SNu(singlet) ratio will be-
come large with increasing the mass of X. TheNu values in

TABLE I. Electronic-state distributions of He* formed by the He1/C6F5X
2 ~X5F, Cl, Br, CF3! neutralization in the He afterglow at 300 K, crossing points,

and radial distributions of each He* orbital at crossing points.

State
Energy~eV!

3s 3S
22.72

3s 1S
22.92

3p 3P
23.01

3p 1P
23.09

3d 3D
23.07

3d 1D
23.07

4s 3S
23.59

4d 3D
23.73

Other states

k(obs) 7.9E-1 9.7E-2 1.9E-2 4.7E-3 4.4E-2 4.8E-2
k(model A) 9.4E-2 2.9E-2 2.5E-1 8.1E-2 4.1E-1 1.4E-1

C6F6
2 k(model B) 1.0 2.1E-3 1.5E-3 4.2E-5 3.9E-4 1.3E-4

~0.52 eV!a Nu 7.6E-1 1.4E-1 5.5E-2 9.4E-3 1.6E-2 2.0E-2
This work Rc(Å) 10.66 12.52 13.59 14.70 14.41 14.41 30.15 42.71

Rc
2Rnl

2 (Rc) 9.2E-6 2.4E-7 4.5E-10 4.2E-11 5.4E-13 5.4E-13 1.1E-14 3.6E-28

k(obs) 8.5E-1 7.4E-2 1.6E-2 2.0E-3 3.3E-2 2.6E-2 1.3E-3 1.4E-3
k(model A) 7.8E-2 2.4E-2 2.0E-1 4.1E-2 6.5E-2 3.3E-1 4.1E-2 1.6E-1

C6F5Cl2 k(model B) 1.0 7.6E-4 2.9E-4 4.5E-6 5.0E-5 1.7E-5 3.0E-14 1.3E-26
~0.74 eV! Nu 8.1E-1 1.1E-1 4.5E-2 4.0E-3 1.2E-2 1.1E-2 3.7E-3 1.5E-3
This work Rc(Å) 12.74 15.50 17.17 18.98 18.49 18.49 56.05 123.71

Rc
2Rnl

2 (Rc) 1.5E-7 5.1E-10 1.9E-13 3.3E-15 5.0E-17 5.0E-17 1.1E-33 7.4E-92

k(obs) 9.6E-1 3.8E-2
k(model A) 2.8E-1 7.2E-1

C6F5Br2 k(model B) 1.0 7.3E-7
~1.15 eV! Nu 8.9E-1 1.1E-1
This work Rc(Å) 20.04 27.81 33.69 41.47 39.21 39.21

Rc
2Rnl

2 (Rc) 2.8E-14 6.7E-22 4.9E-30 4.3E-38 2.1E-38 2.1E-38

k(obs) 9.4E-1 1.0E-2 4.5E-2 1.6E-3 3.5E-3
k(model A) 1.0E-1 2.6E-1 4.2E-1 4.8E-2 1.6E-1

C6F5CF3
2 k(model B) 1.0 9.3E-6 6.5E-7 3.4E-28 1.1E-39

~0.82 eV! Nu 9.4E-1 3.1E-2 1.8E-2 4.8E-3 3.9E-3
This work Rc(Å) 13.72 16.96 18.98 21.23 20.62 20.62 81.53 398.61

Rc
2Rnl

2 (Rc) 2.1E-8 2.3E-11 3.3E-15 2.0E-17 3.6E-19 3.6E-19 2.7E-53 >0

2e2 k(obs) 2.2E-1 2.2E-2 2.8E-2 1.4E-2 3.4E-1 2.4E-1 4.6E-3 5.3E-2 7.8E-2
Ref. 7 Nu 2.1E-1 3.2E-2 8.1E-2 2.7E-2 1.3E-1 9.9E-2 1.3E-2 5.6E-2 3.5E-1

aElectron affinity of C6F5X.

FIG. 3. An energy-level diagram of He* and He11C6F5X
2. The energy

levels of He* are shown for those excited in the He1/2e2 reaction~Ref. 7!.

2906 J. Chem. Phys., Vol. 110, No. 6, 8 February 1999 Tsuji et al.
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the He1/C6F5X
2 reactions decrease more rapidly than those

in the He1/2e2 reaction with increasing excitation energy of
He* , and the dependence ofNu on the excitation energy is
similar in the energy range of 22.72–23.07 eV. The most
favorite product state is the lowest observed He(3s 3S) state,
which occupies 76%–94% of the total population.

Assuming a Maxwell–Boltzmann distribution,Nu is
given by

Nu}gu exp~2Eu /kTe!, ~15!

where Eu is the excitation energy of He* . If a plot of
ln(Nu /gu) vs Eu is linear, then the distribution can be char-
acterized by a Boltzmann electronic temperature (Te). Of
course, this electronic temperature is not equal to any other
temperatures~translational, vibrational, and rotational! that
would exist in a fully equilibrated system. Figure 4 shows a
plot of ln(Nu /gu) vs Eu . Assuming a single Boltzmann dis-
tribution in each process, Boltzmann electronic temperatures
of 0.070, 0.16, 0.090, and 0.19 eV are obtained for X5F, Cl,
Br, and CF3, respectively. It was found that more than 99%
of the product He* atoms are formed in the low-lying
He(3s,3p,3d) states below 23.07 eV and their distributions
are similar for all four reactions. The electronic-state distri-
bution of He(3s,3p,3d) in all the four reactions is expressed
by a Boltzmann temperature of 0.069 eV, as shown in Fig. 4.
When data for the upper He(4s,4d) states in the
He1/C6F5X

2 ~X5Cl, CF3) reactions are added to those of
the He(3s,3p,3d) states, the total distribution is expressed
by a higher Boltzmann temperature of 0.15 eV, as shown in
Fig. 4. These two electronic temperatures are lower than that
in the He1/2e2 reaction~0.40 eV!. A major reason for the
lower electronic temperatures in the He1/C6F5X

2 reactions
is lower available energies due to the positive electron affin-
ity of C6F5X. The Nu value of the lowest 3s 3S state is
largest among the observed He* states. It increases from
0.076 to 0.94, with increasing the mass of X in the
He1/C6F5X

2 ~X5F, Cl, Br! reactions. A similar tendency
was found for the ion–ion neutralization reactions of
NO1/C6F5X

2 ~X5F, Cl, Br! leading to NO(A 2S1,

C 2P r ,D 2S1), where the branching ratio of the lowest
NO(A 2S1) state increases with increasing the mass of X.12

The He1/C6F5X
2 reactions proceed through curve cross-

ings between strongly attractive Coulombic He11C6F5X
2

entrance potentials and flat exit covalent He*1C6F5X poten-
tials, as shown Fig. 5. The crossing pointsRc were calculated
from the relation

Rc5e2/~ IP2EA!, ~16!

where IP is the ionization potential of He* and EA is the
electron affinity of C6F5X. The Rc values for the formation
of each He* state were calculated using EA values of C6F6

~0.52 eV!, C6F5Cl ~0.74 eV!, C6F5Br ~1.15 eV!, and C6F5CF3

~0.82 eV!.15–18 The results obtained are given in Table I.
Most of the product states are produced via curve crossings
at interparticle distances of 11–34 Å. It should be noticed
that theRc values for the formation of the upper He (4s,4d)
states from the He1/C6F5X

2 ~X5Cl, CF3! reactions are un-
usually large ~56–399 Å!. According to Landau–Zener
theory, the probability of electron transfer falls off rapidly at
large Rc because of the rapidly diminishing nonadiabatic
coupling matrix elements, and therefore the reaction efficien-
cies should be vanishingly small. A similar result has re-
cently been found by Sˇpaněl and Smith29 for the formation of
NO(A2S1) from the NO1/I2 recombination reaction, where
the Rc value is unacceptably large~70 Å!. They predicted
that the electron transfer from I2 to NO1 occurs in the vi-
cinity of the repulsive potential wall, i.e., at very short inter-
nuclear distance where the kinetic energy previously im-
parted to the ions has been diminished toward zero by
retardation. A similar electron transfer at an inner part prob-
ably occurs in the He1/C6F5X

2 reactions for the formation
of the upper He(4s,4d) states, as shown in Fig. 5 for the case
of the He1/C6F5CF3

2 reaction.
The neutralization leading to He* atoms takes place via

an electron transfer from a singly occupied molecular orbital

FIG. 4. The dependence of ln(Nu /gu) on the excitation energy of He* in the
He1/C6F5X

2 and He1/2e2 reactions~Ref. 7! in a He flowing afterglow.s:
He1/C6F6

2 , L: He1/C6F5Cl2, n: He1/C6F5Br2, h: He1/C6F5CF3
2 , o:

He1/2e2.

FIG. 5. Entrance He11C6F5X
2 ion curves and exit He*1C6F5X covalent

potentials.
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~SOMO! of C6F5X
2 to a vacant orbital of He1. According to

an ESR study of Symons,30 an electron is captured by C6F5X
~X5F, Cl, Br! in solid matrix at 77 K into as* orbital rather
than ap* orbital. They assumed that these anions have non-
planar carbon structures similar to the chair form of cyclo-
hexane. However, later intermediate neglect of differential
overlap ~INDO! calculations of the geometrical and elec-
tronic structures of C6F6

2 by Shchegolevaet al.31 demon-
strated that a planar carbon structure with C–F bonds bent in
and out of the plane fits the coupling constants in ESR better.
He reported that the extra electron occupies a combination of
p* ands* orbitals with a prevailingp* component. Accord-
ing to recentab initio calculations of C6F6

2 by Hiraoka
et al.32 using the unrestricted Hartree–Fock~UHF! Slater-
type orbitals~STO!-3G method, two anions~C2v and D2

isomers! are formed by an electron attachment to C6F6 . En-
ergetically, theC2v isomer with a planer carbon ring and
out-of-plane C–F bonds is slightly more stable~0.1 kcal/mol
by STO-3G and 1.6 kcal/mol by 3-21G! than theD2 isomer.
The electron in the SOMO is localized dominantly on the
C1–F7 and C4–F10 bonds. According to semiempirical modi-
fied neglect of diatomic overlap~MNDO!-UHF calculations
by Glidewell,33 although the lowest unoccupied molecular
orbital ~LUMO! of C6F5X ~X5Cl, Br! is a p* orbital, upon
electron capture a reorganization of the orbitals occurs, caus-
ing the added electron to reside in as* SOMO strongly
localized on the C–X bond. The SOMO density of X5Br at
X is higher than that of X5Cl. When we calculated SOMO
of C6F5X

2 ~X5F, Cl, Br, CF3! using the UHF-PM3 method,
these anions have planar structures, and an excess electron
was dominantly located on thePz orbital of theC1 andC4

carbons in the C–X and C–F bonds. No significant differ-
ence in the electron distribution in SOMO of C6F5X

2 is
found, which is consistent with a similar electronic-state dis-
tribution of He* . However, the reliability of these semi-
empirical calculations may be questioned. Therefore, further
detailedab initio configuration interaction~CI! calculations
with large basis sets will be required to discuss the relation-
ship between molecular structures of C6F5X

2 and the ob-
served electronic-state distributions.

As discussed above, the equilibrium geometry of C6F6
2

depends on the theoretical treatment. Both a carbon skeleton
distorted to a cyclohexane-like chair and an undistorted car-
bon skeleton with out-of-plane C–F bonds have been pro-
posed. Anyway, a significant change in the equilibrium
structure is expected by the neutralization from C6F6

2 to
C6F6 . Chenet al.34 estimated that the equilibrium internu-
clear distance of C6F6

2 ~;1.6 Å! is longer than that of C6F6

~;1.4 Å! and the vertical electron affinity is larger than that
of the adiabatic one by about 1 eV. Thus, the excess energy
released in the neutralization process must be partitioned
into not only the relative translational energy due to the
Coulombic attractive force but also the vibrational energy of
C6F6 . On the basis of ESR data at 77 K,30 equilibrium ge-
ometries of C6F5X

2 ~X5Cl, Br! are expected to be signifi-
cantly different from those of neutral molecules. It is there-
fore reasonable to assume that some part of the excess
energy is imparted into the vibrational energy of C6F5X ~X
5Cl, Br!, as in the case of C6F6 .

Since the mutual neutralization proceeds through an
overlap of SOMO orbital of C6F5X

2 and a vacant orbital of
He1, the electron density atRc must be important. In gen-
eral, radial distribution function, which gives the probability
of finding the electron between two spheres of radiusR and
R1dR, is given by 4pR2Rnl

2 . The radial distributions of
each He* orbital at Rc were calculated using hydrogen-like
atomic orbitals. TheRc

2Rnl
2 (Rc) values are given in Table I.

The Rc
2Rnl

2 (Rc) values are extremely small for the upper
He(4s,4d) states having longRc values of 56–399 Å. This
supports our conclusion that the formation of the He(4s,4d)
states does not occur via curve crossings at outer parts but
they are formed via curve crossings at inner parts. The rela-
tionships between the observed log10(Nu /gu) values and the
log10@Rc

2Rnl
2 (Rc)# values for states withRc<34 Å are given

in Fig. 6. The log10(Nu /gu) values increase with increasing
radial distribution of electrons for all the four reactions. The
increase in the relative population of the lower He* state can
be explained by the fact that the overlapping between the
SOMO orbital of C6F5X

2 and a vacant orbital of He1 in-
creases at a shorter distance. This result led us to conclude
that the radial distribution of vacant orbital of He1 at Rc is
an important factor in accessing theNu distributions in the
He1–C6F5X

2 reactions.
Since the mutual neutralization reaction proceeds

through a strongly attractive potential, He* may be formed
via a long-lived (He1–C6F5X

2) intermediate, where the ex-
cess energy is randomized statistically. Statistical~prior! dis-
tributions were calculated in order to examine this predic-
tion. Two statistical models were used for the calculations of
the prior distributions,

He11C6F5X
2→@He1–C6F5X

2#→He*1C6F5X. ~17!

In model A, the C6F5X
2 anion is assumed to be an atomic

ion. On the other hand, all vibrational and rotational degrees
of freedom of C6F5X

2 are included in model B under the
rigid-rotor harmonic-oscillator approximation. The final ex-
pression for the prior electronic state distribution is given by

k~prior!}~2J11!~Eexcess2Eu!n, ~18!

FIG. 6. The dependence of log10(Nu /gu) on log10@Rc
2Rnl

2 (Rc)#. s:
He1/C6F6

2 , L: He1/C6F5Cl2, n: He1/C6F5Br2, h: He1/C6F5CF3
2 .
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where (2J11) is the statistical weight of an upper state,
Eexcessis the total available energy, which is estimated from
the relationEtot5DH0

+ 13RT, and n51/2 for model A, and
n567/2 for C6F5X

2 ~X5F, Cl, Br! and n576/2 for
C6F5CF3

2 in model B.35,36 The prior distributions obtained
for the above two models are given in Table I. A significant
discrepancy is found between the observed and calculatedk
values. This shows that both models are inadequate to ex-
plain the observedk values. The deviation from the prior
distribution has often been represented in the form of a linear
surprisal,35,36

I 52 ln@k~obs!/k~prior!#5lef T1const. ~19!

For example, surprisal plots of He* produced from the
He1/C6F6

2 reaction are shown in Fig. 7. Assuming linear
surprisal, thele values of2163.3 and 710.9 were obtained
for models A and B, respectively. From similar surprisal
analyses, thele values of2122.7~X5Cl!, 2346.7~X5Br!,
and 2315.2 (X5CF3) were obtained for model A, while
those of 1827.8~X5Cl!, 904.9~X5Br!, and 352.2 (X5CF3)
were obtained for model B. The negative and positivele

values for models A and B suggest that thek(obs) values are
less and more electronically excited than thek(prior) ones,
respectively. When thek(prior) distributions were calculated
using variousn values, the best fitn values were 6, 5, 4, and
2 for X5F, Cl, Br, and CF3, respectively, as shown in Fig. 7
for the case of X5F. On the basis of these facts, the excess
energies are not partitioned into all vibrational and rotational
modes of C6F5X, but they are imparted into 2–6 active
modes in C6F5X, which amount to 5%–45% of the total
vibrational and rotational modes. This shows that
@He1–C6F5X

2# intermediates have not enough lifetimes to
randomize the excess energy completely.

IV. CONCLUDING REMARKS

The electronic-state distributions of He* produced by the
He1/C6F5X

2 reactions have been determined~Table I!. The
steady-state populations of He* were expressed by single
Boltzmann electronic distributions with effective electronic
temperatures of 0.070–0.19 eV. Statistical prior distributions

were calculated using two models. In one model, C6F5X
2

was assumed as an atomic ion, while all vibrational and ro-
tational degrees of freedom in C6F5X were considered in the
other model. The observed electronic-state distributions were
either higher or lower than those predicted from the former
and latter models, respectively. It was therefore concluded
that the excess energies were partitioned into some specific
internal modes of C6F5X. A good correlation was found be-
tween the observed electronic-state distribution and radial
distribution of vacant orbitals of He1 to which an electron is
transferred. In order to obtain more information on the
mechanism of ion–ion neutralization processes of He1 with
C6F5X

2, detailedab initio calculations of molecular orbitals
of anions and overlap integrals between SOMO of C6F5X

2

and vacant orbitals of He1(n53,4) will be necessary.
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