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Abstract

The rate constants' for the bimolecular .
recombination of gaseous jons in three different
 systems have beén determined. The results
- suggest that the recombination rate constantv
. 1s not particularly sensitive to the chemical
3‘>ident1ty of the 1ons, and that complexes '

-;f"f "between 1ons and neutral atoms are important

even at pressures. below 10 mm Hg.
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In an earlier publication, Mahan and Personl presented

.evidence that the mechanism of the mutual neutralization of
' - gaseous 1ods 1nVolVes two parallel processes. One of these is
f" ' f " a bimolecular electron transfer.reaqtion:

. N
At & B- —2. neutrals

' The other is essentially J. J. Thomson' s,2 three body ion recom-

bination reaction//

e
e

. kK, - ¥
Aty 37— (at7)

% -x Ko + oo
.(AB) —& AT + B

s :
(A ) + M D (A *B”)+ M —> neutrals

~ -Here (A represents a pair of unbound 1ons close enough to
_Qis;:';feach other so that a collision of either of them with a neutral
Lo tfmolecule M leads to formation of a bound ion pair“(A B~ ) and
5ﬁ eventua;_charge'neutralizapion.; If we make the usual definition

" of the lon recombination coeff#cient'a by the equation

/'

Cl(—l - a(A+)(B )

/ v
) then the steady state approximation for (A B_)* gives

s(M) L

CcktEEGE W

'The'decisionl'that a bimolecular neutralization process -

N exists was based on the fact that fo the ions NOT, NOE, an

'extrapolation to zero pressure'ofla plot~of a as a function of

~ the pressure of M gave a finite intercept Whose\zalue was



independenﬁ of the nature of M, within experimental error. We
}wbuld expect that the magnitude of'ko should depend on the nature
6f the recoﬁbining-ions, and if is of interest to investigate ;
this dependeﬁce."In this-paper we present measurements of kolfor
‘three different ion systems, ahd a -more pfedise evaluation Off N

the possible dependence of ko on the nature of the inert gas.

. Experimental

‘The apparatus and techniques used to determine the fon
.recbmbination rate conéfants wére essentially the same as those
.described previouslml Phot?ionizatiOn was accomplished with a
Kf'resonénce lamp whose prinéipal,ioniZing radiétion is the
1236 & (10.03 ev) line. The.heiium, argon and xenon were Air

- Reduction Compény reagent grade, used directly from their Pyrex

w’”:,bulbs. ‘'The nitric oxidezmxisulfur hexafluoride were taken from -

cylinders supplied by the Matheson Company. The nitric oxide -

was purified by trap tdltrap sublimation with retent;oﬂ'of the

.-‘middle fraction only. .Reégent grade benzene, thiophene free,

T was vacuum~distilled three times, and repeatedly degassed by

. freezing and pumping. Mass spectra; examination of NO, SFG’
'and benzene showed’oﬁly innocuous impuritiés. Reagent grade

' - iodine was. vacuum sublimed into'a'storage tube; and always

. degassed immediately befdré use.

The pressuresAof'NO, SF6,~énd benzene Qere measured eifher

- with a MCLeod gauge or a calibrated thermocouple gauge. Thé |

:pressure of iodine was not measﬁred directly, but estimated from

|
/



© tabulated vapof pressure data. The lodine was allowed to sublime

- into the reactlon vessel as the temperature of the storage tube -

" was raised from ~16°C to -10°C. Although this operation lasted P
20 minutes, 1t 1s well known that lodine attains its equilibrium

i "__ vapor préssure very slowly, so its pressure may have been lessﬁ

than the equilibrium value at -10 C, 0.011 mm.

The pressures of NO employed were between 60 and 150 i, and
for benzene the pressures ranged from 4 to 13 p. The pressures
o of SF6 used in the NO- -SFg exper%ments were between 70 and 170 Hs
.. and in the benzene~SF6_experiments ranged from 44 to 125 u except

~ ‘as noted in the tabulated resylts.
Results . /

The rate data collected fof the-NO—SF6, benzene-SFG, énd 12

systems are contained in Tables I-III and shown in Figures 1-3.

/

'The pressure dependence of a is similar to that found previously
for the NOT-NO, system. |
A major purpose of this work was the careful evaluation

i

of k for different ion systems and different inert gases. The

: 'most obvious way to evaluate k from the experimental data is

‘to realize that at low pressures k (M)-«:kz, and EQ. (1) becomes

ks | ‘ o
2k, o+ ———— (M) ‘ ' (2)
e ko ‘ . '

-

Thus a linear extrapolation of the low pressure data should give
the value of k as the zero pressure intercept. Since a varieés

linearly with (M) only in the limit of very low . pressures, this
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' 'f\ mechanism given above should be replaced with a more detailed

!

;method strictly should give én upper limit for k . For the
' NO SFg and CG G-SF6 systems, the data obtained at inert gas

pressures less than 100 mm seem to follow Eq. (2). For the iodine -

i,

‘system, the plot of a vs. [M] is curved even at the lowest

pressures.

Another way of evaluating k, is to convert Eq. (1) to

1. .1 ko4 . )
o = e (%) : ' (3)
ak, kT kgky WD

and then choose k, such that a plot ofsl/(a—ko) vs. 1/(M) 1is a
straight line. The linearity of such a graph is quite sensitive .

to the value of k,. On’the other hand, the procedure has the

difficulty that the fractional uncertainty in 1/ (a-k ) becomes

most extreme at the lowest pressures; and it is these points that
. .

are most important in determining the linearity of the plot..

It can also be argued that the use of Eq. (3) even with

_rf.daté of excellent precision will not lead to. the true value of

k That is, itfis quite possible that the simple collisional

o

U S

 description° T
| + - - 84 g — ¥
A" + B ~——=—> (A"B )1
bomy* P -
(A"B)] —=> AT + B
N N U
(A B,')i +M —=> (A"B ) +M — neutrals
a,c. (M)
i1-7ivs
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Here the subscript i denotes a particular state-of energy and
angular momeﬁtum‘for the colliding lons. Even more detailed
déoompositioég'of the recombination process are possible. If the
. successive terms on the right side of Eq. (4) are different, as
is veryvprobable, abpldt‘of L/(a-ko) vs. 1/(M) will not Bé‘iiheér,_”
.vand any ko obtained by forcing it to be linear will be incorrect.

It is not possible to evaluate how serious this objection is,’

but ‘because of the rather limited pressure range covered in our

| ~experiments, it is doubtful that the error in k incurred by

? fitting the data to Eq. (3) is apprectably more than the experi-
mental uncertainty. B | . | - |

Since there-is no clearly superior way of»opggining ko, we -
give in Table IV values derived bofh froh_linear ek%?3polq§§ons**
~according to. Eq. (2) and parameter fitting to Eq. (3). We do not

expect these two procedures to léad to exactly the same results, :

“f 7 "since Eq. (2) 1s equivalent to Eq. (3) only if 1/k; = O. Never-

theless, Table IV shows that the two methods give values of K

o '5 which are the same within experimental uncertainty in most cases.

Discussion

7

In the NO-SF6 syétem, photolysis by 1236 R radiation produces
3

v**ft_No+ in one of three vibrational levels,> and a photoelectron whose

,'a*‘ﬁlenergy may be O0.77, O. 47, or 0.17 ev. The attachment of low

1': f:energy electrons to SF6 leads principally4 to SF6 and lesser

' u'Qamounts of SF5 under conditions where the negative ion is collision -

free._ It is likely that the principal ggftive ion 1n the NO- SF6
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system was §F6, but we cannot exclude the possible presence of

other negative ions. Table IV shows that for this system,

'essentially the same value of k  1s obtained when He or Ar are ;
) used as inert gases, but the result termined from the Xe

. mixtures is definitely lower, .

- In the CGHG'SFe system, photolysis produces CGHG in an

" unknown vibrational state, and electrons with a maxifium kinetic
: 'energy of approximately 0.8 ev. Once again it is likely that
o the prircipal negative‘ion formed by electron attachment is SF&.
‘When Eq. (2) is used to determine k_, the values for this system
| are the same within experimental error when He and Ar are the
.inert gases, but the vaiue of kO obtalned from tne Xe mixtures
) j;is-lower than the others. Ir Eq; (3) is used, the possible ranges
x'“%v:oflko'for the three'gases overlap, but the rate constant found

6~'using Xe is less'than the other two.

.
The primary process in the photolysis of Iz at 1236 A produces

ft{EIz and an electron5 with energy as great as 0.74 ev. There should
~ e little I* present, since it is not produced in quantity by
10,0 ev. photons, and in any case would be neutralized by charge
fdd”wexchange with I,. Heavier positive lons such as I3 cannot be-
tvr{imexcluded, and have in fact been observed6 in the high pressure

3ff?;_mass spectrum of I2 | //

7

The direct reaction of an electron,with I2 can produce I ,

v‘n,but it 1s also possible that 12 can be formed by a three body -
'electron attachment to I2 In addition, there is the possibility

", that I may be formed by
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carefully studied.8'_By using the equilibrium céﬁEtaQE determined

r'ﬂ in'aqueous solutions we can estimate that under our conditions;

" concentration. On the other hand, {g and I~ appeared with com-

parable intensities in the mass spect}'urp6 of I2°

:-:system, the values of ko are quite uncertain. However, the values
- of ko obtéined from tpe He and Ar mixtures égree with\fhé“results

| of Yéung,g.ﬁhich were obtained by quite a different method. The

 ‘ other two resuits. The reason- for the curvature of the a vs. P
‘"1'plots is not.élear, but it may be that. the nature of the

- recombining ions changes as the pressure i1s altered.

. 1values of ko obtained uéing He and Ar as inert gases are approx-

o imately the same, and that value obtalned using Xe is always lowér'
 »\than the.other two. It is poséible that this apparent dependence iv'g
'JIOf-kO on the nature of the inert gas 1s.caused by a diffusional o

* contribution to the ion loss rate. However, if this were the : .

-T-

'I"i+‘I2+M—->aIg+M( \\

y

' vThe iodide-tfiéiodide equilibfium in aquéous solution has been }l'i

—

' 'the concentration ratio of I~ to-Ig'should be approximately lO%.v

We do not expect the equilibrium constant for the gaseous reaction

to differ by more than twb orders of magnitude from that of the

aqueous reaction, so it 1is possible that Ig is in relatively low
Because of the curvaturé of the a vs. P plots .for the I2 o '%

value of'kO deternmined from the Xe mixtures is lower than the

It is evident that for each of the systems investigated, the

case we would expect the values'of k, determined in He and Ar to

exhibit the greatest differences, for the diffusion coefficient’

Y
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'molecules decreases. This expectation is contrary to the

>;f=trend_in the values of k.
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ﬁAof an ion increases very rapidly as the mass of the atmospheric

1

observations. Mbreover, the linearity of the 1/n vs.,t plots used

to determine a suggest that diffusional loss of lons 1is not of

‘.great importance in most of our experiments. Thus it seems

’unlikely that diffusional effects can account for the dependence

of k_ on the nature of.tne.inert gas.

It is possible. that the nature of the inert gas can affect

“the -1dentity of the negative ions produced by electron attachment.

‘The energy dependence of the cross sections for producing SFg

and SFg from SFE are different;4 and thus the ability of the

inert gas to thermalize the photoelectrons could control the

d-realtive amounts of these two ions. However, of the three inert

‘gases He has the largest collision cross section for O. T ev

/

| ”'electrons and Ar the smallest. Thus there is no obvious corre-

wﬂ lation between the cross section for electron collisions and the

L4

Inert gases can affect the value of ko by forming clusters

< or complexes wlth the ions. If the ions are largely in the form
K A+(M) ) B_(M) at the lowest pressures investigated,-then the

'L,value of k derived by extrapolation may depend on the nature of .

M and the extent to which the lons are complexed. If the binding

vi_energy in these complexes arises.mostly fromwion—induced dipole

forces, complexing should be most extreme with small ions and

- polarizable neutrals. A calculation of the equilibrium constant

for the reactions ‘ ' :



" measured

NOT + He = NO'He " o

i

NOT + Xe = NOtXe

10

- following the procedure described by Fueno et al. shows that”

' the equilibrium constant of the latter reaction is nearly 800
_ times that of the former. The same calculation shows that at’

10 mﬁ pressure of Xe, 3% of the Not should be complexed. - Theée'

_‘ﬁcalculaﬁions involve an. estimate of the ion-neutral binding energy -

by adding an ion induced dipole term to the usual Lennard-Jones

expression for the interaction energy of two spherical neutral”

molecules. Consequently the calculated equilibrium constants are - .

‘ :  1very unreliable, since an error of 1.4 kcal in the binding

:fenergy makes a factor of 10 error in the equilibrium constant.,»'

"'~ The binding energies. estimated by the procedure of Fueno et al.

- are generally not greater than 0.2 ev, whereas the directly

11 bond' energy for Xe; is 0.91 ev. Thus it is possible

.~ that virtually'all ions are complexed even at pressures near 10

7 .mm;,,Deépite the quantitative uncertainty in the extent of complex

- formation, the qualitative fact remains that of all the gases,

" 'Xe should be the.most likely to form complexes. This idea is

T _consistent with the QEServed differences in k§ for Xe and the

", - other two gases, for an-inprea§e in ion mass caused by the bound

. neutrals should lower the value of ko. It appears thfn that

{

/ .

f”£ complex ion formation is a ?Zéusible explanation for 'the influence’_
: - ] ; : / . . :

"~of the nature of the ineft gas On_ko, but this argument is-of“v ‘

course speculative until the'épgéies present in theée fonized gases

are éxamined maasvspectrométical;ys_
‘ = T ,

7
7
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’} ’ o : - o Table I. Recombination Coefficients for NO-SFG-a’b

N
~

/  He | | Ar - \\ Xe

| | / " ax 100 . ax10 a x 107
I ‘ Pressure — Pressure Pressure —
- (mm) Upper ILower (mm) Upper ILower (mm) Upper Lower

Limit Limit - Limit Idmit ‘ Limit Limit

177.5 3.55  3.50 . 13.0  2.42 2.3 15.7  2.64 2.56

| 28,5 2,28 2,21 257 2,67 2.3¢ 4.6 1.83 1.77 .

N B © 83,1 2,52 2.39 . 13.1  2.46 2.42  31.7  3.64  3.46

K SRR  355.8 4.75 4,49 38.3 327 3.27° - 9.1 2,15 2,07 -
99,1  2.98 2.65  30.6 . 3.18 2.86 - 64.6 - 6.45 5.00
36.4 - 2.33  2.27  77.4 4,53 4,28 . . oo
68.5  2.46 2,38 122.8  5.45 5.24

256.5  3.4¢  3.28 / 286.6 . 8.T4 815

ST : /// 51.1  3.70 3.55

~7%-

NIRRT R A DR

a. . Results in'éach column are 1iSted-in the order invwhich the éxperiments  _
were performed. N ‘ ' o

'b. Units of o are cm3 seé—;.
- . / S
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 Re¢dﬁbihationA?oefficientévfdr‘C6H64536.3?7

IR t%"'a.x 107 - 7 . L
- Pressure - Pressure : Pressure
-+ +.(mm) Upper ILower - - (mm) Upper Iower (mm) Upper Lower
E Iimit Limit _ Limit Limit . - Limit Limit

“a x 10 o x 100 -

2.46 2.34 34,9 3,04 2,98 14,9  3.10 3.10 -
4,10 3.87 . 305.3 9,48 8.32  "29.8  4.83. 4.41
6.36 5.38  18.2 2,67 2.61 - 9.3  2.38 . 2.32
- 3.25 2.82 . 635 4,50 4.28  21.9 " 3.66 3.26

. 2,22 2,03 23.6 3,06 -2.88 L SR
2,52 2.42  104.9  6.90 6.32 | T T
oot s ass oam o T

i s 198,600 9,68 08,88 ' S e

T 39.8P 3.4 2,96 |

~gp=

-

4~a.; Notation and units as in Table I. . , | 1 o
b. In this run the SFg pressure was only 4u. / B - ‘~ ';- o



Table III. Recombination Coefficients for 12.?‘
He  ArP o S © Xe
ax10 ‘ ax 100 . - a x 107
Pressure - Pressure Pressure -
(mm) . Upper Lower (mm) Upper Iower -~ (mm) Upper ILower
‘Limit Limit - Limit Limit Timit Limit
47.4  1.86 - 1.77 7.1 1.62 1.31 13.00  2.00 2.00 .
118.8  2.44 2.37 - 34.4  2)70 2,54 . . 34,6 _ 2.88 2.82 .
434.0 3.58  3.47  45.4 2,98 2.77 19,1 = 2.38 _ 217 .
. 259.5 3,07 2.99 116.2  4.36 4,20 - 9.7 1,78 1.68 . . .
72.6  1.98 1.86 -  70.4 3,15 3,06 . 6.8 1,50 1.50 ° . -
: | . 241.9 5.38 5,09 oot R
8.4 2.34. 2. 29 SRR
159;7 4.27 4.0s

a. Notation and units as in Table I. . , _ A _
b. 1In these runs, the pressure of I, may have deviated frOm_Q(Ol mm to the
- greatest extent. : : ' : L '
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.+ Table IV.

1
1 “ .

Bimolecular rate constants.

System

—
—

1
ko'x 10

By Eq. (2)

VBy.Eq. (3)

NO—SFG—He
NO—SF6-Ar
NO-SFG-Xe
CGH64SF67H§
CSHG-SFsAr:

. CgHy-SF,Xe

-1.75

1.95 + 0.1
2.0 to0.1
1.5 +0.15
1.8 + 0,2

H 14

L B

1.35
1.5
1.

1.0 . %

14

0.2
0.2

o

0.15
0.15

- 1.85

1.96

‘1;45

1.82
1.50
1.25
1.25

1.2
"0.55

1+

o

Mo+ H

it

0.05
0.04
0.06
0.12

0.25

0.15
0.15
0.7

0.25
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- Fig. 1.
" Fig. 2.
V Figo )30

“16-

Figure Captions

Recomblnation coefficient a as a function of inert
gas pressure for the NO- SF6 system. Only points for
which the total pressure is less than: 100 mm are

plotted.

Recombination coefficient a as a function of inert gas .
pressure for the CgHg=SFg system. Only points for

- which the total pressure is less than 110 mm are

plotted.

Recomblnation coefficient @ as a function of inert gas
pressure for the I system. The line for He was drawn

-with the aid of 3 points at higher pressures. - Other-
- wise only points for which the total pressure 1s less

. than 100 mm are shown./;ujt ;;'; e

L .
b ™
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sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
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