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The ion—ion neutralization reactions of NQOX 3 *:v”=0) with CsF<Cl~, CsFsBr~, and GFs

have been spectroscopically studied in the flowing helium afterglow. The ANO( —

X 211, ,C 2I1,-X °I1,,D 22" —X ?[I,) emission systems are observed in the NQFsCI~
reaction with the branching ratios of 0.96, 0.017, and 0.028, respectively, while only th&-NQ(
emission system is found in the N@C4FsBr~ and NO/C4Fs reactions. The vibrational and
rotational distributions of NO%,C,D) indicate that only 1%—11% of the excess energy is deposited
into vibration and rotation of NOY,C,D) for all the reactions. In the NOCgFsX~ (X=CI,Br)
reactions, a major part of the excess energy is expected to be partitioned into the relative
translational energy of the neutral products and the vibrational energyFgKCA comparison of

the observed vibrational and rotational distributions with the statistical prior ones indicates that the
reaction dynamics is not governed by a simple statistical theory because of the large impact
parameter. The excitation mechanism of MQC,D) in the ion—ion neutralization reactions of
NO™ with CiFsX~ (X=F,Cl,Br,CR) and GF; is discussed. ©1996 American Institute of
Physics[S0021-960806)01331-1

I. INTRODUCTION Only the NOQ 23 % —X 2I1,) emission system from’ =0

| lizati . b . dwas observed for the reaction with SF while the
Mutual neutralization reactions between positive an NO(A 25 * X 2I1,,C 2[1,—X 2I1,,D 25" —X 2I1,) emis-

negative ions are important because they remove efficiently;,, systems from’
charges from cold plasmas. Since the first study in 1896 by, £ anq GF.CF; . This shows that the product electronic
Thomson and Rutherfor“d|on—|on_ neutralization reactions giate distribution in the ion—ion neutralization reactions de-
have been investigated by using flowing-afterglow a”dpends strongly on the negative ion

—9 . .
merged-beam methF’aS; The major purpose of these stud- In order to obtain further information about the elec-
ies was the determination of reaction rate constants. Thert‘?onic state selectivity of N®in the ion—ion neutralization

are only a few optical spectroscopic studies thatzhave detebrocesses, the formation of NCby the reactions of NO

mlneg the final states of the reaction produ€ts? Smith | i CoF.Cl™, CFBr, and GF; have been studied here.

et al:~ have spectroscopically studied ion—ion neutralizationype gjectronic state distributions and the rovibrational distri-

process(1) by using a flowing-afterglow method butions in each reaction are determined. The observed vibra-
NO* (X 13 7)+NO, =NO(A 25 *:p'=0)+NO,. (1) tional _and rotat?onal distribution_s are compared with statisti-

cal prior ones in order to obtain dynamical features of the

Only the NOA 23" —X 2II,) emission fromy’ =0 was ob- ion—ion neutralization reactions. The results obtained are

served. We have recently investigated the excitation proeompared with our previous data for reactidBs and (4).

cesses of NO by ion—ion neutralization reactions of NO

with such negative ions as gF C6Fg, and QF5C|§ by Il. EXPERIMENT

using the flowing-afterglow methdrt’

=0 were found for the reactions with

The flowing-afterglow apparatus used in this study is

NO™ (X '37)+SF; identical with that used for the ion—ion neutralizations of
i (20 NO' with SRy and GFs;.'*™ In brief, the metastable
—NO(A "X ":v'=0) +SF;, He(23S) atoms and Hé and Hg ions were generated by a
NO* (X 15 %)+ CoFx microwave discharge of the high purity He gas in a discharge
( 676 flow operated at 0.5—-1.5 Toft Torr=133.3 Pa All experi-
“\NO(A 25*,C 2I1,,D 25" :v’ = 0) + CFe, 3 ments were carried out by removing the Hand He¢ ions
by using a pair of ion-collector grids placed between the
NO* (X %)+ CgFsCFy discharge section and the reaction zone.

N,O or NO was admixed with the discharge flow about
—NO(A ?2*,C2I1,,D ?S":0v'=0)+C4FsCF;.  (4) 10 cm downstream from the center of the discharge, whereas
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CgFsX (X=CI,Br,l) were introduced 10 cm further down- (8) HO/N20/CoF5Cl AXOVY)  NO*

stream from an inlet of BO or NO. The partial pressure of vig ! : 2 4

N,O or NO in the reaction zone was 15-50 mTorr, while p.x CTX(O.V") |

those of GFsX (X=CI,Br,l) were 1-5 mTorr, as measured <°’V,'>1 . f’“”’"’ﬁ

by a capacitance manometer. Typical operating pressures N ,L

were 1.0 Torr for He, 50 mTorr for §O, 17 mTorr for NO, ' .

and 3 mTorr for GFsX (X=CI,Br,I). (6 He/Nz0 ] B,
At low N,O and NO gas pressures, the vibrationally ex- BX(1V) s

cited NO'(X 137) states arrived at the reaction zoee- S . LT

cause the vibrational relaxation rate of NQX:v'=1) is (6} (8)-(b} NO*/GeFsGT"

slow for the buffer He gas, while it is fast for NO ang®!

NO* (X 13 *:0"=1)+He—NO" (X 13 ":v"=0)+He, ) } J /\1 M
ks<1x10 1 cm®s™! (Ref. 18), ® %0 0 Wavelenzg;toh(nm) 0 0

NO™(X 13 ":0"=1)+NO—NO" (X 13 *:0"=0)+NO,

© FIG. 1. Emission spectra of NOresulting from the He afterglow reaction
_ 10 1 (@) with C4F<Cl addition and(b) without GFsCl addition. Spectrunic) is
ke=5x10 cm®s™! (Ref. 18), the difference spectrum betweé and(b) [(a)—(b)]. The optical resolution

is 0.19 nm(FWHM).
NO* (X 13 *:v"=1)+ N,O—products,

7
k,~2x10" 10 cm®s! (Ref. 18). @) Kyoa
. ~+ -+ =959

The spectral features of N@(X) were independent of the © CoFsl = CeFs 1, (=95%) (123
NO or N,O gas pressure above 10 mTorr indicating that all ki
of the reactant NO ions were relaxed completely to the —CgFsl ™, (=5%)

+ i +.,.n_ : _
NO™(X *X":v"=0) level. Thus all experiments were car Kyt Kip=3.1x10°8 cnPs L. (12b)

ried out at NO and BD pressures above 10 mTorr, where the
contribution of NO'(X '3 *:0”=1) was negligible. The emission spectra resulting from ion—ion neutraliza-

In our flowing-afterglow experiment, electron/positive tion reactions around thegEsX gas inlet, were dispersed in
ion plasma was created between the two gas inlets,6f&¢  the 190—700 nm region with a Spex 1250M monochromator.
NO and GFsX (X=CI,Br,l) due to the following Penning All emission spectra presented here are corrected for the
ionization: relative sensitivity of the optical detection system.

He(2%9) +N,O-N,O" +Hete™,  (47%) (83 || RESULTS AND DISCUSSION

—NO"+N+Hete™, (51%) (8b)  A. Excitation processes of NO in the He afterglow

He(23S)+ NO—NO*+He+e ™. (100%) (9) Figures 1a) and Xb) show typical emission spectra in
the 190—280 nm region obtained by the addition g©Nnto

The branching ratios of Eq$8a), (8b), and(9) are obtained the He afterglow from the first gas inlet with and without
from mass spectroscopic data of Westal.”® The electron/  addition of GFsCl from the second gas inlet, respectively,
positive ion plasma was converted completely to positiveyhere only He(2S) was involved as an initial active spe-
ion/negative ion one by the addition offzX (CI,Br,I) with cies. The very weak NG 23" —X II,) y system from
large thermal electron attachment coefficients. The following,’ =0 and the NOB ?IT,—X 2II,) B system fromv’=0,1
nondissociative electron attachment leading to parent aniongre identified in Fig. (b) with reference to reported spectral
occurs for GFsCl and GFsBr, while dissociative electron data?®-??Most of these NOA—X) and NOB—X) emissions
attachment leading to €5 preferentially takes place for probably result from the three-body #&/OCGP)/M (M

CeFs!® =He, N,0) reactions>?*By the addition of a small amount
kio of C¢F<Cl into the reaction zone, the N@(S*—X 2II,)
e~ +CgFsCl—CgFsCl~  (100%) system is enhanced strongly, as shown in Fi@).1n order_
to subtract the contribution from the weak underlying
kio=8.4x10"8 cmPs?, (10  NO(A-X,B-X) emissions, Fig. (b) is subtracted from Fig.
1(a). The resulting spectrum is shown in Figcl It is clear
_ K112 B . from Fig. 1(c) that the NOA-X) emission fromv’'=0 and
e +CgFsBr— CeFsBr—, (=97%) (113 1 appears by the E;Cl addition. All emission spectra pre-
K1t sented below were obtained by using the same subtraction
—Br +C¢Fs, (<3%) method.
On the basis of the reaction scheme given in Sec. Il and
Kizatkip=8.3x10"8 cmPs™?, (11b  the energetics, the N®(C,D) states can be formed by dis-

J. Chem. Phys., Vol. 105, No. 7, 15 August 1996



Tsuji et al.: NO* formation by ion—ion neutralization reactions 2703

(a) CeFs . measured in the Ar afterglow, where only theQN ion was
generated by the AVN,O charge-transfer reactithand
thermal electrons were produced by a microwave discharge
of Ar. No evidence of the NO formation due to the
N,O"/C¢FsCI~ reaction was found. It was therefore con-
cluded that only ion—ion neutralization reactiqiga—(14¢

D-X
(o,v'yl

(b) CeFsCI™ participate in the excitation of N@(C,D). Although the
same emission spectra of N®C,D) were obtained by us-
ing NO and NO as source gases of NOthe signal to noise
ratio of the observed spectra was much better by usiy@ N

because background NOemissions were much weaker.
When GFsBr~ and GFs were used as negative ions, the
same emission spectra of NQvere obtained by using JO
and NO. No evidence of the NO formation by the
N,O"/C¢FsBr~ and NO'/C4F reactions was found when
(d) CeFs N,O" was selectively formed from the AMN,O reaction.
These findings led us to conclude that N@as excited by
the NO'/C¢FsBr~ and NO'/CgF5 reactions.

Figure 2 shows emission spectra resulting from the ion—
ion neutralization reactions of NOwith C4F<CI~, C4F<Br,
(e) CsF5CFg and G5 . For comparison, our previous data fogFg and
CgFsCF; are also given. The'=0 v” progression of the

}l }L NO(A—X) emission system is observed strongly in all spec-
}'{ M tra. Although the NOC 2IT,—X 2II,,D 23X 2II,)
780 systems can be clearly identified in the NGgFg

Wavelength(nm) and NO'/C4F-CF; reactions, these systems and the KO(
X) system fromv ' >0 are either weak or absent for the other

(c) CeFsBr~

FIG. 2. Emission spectra of NO resulting from the NO/
CgFsX~(X=F,CI,Br,CR) and NO'/C4F5 reactions. The optical resolution is
0.19 nm(FWHM).

(a) CeFs .

o o . cxovy  NO A-X(0,0)
sociative ion—ion neutralization reactiofi3a—(13¢) and/or D-X = 3 4 ’
nondissociative ion—ion neutralization reactigfda—(14c) v , \ . |

N,O* +CeFCl-—NO(A) + N+CgF<Cl+2.00 eV, ! | | ] M

(13a ﬂMM_JW
—.NO(C)+ N+C¢F<CI+0.99 eV, (0) CoFsCl-
(13b) A-X(1,0)

—~NO(D)+N+CgFCl+0.87 eV,
(139

NO* +CgFsCl-—NO(A) + CeFsCl+3.30 eV, (143

' c) CeFsBr~
. NO(C)+C4F:Cl+2.29 eV,  (14b
. NO(D)+C4FsCl+2.17 eV. (140 |

Since the dissociation energy Bf(C4Fs—Cl) is 3.99 eV2® d) CeF's’
dissociative neutralization reactions leading 4 Cl are
closed in the above processes. In order to examine the con- bk ey *

tribution from NO"/C4F<Cl~ reactions (149—(140), the e) CeFsCFs
source gas of positive ions was changed fropONo NO.
Since only the NC5 ion is formed in the He(3S)/NO Pen-
ning ionization!® the contribution from reaction$13a—

(130 can be removed completely. The emission spectrum of 190 Wavel 2'°th

NO* obtained by using NO was the same as that found by avelength(nm)

using NO. This implies reactionélda—(140 dominate the FIG. 3. Expanded spectra of NGn the 190—230 nm region resulting from

formation of NO'. In order to examine the contribution from ¢ NO'/C.EX~(X=F.Cl Br.CR) and NO'/C.F; reactions. The optical
N,O"/C4FsCl~ reactions(1339—(13¢, NO* emission was resolution is 0.36 nniFWHM).

J. Chem. Phys., Vol. 105, No. 7, 15 August 1996
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0 X'z {(NO*)

NO*+ CeFsCli ,CeFsBF

Potential energy (eV)

08 12 1.6 2 24 28
Internuclear distance (A)

FIG. 4. Potential energy diagram of NO and NQ\dopted from Refs. 22
and 27.

three reactions. In order to examine whether
NO(C-X,D—-X) systems and the N@(-X) system from

Tsuji et al.: NO* formation by ion—ion neutralization reactions

TABLE |. Relative formation rates of NDin the ion—ion neutralization
reactions of NO with C4FsX ~(X=F,CI,Br,CF) and GF; .

Relative formation rate

Anion NO(A 25*)  NO(C?2l,) NO( 23%)
CeFs Ref. 15 1.00 0.120.04 0.24-0.04
C4F<Cl~  This work 1.00 0.0180.002  0.029-0.003

CsFsBr~  This work 1.00 0.00 0.00
CeFs This work 1.00
CsFCF;  Ref. 16 1.00 0.0410.03  0.06@-0.010

NO(B-X,E—A) transitions. The NOCL—X,D—-X) transi-
tions were detected in the N@C4FsX~ (X=F,CI,CF) reac-
tions.

B. Internal state distributions of NO  *

The relative formation rates of N@(C,D) in each re-
action were determined by comparing the total emission in-
tensities of the NO&A—X,C—X,D—-X) systems. The results
obtained are given in Table | along with our previous results
for CgFs and GFsCF; . These values were obtained assum-
ing that theC— A andD — A radiative-cascade processes are
negligible for the formation of NO).1*° The relative for-

themation rates of NO§,C,D) were unchanged in the He pres-

sure range 0.5—1.5 Torr, leading us to conclude that the elec-

v’ >0 are present or absent, higher-sensitivity measurementgonic quenching of NOA,C,D) by collisions with the
of the spectra in the 190—230 nm region were carried outbuffer He gas is insignificant during short radiative lifetimes
The spectra obtained are shown in Fig. 3 along with ouof 7=(192-202+14 ns for NO@A *3*:v'=0,1)?° <2.7

previous data for gFg and GFsCF;, where the NOC—

X,D-=X) systems appear strongly. Although weak NI3(
X,D-X) emissions fromyv'=0 and NOQA-X) emission
from v'=1 are identified for @=CIl~, only very weak
NO(A—-X) emission fromv'=1 is observed for gFsBr-.

No emission is found in the 190—-220 nm region foyFE.

Summarizing the above facts, neutralization proce¢sgg

and (16) are found in the NO/CFsBr~ and NO/C4F5 re-

actions, though processé45b) and (15¢ cannot be ob-
served

NO*+CgFsBr —NO(A)+ CgFsBr+3.31 eV, (153
—NO(C)+ CgFsBr+2.30 eV, (15b
—NO(D)+C¢FsBr+2.18 eV, (159

NO™ +CgFs —NO(A) + C¢Fs+0.38 eV, (16)

SinceD(C¢Fs—Br) is 3.5 eV dissociative neutralization re-
actions leading to gF5+Br are excluded from the possible

processes.

Figure 4 shows a potential-energy diagram of NO and

NO*, and the energies of NO-CgFsX ™~ (X=F,CI,Br,CFy)

and NO'+CgFs; ion pairs at infinite intermolecular dis-
tances. Among a number of emitting excited states in

NO>?*?" the A?3*, B2II,, C2l,, D?3*, andE %37
states can be detected by observingAhe X, B— X, C— X,

D—X, and E—A emission systems in the ultraviolet and

visible region. Although the NOX-X) transition was
observed in all reactions, no

+1.5 ns for NOC °II,:v'=0),?® and 16.1-0.7 ns for
NO(D 23 %:v'=0)2 The relative formation rates of
NO(C,D) decrease with increasing mass of halogen atom
substituted to the g group and they become zero for the
case of the heaviestgEBr~ ion. The relative formation
rates of NOC,D) increase again by the substitution of a
heavy Ck molecule.

Although only thev' =0 level is found for NOC,D) in
the NO/C¢FsCl~ reaction, both the’ =0 andv’ =1 levels
are observed for N@X) in the NO"/C4FCI- and
NO*/C4FsBr~ reactions. The relative vibrational populations
of NO(A:v'=0,1) were determined from the intensity ratio

NO(A-X)
(0,1)

(a) Calc.

(b) Obs.

234 235 236 237
Wavelength(nm)

FIG. 5. The observed and calculated spectra of tBgl) band of
NO(A 23" —X 2I1,) obtained from the NO/C4FsCI™ reaction at thermal

reactions exhibited theenergy. The optical resolution is 0.085 KEWHM).

J. Chem. Phys., Vol. 105, No. 7, 15 August 1996
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TABLE Il. Observed and calculated prior vibrational populations of NQ@%,D) produced from the ion—ion
neutralization reactions of NOwith CgFsX ™ (X=F,Cl,Br,CR) and GFs .2

NO(A) NO(C) NO(D)
Anion v'=0 v'=1 v'=0 v'=1 v'=0 v'=1
CeFe Ref. 15 gablts;‘.. i.'gg 2.(0202% 1.1680 2.52'2)0 1.016OO 2.0195())0
RO Thswok OO 1ol 4t 100 7809 100 7.9
crar mewx Q2 1% 20w om s o
CFs  Thswok  C° 100 1pan
CFCRs Ref 16  Obs. 100 0.00 1.00 0.00 1.00 0.00

Cale. 100  8.3-3 1.00 3.8-4) 100 2.4-4)

a/alues in parentheses are power of 10 multiplying the entry.
bThis value was erroneously reported as 0.26 in Ref. 15.

between thg0,0) and (1,00 bands of NOA—X) and their  distributions of NOA) were identical between the two ex-
known Einstein coefficient® The N;/N, ratios are very periments. On the basis of these findings, the vibrational and
small, as shown in Table Il, for both reactions. The rotationakotational relaxation of NOX,C,D) by collisions with He
distributions of NOQA,C,D) resulting from the reactions atoms is insignificant during short radiative lifetimes of 2.7—
with C4FsCl~, CsF<Br~, and GF: were determined by a 202 ng€%?®under the operating conditions.

computer simulation of the N@(-X,C-X,D-X) emis- By using established rovibrational distributions of
sions. The simulation method was the same as that reportédiO(A,C,D), we determined the average vibrational and ro-
previously!*® As a representative result, the observedtational energies of NGY,C,D) and their average fractions
NO(A-X) spectrum in the NO/C4FsCI~ reaction is com- of the total excess energy, which are denotedBy), (f,),
pared with the best fit onéFig. 5. The observed NOX—  (E,), and(f,), respectively. The same relations as those re-
X,C—X,D-X) spectra can be reproduced by single Boltz-ported previousl#~®were used for the evaluation of these

mann rotational temperatures given in Table IIl. Forvalues. ThelE,), (f,), (E,), and(f,) values obtained are
comparison, the rotational temperatures of Nformed in  given in Table IV together with our previous data fogFg
the reactions with gF; and GFsCF; are given in Table Ill.  and GFsCF; . Either no or very small amount of the excess

It should be noted that the rotational temperatures are relanergy is deposited into the vibrational mode of M)
tively low for all the reactions. Th&, values of NOA),  while no energy is partitioned into the vibration of NOD)
NO(C), and NOD) in thev'=0 levels are independent of because of the lack of emission fram=1. Since the/f,)
the negative ion. and(f,) values are very small for all cases, t{f)+(f,)
The vibrational and rotational distributions of values are small<11%). On the basis of these facts, most of
NO(A-X,C-X,D-X) were independent of the He buffer the excess energy must be released as the internal energy of
gas pressure over the range of 0.5—-1.5 Torr. In order to fur€sFsX (X=F,CI,Br,Ck) and GFs and/or the relative trans-
ther examine the effects of the collisional relaxation, the vi-lational energy of the products.
brational and rotational distributions of NA) produced Since the formation of NOY,C,D) takes place via
from the He(2°S)/NO reaction in the He flowing afterglow strongly attractive ion-pair potentials, long lived
at 0.5-1.5 Torr were compared with those measured using WO —CFsX 7) and (NO*—C4F5) complexes can be postu-
beam apparat@$at 3 mTorr. The vibrational and rotational lated. According to a simple statistical thedRy32the rota-

TABLE Ill. Rotational temperatures of NOproduced from the ion—ion neutralization reactions of N@ith CqF:X ~(X=F,CI,Br,CR) and GFs .

T (K)
Anion NO(A:v'=0) NO(A:v'=1) NO(C:v'=0) NO(D:v'=0)
CeFs Ref. 15 506:50 300:50 400+50
CsFsCl™ This work 50050 500£50 300£50 400+50
CeFsBr™ This work 50050 400-50
CeFs This work 50050
CgFsCFs Ref. 16 500-50 300£50 400+50

J. Chem. Phys., Vol. 105, No. 7, 15 August 1996
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TABLE IV. Average vibrational and rotational energies deposited into
NO(A,C,D) and their fractions of the total available energies in the ion—ion (a) NO(A:v'=0)

neutralization reactions of NOwith C4FsX ~(X=F,CI,Br,CFy) and GF; .
1
Anion NO* E, (meV) E, (meV) (f,) ()
CeFs Ref. 15  NOA) 0 43+4 0 0.015 0.75
NO(C) 0 264 0 0.014 -~
NO(D) 0 344 0 0.019 2 osh
CeFsCl~  This work NOEQ) 0.6 434 0.0002 0.013 a
NO(C) 0 264 0 0.011
NO(D) 0 34+4 0 0.016 0.25 |4
CeFsBr~  This work NOEQ) 3.2 434  0.001 0.013
CeFs This work NOQA) 0 43+4 0 0.11 '
CeFsCF;  Ref. 16  NOQ) 0 43+4 0 0.015 0
NO(C) 0 264 0 0.014
NO(D) 0 34+4 0 0.019
(b)
tional and vibrational populations of a given'(J’) level -
are given by the relations a’
-~
Py *[Eq— E(A,C.D:v") ], (17a N
[ =
Pg,oc(ZJ’+1)[Et0t—E(A,C,D:u’,J’)]s+2. A7b T

Here,E is the total excess energy released in each process,
E(A,C,D:v’,J’") is a rovibrational energy of thev(,J") . . . ,
level, ands is the number of normal mod€3n—6 for ann o 1 2 3 4
atom nonlinear molecule=30 for GFsX and s=27 for 9, (x100)
CsFs). By using Eq.(173, the prior vibrational distributions
for the lowestv’'=0 and 1 levels are estimated for each
exothermic process, as shown in Table Il. The statistic
theory predicts very low vibrational excitation of
NO(A,C,D), being consistent with the experimental obser-
vation. However, it was found that N@j from the fore concluded that the formation of NCby the ion—ion
NO*/C¢FsBr~ reaction is more vibrationally excited than neutralization reactions of NOwith CsFsCI~, C¢FsBr~, and
that from the NO/C¢Fg and NO'/C¢FsCI™ reactions, even C¢F; does not proceed through long-lived ion-pair com-
though similar vibrational excitation is expected among theplexes, where the excess energy is randomized statistically to
three reactions based upon the statistical theory. neutral products. The ion—ion neutralization reactions have
As a representative result, the prior rotational distribu-an enormous cross section, due to the strong coulombic at-
tion of NO(A:v'=0) in the NO'/C4FsCl™~ reaction is com- traction between the ion pair. Because of the large impact
pared with the observed one in Fida The calculated prior parameter, the conservation of angular momentum inhibits
distribution is more excited than the observed one. Similaclose contact, i.e., a strong collision. Therefore the excess
results have also been obtained for MO{'=1), energy will not be randomized statistically in the reaction
NO(C:v'=0), and NOD:v’'=0) in the NO/C4FsCI~ re-  products.
action and NOA:v'=0,1) in the NO/CgFsBr~ reaction.
On ihe o'Eher haljd, 'ghe prior dis_tribution of N@)(fromthe - Raaction mechanism
NO™/CgF5 reaction is less excited than the observed one.
The deviation from the prior distribution can often be repre- ~ The ion—ion neutralization reactions studied here pro-
sented in the form of linear surpris&;*? ceed throughV(NO™,CsFsX ™) and V(NO™,CqFs5) ion-pair

1(g3)=—In[(P(3")/P°J")]=\°+4,.0;, (18)
_ _ . TABLE V. Rotational surprisal parameters for N®(C,D) produced from
whereg,, = E; /(Ei — E,r). As an example, the surprisal . ion_ion neutralization reactions of Nawith CFsCl™, CgFsBr~, and

plot for NO(A:v'=0) in the NO'/C4FsCl™ reaction is cg:.
shown in Fig. @b). A satisfactory linear relationship is
found. Similar linear relationships were found for the other Oy

cases. From the slopes of the surprisal plots, the linear rotamion  NO(A:v'=0) NO(A:v’'=1) NO(C:v'=0) NO(D:v’'=0)
tional surprisal parameteis,, are obtained for each neutral- —

ization proces¢Table V). As described above, there are sig- geisg:_ ii'g 221 %55 29.9
nificant discrepancies between the observed vibrational angi ,:Z 311 '

rotational distributions and the statistical ones. It was there

IG. 6. (a) Observed and calculated prior rotational distributions émd
urprisal plot for NOA:v’ =0) produced from the NOC4F<Cl~ reaction.
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where interactions between neutral N@nd GFsX or CgF5

NO*s GoFe molecules are small. Thus, a large amount of the kinetic
st NO* C‘FSCM energy will remain in the neutral products.
Under the Born—Oppenheimer approximation, the
% NOE) + GaFsX internuclear separations of NQX), CsFX~, and GFs
=7} S i are also unchanged just after the neutralization, since the
=4 N e + GoFex equilibrium nuclear separation of NOX 3 7:1.063 22 A
= FHF NO(O) + CeFex is close to those of N@ 23 %:1.0634 A, NO(C 211, :1.062
o // A), and NAD 23%:1.0618 A?? the formation of
E NO(B) + CoFsX NO(A,C,D) with the largest Franck—Condon factors for the
2 i NO*(X '3 ")—NO(A,C,D) neutralization will be most fa-
o NOUA) + GeFeX vorable. This prediction is consistent with the preferential
5f NO* QoFE formation of NO@,C,D) in thev’=0 levels. Although no
, . vibrational excitation of NOA) was found in the
0 10 20 30 NO*/C¢Fs , NOT/CgF5, and NO/C4FCF; reactions, the

Intermolecular distance (;&)

FIG. 7. The entrance NO+CgFsX ~ (X=F,CI,Br,CF;) and NO'+CgF5 ion-
pair potentials and the exit NG-CgFsX(X=F,Cl,

potentials.

potentials, as shown in Fig. 7. NQarises from diversion of
the entranceV(NO™,CgFsX )

trajectories  from
V(NO*,CFs) potential to the exit

V(NO*,C4Fs) potentials due to a strong coupling between
the two potentials. Thus the electronic state distribution o
NO* reflects the different crossing point of the strongly at-
tractive ion-pair entrance potentials and rather flat covalent
exit potentials at the crossing points and the coupling be=
tween each pair of states. The NOC4F:X ~ (X=CI,Br) and
NO*—CgF5 separations at crossing poiris are calculated
using the same relation as that reported previotfstyin the

calculations, the following electron

CeFCl (0.48 eV},** C4F<Br (0.47 eV),>3and GFs (3.4 eV).3*
The R, values for each reaction are given in Table VI.
The ion—ion neutralization reactions proceed through arf
approach of the NO(X =) and GFsX ™ or C4Fs ion pair
under their mutual Coulombic field followed by an electron
transfer from GFsX~ or GiFs to NO™. Since the Born—
Oppenheimer approximation holds during a fast electro
transfer, the relative motion of an ion pair is unchanged aftel"!
the neutralization. Therefore, a large kinetic energy resultiné
from the strong mutual Coulombic force is conserved at the
instant of electron transfer. The electron transfer occurs
relatively large intermolecular separations of 4.3-38 A,

TABLE VI. Crossing points in the ion—ion neutralization reactions of NO

with CgFsCl™, CgFsBr~, and GFs .

very low vibrational excitation of NO{) was observed in
the NO"/C4FsCl~ and NO'/C4FsBr~ reactions. For the latter
reactions, the NOX) formation occurs via curve crossings at
shorter range than that for the former reactions, so that the
NO*(X) potential is slightly perturbed by an access of the
negative ion.

Unfortunately, to the best of our knowledge, detailed
equilibrium geometries of FsCF; and GFs are unknown.
On the other hand, some structural information on the geom-
etry of GFg has been obtained from electron spin resonance
i(ESR) coupling constants measured in the condensed
phase’®=3" The resulting geometry depends on the theoreti-
al treatment. Both carbon skeleton distorted to a cyclohex-
ane like chai®® and undistorted carbon skeleton but out of

Br,CF) and NO +CgFs

or
V(NO*,C4FsX) or

plane C—F bond4 have been proposed for the equilibrium
geometry of GFg . These geometries are significantly differ-
ent from that of the planer & molecule. For gFsCI~ and
CgFsBr—, some changes in the C—Cl and C—Br bond lengths
are expected between the neutral molecules and anions on
the basis of the ESR coupling constafitbecause an excess
lectron is located on the C—Cl or C—8f orbital. Since the
equilibrium geometries of X~ (X=F,CI,Br) are different
from those of @FsX, some energy will be released as the
vibrational energy of gF:X in the neutralization reaction.
r]Consequently, almost all excess energy will be transformed

to the relative kinetic energy of the neutral products and
he vibrational energy of gFsX.

For the production of NO§,C,D), the symmetry of the

eactant and product potentials must be matched. Although

O(A 22 %) and NOD 23 %) are formed, NOE) with the
same23 " symmetry is not produced in the N@CzFX ™~
(X=F,Cl,Br,CF) reactions. It is therefore reasonable to as-
sume that the symmetry of the product potential is not a
significant factor for the electronic state selectivity of Nid

affinities were used:

the NO"/CgFsX~ (X=F,CI,Br,CR) reactions. Here, it was

R B found that the electronic state selectivity of N@ the same
NG* NO"/CeFeCl™ NO"/CqFsBI™ NO"/CqFs for the reactions with gFs, CsFsCl~, and GFsCF; with
NO(A) 4.35 4.34 37.8 Dens D2, and Cg molecular symmetries, respectively. On
NO(B) (4.572 (4.56) (65.2 the other hand, the electronic selectivity ofFeBr™ is dif-
mgég; g-g Eg-gg ferent from that of G=;CI™, even though the molecular sym-
NO(E) a1 116 metry is the same. These facts led us to conclude that mo-

lecular symmetry of negative ion is not a significant factor

R, values for unobserved NOstates are given

in parentheses. for assessing the electronic selectivity of NO
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There exist two types for the electronic state selectivityfore, significant stabilization by the field effect occurs for the
in the ion—ion neutralization reactions of NQvith negative ~ ¢* orbital, while the diffuser® orbital is less strongly sta-
ions. One is the formation of the 3", B 2I1,, andE 2S*  bilized by the field effect and destabilized by th& dona-
states, which is independent of the negative ion. The other ison. A similar ¢*—7* crossover also occurs forgE&Cl™
the formation of theC %I, and D 22" states, which de- and GFsBr~ on the basis of the ESR data in the condensed
pends strongly on the negative ion. For the former type ophase® Therefore, the excess electron is dominantly located
reactions, theA state is formed in all reactions, even though on the C—Cl or C—Bw™ orbital. Although the formation of
there are significant differences in the crossing pointsCsFsCl—, CI7, CFsBr, and Bf have been observed at low
(4.3-38 A as shown in Table VI and in the nature of the energy electron attachment, thgFg formation has not been
highest occupied molecular orbitdfOMO) in the negative observed due to the higher endothermiéify.This result is
ions. The formation of theé state from the NO/C4F5 reac-  consistent with the fact that the excess electron hasdCl
tion occurs at an especially long intermolecular distance oBr~ ¢* character in the ground states ofFgCI~ and
38 A. A similar near-resonant ion—ion neutralization processC¢FsBr~.
via curve crossings at long intermolecular distances has re- For an efficient electron transfer leading to NOQD), a
cently been found in the HéC¢F; reactiori® favorable_overlap is necessary between tHe orlbital of
_ CeFsX ™ (X) and the ® or 3po orbital of NO*(X 3 7) at

He" +CgFg —He(4p *P,4d °D,4d 'D) + CeF. (19 the crossing points. In the case off; , a negative charge is
The B andE states are absent in all cases. The neutralizatiogqually delocalized over the six C-# orbitals, while the
reactions leading to thé, C, D, and E states proceed negative charge is dominantly located on one C—Cl or C—Br
through an electron jump from the HOMO orbital of the o™ orbital for the cases of :CI~ and GFsBr~. The high
negative ion to the &, 3pm, 3po, and 4o orbitals of ~ branching ratios of theC and D states in the NO/CgFg
NO*, respectively’? The preferential formation of thés  reaction in comparison with those in the N@gFsCI~ and
state and the lack of the high RydbeEgstate in all cases NO'/CgFsBr~ reactions imply that a favorable overlap oc-
imply that an electron jump from the HOMO orbital of the curs between the delocalized orbital of GFg and the
negative ion to the NO(3sc) orbital occurs efficiently, Or 3po orbital of NO", while such an overlap is inefficient
while that to the upper NO(4sg) orbital does not take for the cases of localized™ orbitals of GFsCI™ and
place. One reason for the lack of tEestate may be curve CgFsBr . The lack of the C and D states in the
crossings at long intermolecular distan¢esi1.6 A), where NO'/CgFsBr~ reaction suggests that the*-3pw and
interactions between the entrance and exit potentials are vesy” —3po interactions become negligibly weak by the substi-
weak. The lack of th@® state is attributed to a low probabil- tution of Br with a lower electronegativity from CI. On the
ity of two-electron transfer in the neutralization process anddasis of the above findings, different nature of the HOMO
small Franck—Condon factors between the N]@) and orbitals of QFSX_ will be an important factor for assessing
NO(B) states, as discussed previoudly. In the the electronic state selectivity in the ion—ion neutralization
NO™/C4FsX ~ (X=F,Cl,Bn reactions, the branching ratios of reactions. In order to confirm this prediction, further detailed
the C andD states decrease with increasing the mass of théxperimental and theoretical studies will be required.
halogen atom in the anion and becomes zero for the heaviest
CeFsBr~ molecule. Although th&, values for the formation V. SUMMARY
of the C and D states are nearly the same between the
NO™/C4FsCI~ and NO/C4FsBr~ reactions, there is a sig- lon—ion neutralization reactions of NQX = *:v”=0)
nificant difference in the formation of th€ and D states with CzFsX™ (X=CI,Br) and GFs have been studied by
between the two reactions. This implies that Bevalue is  using a flowing-afterglow method. The results obtained are
not a critical factor in assessing the electronic state selectivvompared with those of our previous data for the MQF5
ity of the C andD states. and NO'/C4F<CF; reactions in order to examine the depen-

There is a possibility that the electronic state selectivitydence of the electronic state selectivity on the negative ion
arises from the different electronic structure of the negativewith a GjF5 group. It was demonstrated that there exist two
ions. Gant and Christophor8lihave predicted the electronic types in the electronic state selectivity. One is the formation
configuration of the ground state of (& is of the NO@A 23™) state, which is independent of the nega-
() %(mp)(mg)%(m,) OF (m)%(1mp)%(m5)%(ms). According to tive ion. The other is the formation of the
their results, the HOMO of g5 is 7, or 5. However, later NO(C 23 *,D °II,) states, which depends on the negative
ESR data in the condensed phase demonstrated that an éan. By the substitution of a heavier halogen atom {C
cess electron is captured into thé orbital®>~%" The fact the branching ratios of th€ and D states decreased: 0.27
that the HOMO of GF; haso™ character has been explained (CgFg), 0.045(CgFsCl™), and 0(CgFsBr™). The significant
by the o*—7* crossover. The high electronegativity of F decrease in the branching ratios of tBeand D states for
atom leads to a lowering of the lowest unoccupied moleculaCsFsCl~ and GFsBr~ was explained by the weaker interac-
orbital (LUMO) energy. However, the energy lowering oc- tions between the localized C—Cl or C—8t orbital and the
curs to a much lesser extent fat relative to theos™ LUMO. 3p7 and Jo orbitals of NO™ than those between the delo-
Fluorine is strongly electron withdrawing by the field effect calized C—F¢* orbital and the = and Jpo orbitals of
but is weakly electron pair donatingr™ donation. There- NO®. Only the A state was produced in the N@C4F5 re-
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