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The ion-ion neutralization reactions of Hez* with CsFs and CeF5Cl” were studied by observing Hez*
excimer emissions in the 200-990 nm region. Hez* excimer emissions from six triplet states and six or
five singlet states with excitation energies of 19.3—20.7 eV were identified in these two reactions. The
relative formation rate constant of an upper u level of Hez2*, ky(u), rapidly decreased with increasing
the excitation energy of Hes*. Major triplet and singlet He2* states were the lowest observed ¢3Xg* and
C1Zg+ states, which occupied 70% and 21% of ¥, ko(w), in the Hez*/CsFs reaction, and 69% and 18%
in the He2™/CesF5Cl reaction, respectively. The total formation ratios of triplet and singlet states were
78:22 in the He2"/CsFs™ reaction and 81:19 in the He2"/CeF5Cl reaction. No vibrational excitation was
observed for all observed Hez* states. The rotational distributions of f3X*(v'=0), 3Ty (v'=0), d3Z.*(v'=0),
c3%g*(v'=0), and C1Z*(v'=0) states were expressed by either single or double Boltzmann rotational
temperatures of 310—-1530 K. Rovibrational distributions of these excited states indicated that most of
excess energies are not released as rovibrational energies of He2*, but they (90.4—97.2%) are deposited
into relative translational energies of products and rovibrational energies of CsFs5X (X=F, Cl). The
observed vibrational and rotational distributions were compared with statistical ones assuming long
lived [Heo—CsF5X]* intermediates.

Key words:' Hes* ion, lIon-lIon neutralization, Flowing afterglow, Hes* excimer emission,
Relative formation rate constant, Rotational temperature, Statistical prior distribution

Thirty triplet and twelve singlet transitions of
He2* with excitation energies of 19.3—21.8 and
19.6-21.8 eV region, respectively, were

neutralization processes are important loss
processes of charged particles in space and
man-made plasmas because of their extremely
large cross sections due to long range
Coulombic attractive forces between positive
ions and electrons or negative ions.!'® In a
preceding paper, we studied the formation of
Hes* excimer by three-body collisional
radiative recombination (CRR) reaction (1) in
the He flowing afterglow (FA):?

Hest+ e~ +e- — Hes* +e-. (1)
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identified. The relative formation rate constant
of He2*, ky(u) , rapidly decreased with
increasing the excitation energy. Major triplet
and singlet product Hez* states were the lowest
observed ¢3X;" and C!Zg* states, which occupied
39.9% and 7.1% of Y., ko(u), respectively. The
total intensity ratio of triplet and singlet states
were 84:16 respectively. No vibrational
excitation was observed for all thirty-four
states. The rotational distributions of
£B3%u* (v'=0), e3lg(v'=0), and d3Zu*(v'=0) were
expressed by double Boltzmann rotational
temperatures, whereas that of ¢3Xs*(v'=0) was
represented by a single Boltzmann
temperature. On the Dbasis of observed
rovibrational distributions, most of the total
excess energy (95.2—-98.5%) is deposited into
the relative translational energy of products.
The observed vibrational and rotational
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distributions were lower than those of
statistical prior ones calculated assuming a
long lived [Hes—e]* intermediate. It was
concluded that Hes* molecules are not formed
via long lived [Hes—e]* intermediate, where
excess energies are statistically distributed to
all degrees of freedom.

In the present study, the formation of Hez*
excimer by the ion-ion neutralization reactions
of Hes* with CeFs” and CsF5Cl™ are investigated
using the He FA. The relative formation rate
constants and rotational distributions of five
typical states are determined. The observed
vibrational and rotational distributions are
compared with statistical ones assuming long
lived [Hes—CsF5X]* (X=F, Cl) intermediates.
Preliminary results of this paper have been
communicated previously.58

2. Experimental

The FA apparatus used in this study has
been previously described in detail.58 In brief,
He(23S), He*, and electrons were generated by
a microwave discharge of high purity helium
gas (Nippon Sanso, purity >99.995%) in a
discharge flow operated at 1.6-1.8 Torr. The
contribution of charged species to the observed
emissions was examined by using a pair of ion-
collector grids placed between the discharge
section and the reaction zone.

The positive Hez* ions were formed by the
three-body reaction of He* with 2He in a flow
tube:

ko
Het+ 2He — Heot+ He, ©)
(k2 = 8.3 X 1032 ¢cm® molecule? s1 [Ref. 9]).

An electron attachment gas, CsFs (Tokyo Kasei,
purity >99%) or CeF5Cl (Tokyo Kasei, >95%),
was added from the first gas inlet placed 10 cm
downstream from the center of microwave
discharge, where negative CsFs or CsF5Cl ion
was formed by a fast non-dissociative electron
attachment to these two gases:

CeFs + e — CeFs, 3)
(k3= 8.6 x 108 cm3 s! [Ref. 10]),

CeF5Cl + e — CsF5CI, (4)
(ks =1.0%x 107 cm3 s1 [Ref. 11]).

The partial pressures of C¢éFs and CsF5Cl in the
reaction zone were 2—15 mTorr.

A reaction flame, observed around the CsFs
or CeF5Cl gas inlet was dispersed in the

200-1000 nm region with a Spex 1250M
monochromator equipped with a cooled
photomultiplier (Hamamatsu Photonics R376
or R316-02). The wavelength response of
monochromator and the optical detection
system were corrected using standard Dz and
halogen lamps.

3. Results and Discussion

3.1 Emission spectra of He2* excimer
resulting from the Hes*/CeFs and Hez*/CeFsCl
ion-ion neutralization reactions

Figure 1 shows typical emission spectra in
the 430-980 nm region resulting from the
He(238)/CsFs, He*,Hes*/CsFs, and
He*,Hes*/CeFs™ reactions. Figure 2 shows the
corresponding spectra for CeF5Cl reagent. Six
triplet and six or five singlet transitions of Hez*
given in Table 1 are identified in the He2*/CeFs’
and Hest*/CsF5Cl" reactions by referring to
reported spectral data of Hes*.1215 In addition
to many Hes* emissions, CeFet( B-X ),10
CeF5C1+(B-X),17 He*,1® and H*!® emissions are
observed. Strong broad CeFet( B-X ) and
CeFs5Cl*( B-X ) emissions result from
He(238)/C¢FsX  Penning  ionization and
Hest/CsF5X charge-transfer reactions.!® He*
lines dominantly result from He*/CeF5X
neutralization reactions.’%20 H* lines arise
from reaction of He(23S) with residual H20.2?

The observed Hes* emissions, on which the
present work focuses, disappeared when
charged species were removed from the He
afterglow on applying an electrostatic potential
to the grid. The formation of Hes:(c, d, e, f, C, D,
E, F) by the He2*/CsFs and He2*/CsF5Cl charge-
transfer reactions are highly endothermic,

Table 1. Hes* emission systems produced
Hest*/CsFs and He2*/CsF5Cl reactions in the
He FA.

Triplet transitions
AL(3d5)-bI1,
PT1,(3dn)-b’Tl,
2,"(3do)-bI1,

e Tl,(3pm)-a’L,"
d*2,"(3s0)-b’T],
T, (3po)-a’,’

Singlet transition

FIA,(3d5)-BITl,
F'IT,(3dn)-B'TI,
FI3,"(3do)-B',
E'T,(3pm)-A'Z,"
D'E,*(3s0)-B'TI»
C'%, (3po)-AlL,"

a) Observed only in the He2*/CsFs™ reaction.
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Fig. 1. Emission spectra of Hes* resulting
from the Hes2*/C¢Fs™ reaction in the He FA at a
He gas pressure of 1.8 Torr. Lines marked by
*and <& are He* and H* lines, respectively.

because high energies are required for the
ionization of CsFs (9.90 eV) and CeF5Cl (9.72
eV):zZ)

Heot + CeFs — Heslc~f,C~F) + CoFs*
-(7.0~84¢V), (5

Hes* + C6F5Cl — Healc~f,C~F) + C 6F5CI+
-(6.8~8.2¢eV). (6)

Therefore, these processes can be energetically
excluded from possible formation processes.
Figures 3 and 4 show energy-level diagrams
of triplet and singlet states of Hes*, where
observed emitting levels are shown in red. The
excitation energies of He2* and the
recombination energy of Hes* (22.223 eV) were
obtained from Ref. 12. We found that twenty-
two triplet states and twelve singlet states of
Hes* in the 19.3-21.8 eV region are formed in
the Hes*/2e” CRR reaction (1).” By the CsFs or
CeF5Cl addition to the He discharge flow,
several He2* bands with high excitation
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Fig. 2. Emission spectra of Hez* resulting
from the He2*/CsF5Cl reaction in the He FA at
a He gas pressure of 1.8 Torr. Lines marked
by * and & are He* and H* lines, respectively.

energies of 21.2-21.8 eV disappeared. On the
other hand, six triplet levels from c to f states
in the 19.3-20.7 eV region and six or five
singlet levels from C to F states in the 19.6—
21.3 eV region (Table 1 and Figs. 3 and 4)
remained after CeéFs or CeF5Cl addition. These
results indicate that electrons are completely
scavenged by CeF¢ or CeFsCl, so that the
contribution of CRR reaction (1) to the observed
Hez* bands is negligible. Thus, remaining
processes for the formation of Hes* are the
following ion-ion neutralization reactions:

Hes* + CeFe
— Hesa(c~f,C~F) + CsFs + (0.97~2.4 eV), (7a)
— Hes(c~f,C~F) + CéF5 + F
-(2.7~4.1eV), (7b)

Hezt + CsF5CI°
— Hez(c~f,C~F) + CsF5Cl + (0.75~2.2 eV), (8a)
— Healc~f,C~F) + C6F5 + Cl
-(1.8~3.2eV). (8b)



14 Formation of Hes* from neutralization reactions of Hez* with C¢F¢ and CeFs5Cl™ in the He flowing afterglow

He,*
np3Ey* nsds,* ﬂoang nd3s,* nd®M, nd3A,
22.22 L He.t
10— e
22.00 [ 60 V== 4_4a 63 69 2
N - n 6._P m m m
He, /CoFy [gmfiees K I gl gl
He,"/CqFsCI” i S 3 S ; ; ;
S/, h 4 a4 a
21.00 [
9
4= f
> e P gt 31—
> s 0 31—
>
o 2000 |
5]
C
L
3 C
19.00 |
o b
18.00 - ,_a

Fig. 3. Energy-level diagram of triplet states
of Hez2*. Observed emitting levels in the
He:*/CsFs® and He2*/CeF5Cl™ reactions are
shown in red.
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Fig. 4. Energy-level diagram of singlet states
of He2*. Observed emitting levels in the
He:*/CsFs® and He2*/CeF5Cl™ reactions are
shown in red.

In processes (7a) and (8a), parent CeFsX
molecules are formed as products, whereas
CsFs5 + X fragments are generated in processes
(7b) and (8b). Electron affinities of CsFs and
CeF5Cl are 0.53 eV and 0.75 eV,22 and
dissociation energies of D(CsF5-F) and D((CsF5-
CD are 5.03 eV and 3.97 eV, respectively.23 By
using these thermochemical data, ~AH° values
for the formation of Hez(c~f,C~F) in processes
(7a), (7b), (8a), and (8b) were estimated. Since
the reactions (7b) and (8b) are endoergic, they
can be excluded from possible reaction

processes. The observation of Hes* states in
the 19.3-20.7 eV region is consistent with the
fact that processes (7a) and (8a) are
responsible for the formation of Hez*. Based on
above facts, it was concluded that He2* states
arise from neutralization reactions (7a) and
(8a). The observed excited states in the
Hes*/CeF5Cl™ reaction were the same as those
in the He2*/CeFs reaction except for the
absence of the D state. This indicates that the
difference in electron affinity between CsFs
and CsF5Cl does not affect the observed energy
levels of Hez*.

3.2 Relative formation rate constants of Hes*
in the He2t/CeF6 and Hest/CsF5Cl” reactions

Radiative lifetimes of the f, e, and d states
have been measured as 1945 ns, 25+5 ns, and,
57+10 ns, respectively.2¥ Although the
radiative lifetimes of the ¢, F, E, D, and C states
observed in this study are unknown, they may
be the same order as the above states.
Radiative lifetimes of excited Hez* molecules
are short enough to emit radiation within the
observation region. It is therefore reasonable to
assume that the relative emission intensities
are proportional to their formation rate
constants.

In general, the overall rate constant of the
production of an upper state of Heo*, k(u), is
given by summation of direct formation rate

constant, kqy(u), and the contribution of
radiative cascade from upper states,
k(u: cascade),

k(u) = ko(u) + k(u: cascade). 9

Radiative cascade does not contributes to the
formation of all excited levels (Table 1).
Therefore, the relation k(u) = ko(u) holds in
the formation of 12 or 11 excited states in the
He2*/CeFe© and  He2*/CeF5Cl°  reactions,
respectively.

Table 2 shows excitation energies of observed
Heqo* states (T;) and ky(u) values in the
Hes*/CsFs and Hes*/CeFsCl” reactions. The
dependence of ky,(u) on the energy of Hes*
state in the Hes*/CsFe and Hes*/CeF5Cl
reactions is shown in Figs. 5 and 6, respectively.
The kyo(u) value rapidly decreases with
increasing the excitation energy of Hes*. A
similar tendency was observed for He* in the
Het/CeFsX (X=F, Cl) neutralization reaction,'?
indicating that ion-ion neutralization dynamics
is similar between atomic He* and molecular
Hez* ions. Major triplet and singlet Hez* states
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Table 2. Observed triplet and singlet excited
states, energies (Es.qc.), relative formation rate
constants (k,(w)), and equilibrium internuclear
distance (r,) of Hez* excimer.

State Egqre Hes'/CoFe  Hey'/CeFsCI
V) ko) R(A) ko(w) R.(A)

£A,(3d3) 207 11 149 40 149
fI,(3dr) 207 1.8 140 28 142
£%,3ds) 206 1.7 137 28 139
SMGpr) 206 1.0 136 1.7 142
#T,(Bso) 205 54 121 67 129

AX(3ps) 193 100 6.1 100 6.9

FIA3d5) 207 03 192 06 192
FIL,Gdr) 207 02 179 06 182
F'%,(3do) 207 03 173 06 17.6
EMGpr) 207 0.1 172 04 181
D'S,(3s0) 20.6 02 148 00 16.0
C'3,'3po) 19.6 307 67 255 7.8

were the lowest observed ¢3Z* and C1Z;* states,
which occupied 70% and 21% of Y, ko(u), in the
Hes*/CsFs reaction, and 69% and 18% in the
Hezt/CeF5Cl reaction, respectively. The kq(u)
values of higher d, e, f, D, E, and F states in the
Hes*/CeFs and Hes*/CeF5Cl” reactions are
smaller than 6.7%, indicating that the
formation of these high energy states are
unfavorable. The Y,k (u) value of high
energy d, e, f, E, and F states in the
Hes*/CeF5Cl reaction (20.2%) is larger than d,
e, f, D, E, and F states (12.1%) in the He2*/CsF¢’
reaction by a factor of 67%. This suggests that
the formation of high energy d, e, f, E, and F
states 1s more favorable in the Hes*/CeF5Cl
reaction. The total formation ratio of the
triplet/singlet states was about 3.5 and 4.3 in
the Hes*/CsFes and Hes*/CsF5Cl™ reactions,
respectively, which were slightly larger than a
statistical ratio of 3.0.

3.8  Vibrational distribution of Hes* and
rotational distributions of Hez(f, e, d, ¢, C:
v'=0) in the Hes/CéFs and Hes*/CeFsCl
reactions

Only (0,0) bands were observed for all the
He2* systems, so that no vibrational excitation
was observed. Rotational populations of Hez*
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Fig. 5. The dependence of ky,(u) on the
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reaction.
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Fig. 6. The dependence of ky(u) on the
energy of Hez* state in the He2"/CeF5Cl
reaction.

were estimated for five band systems, for which
rotational structures are well resolved. Figures
7a—7d and 8a—-8d show expanded emission
spectra of the f3Z*-b3Ilg, e3[1g-a3Zu*, d3Zu*-b3Ilg,
and ¢3Zgr-adZyt + C1ZgH-AlY,+ systems of Heg* in
the Hes*/CsFs and Hes*/CsF5Cl™ reactions,
respectively. In 4He, the nuclear spin is zero
and due to the symmetry rules for homonuclear
molecules all even or odd numbered rotational
levels are missing.1315:25 Therefore, only odd or
even levels of P, Q, or R branches are observed
in the above five transitions.
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Fig. 7. Rotational structures of the (0,0)
bands of Hea(f-b,e-a,d-b,c-a,C-A) systems
resulting from the Hes*/CeF¢ reaction in the
He FA at a He gas pressure of 1.8 Torr.
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Fig. 8. Rotational structures of the (0,0)
bands of Hea(f-b,e-a,d-b,c-a,C-A) systems
resulting from the He2*/CsF5Cl reaction in
the He FA at a He gas pressure of 1.8 Torr.
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Rotational distributions of the f, e, d, ¢, and
C states in the ground vibrational levels were
determined from relative intensities of Q or P
branch. Rotational levels of Hes* which belong
to Hund’s case (b) are represented by the
quantum number N’. The band intensity
(photons s1) of a transition from a (v’ N') level
toa (v”"N") level is expressed as

Ly € Ny ReZ(171;rV")qV'v"VSvaunNnSN/N”/gN/, (10)

where N,y is the rotational population in a
given vibrational level, Re( ) the electronic
transition moment, ¢, the Franck-Condon
factor (FCF), v,y the transition frequency,
Syn+ the rotational line strength, and gy =
2N’ + 1.29 When a fixed (v,v") band, Re(%,y")
and q,,~ values are constant. Assuming a
Boltzmann distribution, Boltzmann rotational
temperature is obtained from the following
relation:

In (31"’#) o const — hcBy,N'(N' + 1) /k Ty, (11)
VNINTTSNINT!

where k and Ty, are the Boltzmann constant
and the Boltzmann rotational temperature,
respectively.?y In Figs. 9a—9e and 10a—10e,
In(Iyryr/varynSyryr)  values are  plotted
against N'(N' + 1) for the v’ =0 levels of the
f, e, d, ¢, and C states in the He2*/CeFs and
Hest/CeF5Cl” reactions, respectively. Results
show that plots can be fitted by either single or
double Boltzmann temperatures. From the
slopes, hcB,,/kTgo: , the effective rotational
temperatures, T, , are estimated for each
state. Results obtained are shown in Table 4.
For comparison corresponding data for the
He2*/2e” CRR reaction? are also shown. The
rotational temperature of the f state in the
Hezt/CeF5Cl reaction is lower than that in the
He2*/CeF6 reaction. On the other hand,
rotational temperatures of the e, d, ¢, and C
states in the Hes*/CeF5Cl reaction are higher
than or about the same as those in the
Hest/CeF¢ reaction. Rotational temperatures of
the f, e, d, and ¢ states in the Hes*/CeF5X™ (X=F,
CD reactions are higher than those in the
He2*/2e” CRR reaction.”

From the observed rovibrational
distributions of Hea(f, e, d, ¢, C) in the Hes*/CsFs”
and Hez*/CsF5Cl™ reactions, we estimated the
average vibrational and rotational energies of
each state, denoted as <FE,> and <E,>, and the
average yields of total available energy into
these degrees of freedom, denoted as <f,> and
<f,>, respectively. Here, the total available
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for the Hez(f:v'=0), Hez(e:v'=0), Hea(d:v'=0),
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Hes*/CeF6 reaction.
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Hez(c:v'=0), and He2(C:v'=0) states in the
He2*/CeF5Cl reaction.

energies for the formation of each Hez* state
were  calculated from  the  relation:
Eior = —AHy® + 4RT at 300 K. From the <E,>,
<E>, <f,>, and <f> values, the sum of the
relative translational energy and internal
energy of CeFsX, <E> + <E;;;(C¢FsX)>, and its
fraction of the total energy, <f;>+ <fi,; (C¢FsX)>,
were determined. Results obtained are
summarized in Table 5. The <f,> values in the
Hes*/CsFs® and Hes*/CsF5Cl” reactions are
2.8-9.6% and 3.1-9.6%, respectively. The <f,>
values are zero for both reactions. Although the
E; values for the low energy c and C states are
larger than those of higher f, e, and d states,
their <E,> values are similar to those of the
upper three states. Therefore, the <f,> values
of the ¢ and C states are smaller than those of
upper three states. Thus, <f;> + <f,,; (CsFsX)>
values of the ¢ and C states are slightly larger
than those of upper states. On the basis of
<fi> + <fin: (CcFsX)> values, most of the total
available energies (90.4-97.2%) are deposited
into relative translational energies of
Hez* + C6F5X (X=F, CI) products and internal
energies of CeFsX. Among three internal energy
(electronic, vibrational, and rotational
energies), electronic energy can be excluded
from an acceptor mode of excess energies,
because the energies of CeFsX* (S1) states
(>4 eV)2220 are higher than excess energies
released in processes (7a) and (8a). Therefore,
CeFs5X accepts excess energies as their
vibrational and rotational energies in the
ground electronic states.

3.3 Reaction dynamics of the Hez*/CeéFs and
Hest/CeF5Cl neutralization reactions

Since the formation of Hez* takes place via
strongly attractive ion—pair potentials, a long
lived [He2—Ce6F5X]* complex can be postulated:

Hes+ + CeF5X-
— [Hes—CeF5X]* — Heo* + CoFsX. (®)

According to a simple statistical theory,27-29
the vibrational and rotational prior populations
of a given Hez* level are given by the relations:

P°(w") o (Eor — Ev')33: 9)
P°(N") « (2N’ + 1) (Eeor — Exr)*. (10)

The prior vibrational distributions of v'=0-3
levels of Hes(f, e, d, ¢, C) states were calculated
as follow:
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Table 4. Rotational temperatures of Heaf, e, d, ¢, C) produced from the He2*/CeFs and
He2*/CeF5Cl reactions and Heo/2e” CRR reaction.

L. . He,"/C¢Fs He,"/CsFsCl Hez*/Ze'a)
Emitting species
T./K T./K T./K

62030 580420 (N'=5_13)
Hex(£3%,": v'=0 1020420
A2 v=0) 350450 310670 (N'=1-5)
ool v 0560 2150 990+190 (N'=10-16)
ex(e’1ly: v=0) 800420 500420 (N'=2-10)
Hex @5, 7/=0) 1170+30 1530110 830220 (N'=7-17)
A= 53030 470+40 44050 (N'=1-7)
Hea(cS,": v'=0) 1080+110 1090+180 7204140 (N'=0-12)
Hex(C'%,": v'=0) 94030 1110+120

a) Ref. 7.

Table 5. Total available energy, average vibrational and rotational energies deposited into
Hes(f, e, d, c, C), and average fractions of vibrational and rotational energies of Hez(f, e, d, ¢, C)
and relative translational energies + internal energies of CsF5X deposited in the He2*/CeF5X

(X=F, CD reactions.

Eror <E,> <E,> <f> <f,> <fr+<f>  <fi>+<f(CsFsX)>
Reaction State
(eV) V) (V) (B () (%) (%)
532" 1.15 0.11 0.0 9.6 0.0 9.6 90.4
3, 1.16 0.07 0.0 6.0 0.0 6.0 94.0
He>"/CsFs a3z, 1.30 0.07 0.0 54 0.0 5.4 94.6
c’%," 2.48 0.07 0.0 28 0.0 2.8 97.2
Clz," 2.18 0.08 0.0 37 0.0 3.7 96.3
53z, 0.93 0.04 0.0 43 0.0 4.3 95.7
eI, 0.94 0.09 0.0 9.6 0.0 9.6 90.4
Hex'/CeFsCIT d3Z," 1.08 0.06 0.0 56 00 5.6 94.4
c3%," 2.26 0.07 0.0 3.1 0.0 3.1 96.9
Clz," 1.96 0.08 0.0 4.1 0.0 4.1 95.9
Hest/CeFe

Hes(f: v'=0-2)
Hez(e: v'=0-2)
Hea(d: v'=0-2)

1.0 : 2.5(-03) : 2.6(-06),
1.0 : 1.6(-03) : 8.3(-07),
1.0 : 2.0(-03) : 2.9(-06),

Hez(c: v'=0-2) = 1.0: 7.9(-02) : 6.2(-03),
Hea(C: v'=0-2) = 1.0 : 4.5(-02) : 1.8(-03),
Heast/CeF5C1

Heo(f: v'=0-2) = 1.0:5.1(-04) : 5.1(-08),
Hez(e: v'=0-2)

Hea(d: v'=0-2)

1.0 : 3.0(-04) : 1.1(-08),
1.0 : 9.4(-04) : 2.1(-07),

Hez(c: v'=0-2) = 1.0:6.1(-02) : 3.6(-03),
Hea(C: v'=0-2) = 1.0 : 3.1(-02) : 8.2(-04),

where (1) is power of 10 multiplying the entry.
The prior vibrational distributions predict low
vibrational excitation, which i1s consistent with
the experimental observations.

Figures 11a—11e and 12a—12e show observed
and prior rotational distributions of the f e, d,c,
and C states in the Hes*/CeF¢” and Hez*/CeF5Cl”
reactions, respectively. Observed rotational
distributions of f3%u*(v'=0) and e3[1g(v'=0) in the
Hest/CsFs  reaction and el (v’ =0) and
C1Zg*(v'=0) in the Hes*/CeF5Cl reaction are
higher than prior ones. On the other hand,
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Fig. 11. Observed and statistical prior
rotational distributions of the Hez(f: v’ =0),
Hes(e: v' =0), Hes(d: v’ =0), Hez(c:v'=0), and
He2(C:v'=0) states in the Hes*/CeFs reaction.
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Fig. 12. Observed and statistical prior
rotational distributions of the Hea(f:v'=0),
Hes(e:v'=0), Hea(d:v'=0), Hea(c:v'=0), and
He2(C: v' =0) states in the Heo*/CoF5Cl
reaction.
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observed rotational distributions are in
reasonable agreement with the prior ones for
d3ZuH(v'=0), c3Zg"(v'=0), and C1ZgH(v'=0) in the
Hezt/CeF6 reaction and f3Z.*(v'=0), d3Zu*(v'=0),
and ¢3ZgH(v'=0) in the He2*/CeF5Cl™ reaction.
Therefore, long-lived [Hes—CsF5X]*
intermediates take part in the formation of
many Hez* states in the Hes*/CeFs and
He2*/CeF5Cl reactions.

The ion—ion neutralization reactions studied
here proceed through strongly attractive
V[Hez*,CsF5X] ion-pair potentials. Hes* arises
from diversion of trajectories from the entrance
V[Heot,CsF5X1  potential to the exit
V[Heo*,CeFsX] potentials due to a strong
coupling between the two potentials. Thus the
electronic state distribution of Hez* reflects the
different crossing point of the strongly
attractive ion-pair entrance potentials and
rather flat covalent exit potentials at the
crossing points and the coupling between each
pair of states. The He2—CsF5X" separations at
crossing points A are calculated from the
relation:

R.= ¢2/(IP-EA) = 14.40/(IP-EA), (11)

where IP is the ionization potential of Hes* and
EA is the electron affinity of CsFs5X. The R.
values for the formation of each Hez* state are
calculated for each reaction. The results are
given in Table 2.

The 1ion—ion neutralization reactions proceed
through an approach of the Hez* and CeF5X ion
pair under their mutual Coulombic field
followed by an electron transfer from CsF5X to
Hez*. Since the Born—Oppenheimer
approximation holds during a fast electron
transfer, the relative motion of an ion pair is
unchanged after the neutralization. Therefore,
a large kinetic energy resulting from the strong
mutual Coulombic force is conserved at the
instant of electron transfer. The electron
transfer  occurs at  relatively  large
intermolecular separations of 6.1-19.2 A,
where interactions between neutral Hes* and
CéFsX molecules are small. Thus, a large
amount of the kinetic energy will remain in the
neutral products.

Under the Born—Oppenheimer
approximation, the internuclear separations of
Heo* ions are unchanged just after the
neutralization. Since the equilibrium nuclear
separation of Hes* (X22,+:1.081 A) is close to
those of He2*(1.068-1.097 A for f,e,d,c,F,E, D,
and C states),!? the formation of Hez* with the
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largest FCFs for the Heo*(X: v = 0) — He2*(f,
e, d, c, and C: :v' = 0) neutralization will be
most favorable, as evaluated in the previous
paper.” This prediction is consistent with the
preferential formation of Hes*(f, e, d, ¢c,and C) in
the v' =0 levels."

Just after the neutralization the geometries
of C¢FsX” (X= F, Cl) anions are also reserved.
Structural information on the geometries of
CsF5X has been obtained from theoretical
calculations by Miller et al.l0l) using the
GAUSSTAN-03 program.3® According to their
calculations, aromatic neutral CeFs molecule is
obviously completely planar with Den symmetry.
On the other hand, the calculated CsFs anion
structure is non-planar with C,, symmetry,
where two opposite F atoms protrude above the
average carbon plane by about 23°. The C atoms
to which these two F atoms are bound lie very
slightly below the plane in which the remaining
four C atoms lie, with a dihedral angle of —0.5¢.
The remaining four F atoms lie in a plane of
their own, slightly below that of the four planar
C atoms. A symmetry change is also observed
between Ce¢F5Cl and its anion from C,y to Cs,
resulting in a change in the rotational
symmetry number from 2 to 1. CeF5Cl is a
planar molecule, whereas CeF5Cl" is a non-
planar anion where Cl atom protrudes above
the average carbon plane by about 21.3¢
(B3LYP/6-311+G(3df) optimizations) or 37.1°
(G3(MP2) calculation).

Since the equilibrium geometries of CeF5X
are significantly different from those of CsF5X,
some energy will be released as the vibrational
energy of CeFsX after the neutralization
reaction. Consequently, most of excess energies
will be transformed into the vibrational energy
of CsF5X and the relative kinetic energy of the
neutral products in the He2"/CeF5X
neutralization reactions.

4. Summary and Conclusion

The ion-ion neutralization reactions of Hes*
with CeFe¢ and CeF5Cl" were studied by
observing Hes* excimer emissions in the He FA.
Six triplet and six or five singlet transitions of
He2* with excitation energies of 19.3-20.7 eV
were identified. Major triplet and singlet Hez*
states were the lowest observed ¢3Zgt and ClZg+
states, which occupied 70% and 21% of
Yuko(w), in the Hes*/CsFes reaction, and 69%
and 18% in the Hes*/CsF5Cl- reactions,
respectively. Thus the kg (c3Zg) + ky (C1Zgh)
values occupy 91% and 87% of Y, ko(u) in the
Hest/CéFse and  He2*/CeFs5Cl-  reactions,
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respectively. The total formation ratio of the
triplet/singlet states was about 3.5 and 4.3 in
the Hest/CsFso and Hest/CsF5Cl™ reactions,
which were slightly larger than a statistical
ratio of 3.0. No vibrational excitation was
observed for all observed Hez* states because of
large FCFs for Hes*(X: v = 0) — Heo*(f, e, d, c,
and C:v' = 0) neutralization. The rotational
distributions of 3%+ (v’ = 0), eI (v’ = 0),
A3 H(v'=0), 32 (v'=0), and C1ZsH(v'=0) states
were expressed by either single or double
Boltzmann  rotational temperatures  of
310-1530 K. Rovibrational distributions of
these excited states indicated that most of
excess energies are not released as
rovibrational energies of Hes* but they
(90.4-97.2%) are deposited into rovibrational
energies of CeF5X (X=F, Cl) and relative
translational energies of products. Equilibrium
molecular structures of CeFsX are planer,
whereas those of CsF5X™ anions are non-planer.
Therefore, vibrational energies of C¢F5X are the
most important internal energy of Ce¢Fs5X. The
observed vibrational and rotational
distributions were compared with statistical
ones assuming long lived [Hes—CesF5X]*
intermediates. In many cases, a reasonable
agreement between observed and prior
vibrational and rotational distributions were
found. Therefore it was concluded that long
lived [Hez—CsF5X]* intermediates take part in
most of the neutralization reactions.
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