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ABSTRACT 

The appl icat ion of a flowing afterglow react ion technique t o  the  measurement of 
thermal energy ion-molecule react ions is b r i e f l y  described. The flowing afterglow 
system allows the measurement of react ions of ions with such unstable neutrals  as 0, 
H,  N, and 0 3 .  dis -  
charges, as  Q+ has been found t o  be a dominant ion i n  this case. 
CO+ ions rapidly react  t o  produce e i t h e r  Q+ or  COa'$ the  dominant ions observed i n  
a COz discharge. In an argon-hydrogen discharge, lb would be an important ion, , 
since it i s  the most s t a b l e  ion i n  t h a t  system and a react ion sequence leading t o  Ib.' 
production i s  f a s t .  Several  associative-detachment react ions such as 0- + 0 - 02 + e  
and H-  + H - Hz + e have been found t o  have large rate constants and such react ions 
may be important i n  determining the negative ion concentrations i n  discharges.  

The react ion O+ + CQ - Od+ + CO appears t o  be important i n  Cod 
The Of, c+, and 

I. Introduction and Experimental 

A flowing afterglow system has been u t i l i z e d  f o r  the past severa l  years i n  the 
ESSA Laboratories in  Boulder, Colorado, for the  measurement of reac t ion  r a t e  con- 
s t a n t s  a t  300' K for  bo t2  
unstable neutral  species"'. Figure 1 i l l u s t r a t e s  one version of the  flowing a f t e r -  
glow tube which has been u t i l i z e d .  
serves as  the react ion vessel.  A gas, usual ly  helium, is introduced a t  one end of 
the tube and exhausted a t  the  other end at a r a t e  of  around 100 a t m  cc/sec, the 
helium pressure being t y p i c a l l y  - 0.3 t o r r .  
discharge producing about 10'" He' ions and He(2S)  metastable atoms per cc. 
t i v e  ions are  produced i n  most cases by adding a r e l a t i v e l y  smll concentration of 
neut ra l  gas i n t o  the helium afterglow by means of a s m a l l  nozzle. 
a re  products of He+ and He(2-S) react ions with the added neutral .  
these ions with a second neut ra l  added a t  a second downstream nozzle a re  then 
measured. 
scanned quadrupole mass spectrometer covering the mass range 1 - 100 m u .  The r a t e  
of disappearance of a reac tan t  ion with neut ra l  reactant  addi t ion leads  d i r e c t l y  t o  
a react ion r a t e  constant. '  Cur estimate of t h e  r e l i a b i l i t y  of the r a t e  constants so 
determined i s  f 30$ i n  favorable cases.  
s t a n t s  with other measured r a t e  constants general ly  supports t h i s  es t imate .  

f u l l y  used Pyrex and quartz reac t ion  tubes as well  as stainless s t e e l ,  and microwave 
and electron beam ionizat ion as well  as the dc discharge. We sometimes f i n d  it 
desirable  t o  produce reac tan t  ions by adding a su i tab le  gas through t h e  discharge 
with the helium ra ther  than downstream i n  the  afterglow, p a r t i c u l a r l y  i n  the case of 
c e r t a i n  negative ions such as 0- and H-, which are r e a d i l y  created by dissociat ive 
attachment by f a s t  e lec t rons  i n  the discharge. We sometimes use c a r r i e r  gases other  
than helium, par t icu lar ly  argon. 

a re  the f o l l o d n g :  The reac tan t  ions i n  many cases axe known t o  be i n  t h e i r  
ground s t a t e s ,  e i t h e r  because of the react ion which produces them or by v i r tue  of 
supere las t ic  
Stable  neut ra l  reactant  species are added without being subjected t o  discharge or  

o s i t i v e  and negative ions react ing with both s tab le  and 

A tube of about 1 m length and 8 cm diameter 

The helium i s  ionized by a pulsed dc 
Posi- 

The posi t ive ions 
The react ions of 

The ion composition of the afterglow i s  monitored by means of a frequency 

C u r  experience i n  comparing our r a t e  con- 

This experimental scheme has many var ia t ions.  We have, f o r  example, success- 

Some of the important fea tures  of the  flowing afterglow experimental technique 
(1) 

electron c o l l i s i o n s  i n  the plasma pr ior  t o  n e u t r a l  reac tan t  addition. 
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Figure 1. Flaring Afterglow Reaction System. 

. .  



43 
exc i tn t ion  2onditions so t h a t  they  can be assumed t o  be ne i the r  v ib ra t iona l ly  nor 
e l ec t ron ica l ly  excited.  
For example, t he  reac t ion  

On t h e  other hand, some se l ec t ive  exc i t a t ion  i s  possible.  

(1) 
o + ( ~ s )  + N,('E) - NO+(~Z) + N( 4 s )  + 1.1 e V  

0 has been measured as 3 function of v ibra t iona l  temperature from 300 - 5000 K. 
It is possible t o  add chemically unstable neu t r a l  reac tanJs  i n t o  the  

afterglow so t h a t  reac t ions  such as 
( 2 )  

I!*+ + 0 - NO+ + N, (3 )  
+ 

( 2 )  02+ + N - NO + 0, 

(4)  and 0- + o - o - + o 3 3  
0- + O -. o2 + e, 

have been studied in  t h i s  system. 
( 5 )  

(3) 
does i n  mass spectrometer ion sources, and we have measured t h e  r eac t ion  

The d i f f i c u l t y  of resolving concurrent reac t ions  does not arise, as it 

C02+ + H2 - C02H+ + H ( 6 )  
without complication f r o m  the  reac t ion  

H2 i + C02 - C02H+ + H, 

s ince  H i s  not ionized i n  the  flowing afterglow arrangement. 2 

11. Thermal Energy Charge -Transfer Reactions 

The flowing afterglow system i s  well  su i t ed  t o  exothermic charge-transfer 
reac t ion  measurements, s ince  the  neu t r a l  reactant, necessarily of lower ionization 
poten t ia l ,  does not go through the  ion iza t ion  region and hence is  not s e l ec t ive ly  
ionized as  would be t h e  case i n  same experimental arrangements used f o r  ion-molecule 
rezc t ion  s tudies .  For pos i t ive  ions, e i t h e r  atomic o r  molecular, charge-transfer t o  
molecular neut ra l s  is usua l ly  fast (barring occurrence of a competitive exothermic 
rearrangement reac t ion) .  Very many such examples ( severa l  dozen) have been observed 
and very few exceptions, notably the r eac t ion  between He+ + H z ,  which is observed 
not t o  have a rate constant as large as 
Na+, N+, and ILOY-all charge-transfer with Oa t o  produce 4' with rate constants 
g rea t e r  than lo--- cm'/sec ( o r  cross sec t ions  g rea t e r  than 20 8"). 

This result cont rad ic t s  most t h e o r e t i c a l  predictions which had assumed t h a t  
charge-transfer would be slow except i n  unusud cases i n w l v i n g  for tu i tuous  energy 
resonances. 

The s i t u a t i o n  appears the same fo r  negative ion  charge-transfer although much 
less da ta  i s  ava i lab le  i n  t h i s  case. We have found t h a t  the r eac t ions  

cm3/ sec.  For example, Ar', CO', COz', 

H-  + NO2 N&- + H  ( 8 )  OH- + NQ2 + NOa- + OH ( 9 )  

0- + - 03- + 0 (10) 
and severa l  other negative ion  charge-transfer reac t ions  have rate constants greater 
than lo-'' cm /set n _ t  300° K and previously Curran4 had observed a number of fast 
negative ion  charge-transfers t o  NOa, and Henglein and Muccini' observed a fast 
negative ion charge-transfer with Sa. I n  t h e  absence of experimental data one 
would ce r t a in ly  pred ic t  that exothermic charge-transfer t o  a molecular neu t r a l  w i l l  
be f a i r l y  e f f i c i e n t .  

111. Ion-Atom Interchange Reactions 

The most cornonly studied ion-molecule reac t ions  have involved changes i n  
molecular configuration. Typical examples are 

c+ + o* - co+ + 0,  
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whose r a t e  constant, 1.1 x 10- cm'/sec, from flowing afterglow experiments2 agrees 
with an e a r l i e r  value 9 x lo-'' cm3/sec measured i n  a mass spectrometer ion SOUpCe 
by Franklin and Munson"; t h e  reac t ion  

with a r a t e  constant of 1.2 x lo-' cm3/sec from both flowing afterglow' and mass 
spectrometer ion source measurements7 ; and 

+ + 
0 + co2 - o2 + co (12) 

C+ + co2 - co+ + co I (13) 
with a r a t e  constant 1.9 x lo-' cm3/sec. 

ion-molecule reac t ions  (again bar r ing  cases where charge-transfer comptes)  is  
Such reactions a re  more often f a s t  than slow. One of the slowest exothermic 

o+ + N2 -t NO+ + N, (14) 
with a r a t e  constant - 
3 x 
with 0' kine t ic  energy"'. 

m3/sec3.  Elis r a t e  constant increases3 t o  about 
cm3/sec fo r  an N2 vibra t iona l  temperature of 5000' K and a l s o  increases 

No case of a fas? ion-atom interchange reac t ion  involving the  breaking of two 
bonds has so  f a r  been reported. The exothermic reac t ion  

02+ + N2 + NO+ + NO (15) 
has a r a t e  constant less than  1 O - l '  cm3/sec, f o r  example. 

I V .  Associative Detachment Reactions 

A number of assoc ia t ive  detachment reac t ions  have been recent ly  measured t o  be 
f a s t  i n  the flowing af terglow system ( i . e .  k > lo-'' an3/ see) ,  including: 

0- + 0 + O2 + e ~ (16) H- + H - H2 + e (17) 

OH- + o -t H O ~  + e 

0- + H2 - H20 + e 

(18) 

(20) 

OH- + H - H20 + e 

0- + co - C O ~  + e 

(19) 

(21) 

and 

Phelps and Moruzzil' have been making similar measurements i n  d r i f t  tube expriments 
at Westinghouse and have measured reactions,  (20) ,  (21), and (22). The f la r ing  
af terglow and d r i f t  tube results agree within b e t t e r  than a f ac to r  of two i n  each 
case.  Several exothermic assoc ia t ive  detachment reac t ions  do not occur a t  measurable 
r a t e s  (k  < 10-l' cm3/sec) , an example being 

0- + N2 - N20 + e + 0.2 eV. (23) : 
V. Ion-Molecule Reactions i n  Discharges 

h e  obvious appl ica t ion  of measured r a t e  constants t o  the  qua l i t a t ive  interpre- 
t a t i o n  of the ion composition of a gas discharge is t h e  case of the  COZ discharge ion 
composition studied b y  barnon and Ticher ' ' .  Dawson and Tickner observed the d d -  
nant ions i n  a glow discharge i n  COZ t o  be Oa+ and COZ+. This i s  qui te  reasonable i n  1 
xLew of the known occurrence of reactions (ll), (12) , and (13) above, together with 
t h e  f a s t  charge-transfer of CO+ v i t h  C& t o  produce COZ'. 
reac t ions  are graphically i l l u s t r a t e d  i n  Fig. 2 (from Fehsenfeld, e t  a l . ,  J. Chem. 
Rys. 5 23 (1966)), which shars that d l  of t he  ions, C+, O+, and CO+, do convert 
to 02+ and C b +  by r eac t ion  with COa i n  the  - 6 milliseconds reac t ion  tbne i n  the  
P l O W h g  afterglow. If molecular oxygen were added, one would expect t he  dominant 
ion t o  become Oa+ alone, s ince  CoZ+ i s  h o r n  t o  charge-transfer r ap id ly  with & l a .  

The r e s u l t s  of these 

,' ' 

, 
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In 2 l i k e  manner Fig. 3, showing ion composition i n  an Argon-& a f t e r g l o d 3  , 

suggests t h a t  the  ion-molecule chemistry i s  such t h a t  t he  dominant ion  i s  K3+, and 
t h i s  would very l i k e l y  be t r u e  f o r  ce r t a in  ac t ive  discharge conditions a s  well .  

discharges w a s  noted by Masse$', who speculated t h a t  the  low negative ion dens i ty  
' i n  oxygen dischzrges ( r e l a t ive  t o  iodine discharges fo r  example) might be due t o  
, e l ec t ron  detachment by reac t ion  (16).  In iodine the  analogous r e a c t i o n l I -  + I - 
L + e i s  endothermic. 
indeed f a s t  (kl;  = 1.9 x lo-'" cm2/sec), Massey's suggestion takes on renewed i n t e r -  
es t .  

An example of the  possible importance of assoc ia t ive  detachment reac t ions  i n  

In  v i e w  or t he  subsequent finding t h a t  reac t ion  (16) i s  

The same argument could be applied t o  Hz discharges i n  view of the  r ap id i ty  
i of reaction (17), kl- - lo-' cm'-/sec. 

V I .  Conclusions 

The growing body of quant i ta t ive  ion-molecule reac t ion  rate d a t a  now ava i lab le  
should allow in  favorable cases prediction and i n  many cases co r re l a t ion  of observed 

1 ion  compositions of gas discharges with known ion-molecule chemistry. 
\ 
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