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The rates of attachment of. gaseous, thermal 

electrons (3000K~toN02in thepresenc~ of 

'severalinert gases have been 'measured. In the 

pressure range fr'om 3 to 70 mm, the r~te of attach-
, I ' 

ment is ind-ependent of the pressure, but dependent 

on the nature, of the inert gas. A mechanism is 

~roposed that accounts for these observations. 
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It is known that NO, because of its', low 'ionization ~. ; 

','-', 

potential, . is . importetnt as a 'sink' for positive charge in the 
,. ,', ,\ .'- ::f ! ..... <" 

upper atmosphere .. I.t now seems that NOz, wnich has a very 
. . . ~ , '.J:' . . : '" '.' '. ....... . 1 ' .. 
high electron affinity (",,4 eV)plays a similar role toward,· 

. electrons. Irideed; NO~is the .only negativ~ ion detected by 
, , 

~ ... ' . 

". .. 2 
rocket-borne mass spectrcmeters. It. is therefore of some 

~ • '1 

interest to'examine.electron attachment processes in NOZ' 

particul~rlyat ~cw ~lectron energies. In this investigatien, 
" . 

'we. have measured therat'e at wnicn free thermal electrons, 

attach toNOZ~n,the presence of anen-attaching gas. . ~ , 

. '. ~ , .. 

EXPERIMENTAL 

" ... ,; 
" , . Electrons were pr.oducedby the Vacuum ultraviolet" flash '. .' ',' , . .. 

·f ' .. , 

phctolysis .of nitric .oxide and their concentraticn measured as's: 
" .a functicn of time by .observing the departure frem resenance 

'.of a micrewave cavity that centained the reactien vessel. The 
, ,,' 

. .' 3 
, technique ,h~s been described in detail ,in a previous publication. . 

r ',,' .. ',,' 
. ,', . 

>: i./. 'Briefly, t}:le 'reaction vessel :lS a quartz cylinder lecated 
., : " . '~, '" ,: - .. " :, 

~ . : ~~ ~ : ... -'. 

" .' 
.,'. ":,': 

' .. :' I.," .. .. 

"." " 

,axially within a micrcwave cavity. The cavity is part .of a , .' 

, , Pound. discriminator circuit" .occupying the positicn usually 

taken by the reference cavity. ,A lcw level micrewave signal 

whese frequency is near that .of the TMOIO mede of the cavity 

(in this, case 3080 MHz) is fed. -inte the cavity. A small dif-, .' 

ference in.frequency between' prebing signal and res.onance 

pr.oducesa diff~rential err.o~ signal which is fed inte the 

type D preamplifier .of a ,Tektrcnic.o~cfll.os6.ope. This errer 
~ ,,' . 

signal is, directly pr.opcrti.onal te the difference between th'3' ,< 

: 'I, 
,I' 

'.,,', . 

,.," ."", .:, 

". , ,- , . , 
,,' 

' .. , . 

'" , ' , 

;. 

. ~'. 
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,,',' 'probing and'ca";'ity re'sonan~e freq~encies,~.', The presence of 

. ':,::'" electrons' 'wr~hin<\'t~Et'cavity causes'a Shift'·iriits resonance' 
...... ~'.' . . . . ) . . : . . ;'; ... ," ':' '. ' . .~. " . , 

:.-.. , .. , 

..; ... r ~~.~: ! ';'. '. ". 

<,density in ·th.e'cavity~. The rate at which electrons disa.ppear" '. , .. ; 
j<::;ii,~/;~/. ~. 

:;,';,::~·"~:~;::;;'l; \,~: ' after. the ).oni~irigfl~sh is equivalent '~o the rate at which ". ;'.' I 

I ,.:~:.:.\.:~:~ .••• ~. "'~' '-' • 

. ~./:~i,F;:·:".""l;/;·' resonanc~ frequency appro~ches' its Orig~nal value and this 

"?;L{\flf'·:;~'i/;';;':-;:~,::, is recorded photographically' from the scope trace of error 

.. ";G:;1!;t~~~~.E;'; signal vs,· tiTe. .. . .. 
, """':'~::)~(:',.;~Y~:,? <> The 'gas-handli.ng 'system was of glass and metal,. 
;.:, '·:;,::~',-···.\/;~~\~i~~:r"~·~>~2.·~~~: .. ~ ~ '. '. . .. : . . . 
:·!:}(X . .f::,::;:{;;:;~:;;·, , Granville-Phillips, Type C ultra~high vacuum valves. The 
"!">':V;'::;·\S,:':~~~~~;:f~::Z'· . , , ' . .' . '. . '. . . ~ 

,:·.:::'::~;'\:;/~;;:.;·~:~f" reaction cell was a cylinder, 1" dia, closed at :one end by 

" . 

" ',,: .... 

.... '~.:.:~~:'* -;~·,:;····~:i·':7).·,~:r~~\·~··.':·:·,· . . .~ , 
','~, ':~Y'~':';'/'c:;;:·,:,,:;:' anLiF window. This was attached to the quartz via a silver.,:', 

I, ~.f"~'(,:;:,~}':Y.:~l:t~::.~~'}.,'.;:. ~ >' ". . • . .' :~~_'<.'> 

"'",',;::;:/:~::rt:v'~::,' thimble with silver chloride as sealant. 4 . The system was, . ,.,' 
:; :,<,):~;!~j;:::":f\';Y/'11;' ' .. ' . " '" ;'~ .'0;:,.' 
, "t,':· '''< .. :'. "" ,. bakeable at 'temperatures, up to 200°C.· It was evacuated by a,,!;:' '. 

. ~ " ., ,'.::.'.} 
oil diffusi~n pump backed by a mechanical pump and the ,) ,:':~:!~;. 

pressure. attained was 10-7 Torr as measured o~an 
, , 

Alpertgaugej Workirig gas pressuresw~re measured on" C.E.C.~~ 

.' • ' .... 1" '.~' .. :. 

.,·:':'i-,i,;~~.::~~:;rl\~t:. capacltance :manometer., ," 
~''':'Y;;~};(~;~;.:i~:9;~t;? ' '.. .. '. .... ~ ,c,: ,;: 

. ;, .• ,,,: .. ~., -;ie"I't', .' The, lonlzlng radlat .... on. was produced by an. H2 filled lamp .. ,;.~": :.;' 
.' >~i<·x~;~~;?:'!~'::~:}·~~~;·:.~:'~:,'·.:~· .'.', .... . . . ~: ~:-' " ~~ 
. ?'>';'::~;:,;:;:f::~7.~i;r:~'.,,: This lamp was al so a 1" dia quartz. cylinder with an LiF window:,:'.':<;: '. ': 
" ~:.: ~.\.::.;_ ~~~ :.~ .. /.~.:.::.:.:~~ ~(.:.~.;:.,t( . ~ _. . 

:. '.>~::';:::i:f;~:.;·,:~:~>~,'· pOSitioned about 2 mm from the window of the reaction cell. . ;.>' .' . 
< .:';'-,,; :},/L.,; i ,\~;:" , . '.' . 

. -:c);;{?i~?\:',:..\:: ... ::Tne lamp was powered by a 1 MW square· pulse of 2450 MHz 
':; X;~~if?·)i'~,:;~;':;;~.::J,~.' ..., .. 

" ."'>.",,.;." ,,·,mlcrowave 'power ~hich ,pad a 2.5 microsecond duration. The '. :,,\.J 
j:~';~~t~~li~l(;{mos~ intense radi~tionfrom this lamp is at .1216 K (10.2 ev).:", 

" :'::/\:?,;,!,,~:;~>:The ionization potential of NO is 9.:3 eV and that of N02 is 

·:<:J~~~iM~:'l', ::8 
N:: · is H::e:::, t:: ~ a ::U:l~: t ::n:h:o:::i:: t ::: e:::: s ::e;::::ing 

. . 'l.·.. . • .. " 
~ ~ . .. 1'~>·':·~:'t .. ' !," .... '!~. L: 

. , ... ,. 

,)?:;{)~~.;!::}: ." .. 

I !'._:" ... 

. >.""";' . 

", '.r: ": .. :: '",' ," " , 
.. ;": . ',' ':' 

, . , .' 
" .. 

. . ~ . .:-. .. ,", \ 

, , ' 
• • l i •• • ~ ~ 'I"" 
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,in the abschce of NO; Radiation that might dissociate rather 

than ionize NO andN02 was attenuated by the atmo.spheric oxygen 

in the 2 mm path.between lamp and cell~ 

The electrons itom photoionizationof NO can have up to 

about 1 eV initial energy. Calculations show, however, that 
. . 3, 

thermalization times are only a few microseconds and, in 

estimating rate constants, con~entration measurements were 

made only for times ionger than 50 microseconds after the flash. ,

Thu~, the electrons were ass~medtb be at the gas temperature, 

300 o K. Deliberate aitempts to heat the electrons by increasing 
, 

the microwav~ ~ower pr6dubed no change in attachment rate 
, ',". 

constant, 

" ". 

,: ", 
.;. ," 

. - , 

" ~, ": .1 _' • 
. . 

" :\ '," 

.", 

f ... ,: 

. ' : : .. :' 

... ,- . . :', , 
":', , 

. ~ . " " ", . . 
:1 '.,.. .j'. 

": . . . 

,'.; 

" ." 

The NO and N02 employed were Matheson gases of 99.5% 

stated purity and the inert gases were reagent grade obtained 
, , 

", from Airco . All, were used without furiher puiification. 

In any experiment, N02 from a lecture bottle was let into 

the system through an acetone/C02 cold,trap. The gas was then 

. ~ondensed in i a l'iquid' N2 'trap and pumped on for several minutes . 

The. liquid N2 was removed and the N02 pressure measured with 

-the capacitance manometer .. The liquid N2 was-replaced and NO 

allowed to diffuse into -the system through another liquid N2 

cold trap. Usualli about 85 microns NO were admitted. Finally, 

the desired pressure of diluent gas M was added. At least 30 

minutes were allowed to~· ensure mixing' before 'flashing, The 

scope trace was Pho':t.~graphed· and a plot of In (signal) vs. time 
, . 

drawn to give the' :iirst,ord~r' rate constant for electron decay. 

An example of such a plot is given in Fig. 1. In general, 

" " 
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c' 

'.' .... these plots'~ere:linearover a ,five-fold decrease in electron' 

concentrati()n,;~hichindicates that ,electron decay by electron':'" 

ion r~~~mbination "and higher order diffusiorlwas negligible. (;-

. -: 

" .. 'j"' 

The measUred rate constant was independent of the number of 

flashes, so dissociation of NO and N02 wa~ not important. As 

~ result, the pressure of M ~ould be increased and several runs 

performed' wi th anyone NO/N02 mixture at diff,er,ent pres sures , 

of M. C9rrections for loss by diffusion and attachment to NO 

t •• ~. ~\~.;,>., '. ' :. > were obtained' by . doing runs in NO' and M only. In general,this 
. ..~' '! . 

; ,,"','; " correcti~m factor was 3%-5% of the measured rate constant" but 
. ~', , . ~" '.' 

-" : ,\ ~. 
~r,·, . 

.... ~ 

.,' i'" 

• • l • ~.. .', 

, . ," ~ ~. 

',".' 

, •. t: 

,'.",.' 

"" 'i'n low pres'sures of He, where diffusion losses w'ere high, j.t ' 

, 'approached' 20% of the measured value. The pseudo first-order 
~ i . ' 

rate constant for electron attachment ~o N02thus obtained 

was sh6wn to be independent of the concentration of NO. 
, , 

Therefore, attachment to trace quantities,of N20i present 
',; ~ ;':,. 

, because of' the equilibrium NO + N02 <1 e.'-N203 was not important:. " 
. .~. \'~ ., , .: . 

.' , 
" '. 

, . 
; ~ , 

RESULTS AND DISCUSSION 
,'., 

The ps'eucf6 first-orde~ rate constants corrected for 

diffusion and attachment to NO are displayed as functions of 

. ... , .. ' .. :'.' 

." . .. ,' 

• 
:total gas pressure in Fig. 2. It is clear than in thept~ssure: 

'<',~,.,o·~:.:;:.' .range studied, the pseudo first-order rate constant for electron ~ 
,.' 

" ' 
• '" I ~ 

, . , :- ~ ~ ~" . ~'. ' 

,,:' '::">',,";:':~ 
. ';'~ .. : 

: .. , ,. 
:'.' 

" ,1. ~ . • t .. " . 
.. ' t', .'. 

',', . .' ~ 

...... 

a ttachmentto N02 depends, ,on the; nature, but not on the con

centration of ,inert gas. In Fig. 3 the same rate constants are 

'shown to increase linearly with increasing N02 pressure. 

sequently the rate :law for the attachment reaction 'is 

, . 
. r: 

" ' .;. " .'. , '. ' 

Con-
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d( e)- --
_ dt - = k(N02 ) (e) 

where k dependsbn the nature of the inert gas. - The values of 

k are givert in Table -I .. : 
- ! 

• The dependence of the attachment role on the nature but 

'not the concentration of inert gas is similar to the behavior 

found for some atom-diatomic molecule radiative association 

t ' 5 reac lons. By ,analogy to these cases we Can postulate the 

~lectron attachment mechanism is 

NO' _ 2 + e --J>- (NO;)* (1) 
*-(N02) -)0- N02 _ + e (2 ) 

" 

- * 
(NO; ) +M ~ NO; + M (3) 

-)(, 

(N02) + M ~ N02 + M + e (4 ) 

- * 
Making the steady state assumption for (NO;) - we find 

d ( e) _kl k3 (N02 )( M) ( e) , , 
-, dt ....,. k2 + (k3+k 4)M_- (5 ) 

If the lifetime with r4.,~spect. to electron ejection is l,onger 
" than the time between ~ollisions, we have k2 ~< (k

3
+k

4
)M, and 

Eq. (5) reduces #b 

EqUation ( 6) 

order of the 

stant on the 

dee) '_ k l k3 (N02 )(e) 
dt - . k3+k4 

is co}).sis tent with 
; 

reaction, and with 

natur'e of the inert 

(6) 

the experimentally observed 

the dependence -of the rate con-

gas. 
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, If the sta'bi1iz~t~on oftheexci-tedion is pictured as 
.' :'0 .j'- .~. .' . 

'. a vibrationala.eac,ti va.,tioD ofa highly' exci ted molecule similar 
. ., : . '. .. . ' " . ~' 

to those thatbc6ur irithermal unimolecula~ reactions, k3 

>. , should ,be approximately 10-10cc/molecule sec. The value of ""'~'" 
, ,; . .' .': ~.' ' .' 

,:.,\ . ,~ 

. <" . 

,:" ··f :,.' .. k3mi~htbe ev~n larger beCause of, the effect of ion induc~d' 
/ .. 

',~. i , ... ~ dipole forces on the total cross section. It is unlikely that~ 
, . . ~ .... 

' .. :. 

' .. 
, , 

k4 is much larger than k3 ,and if it were much less than k3 , 

the effect of. thenaiure'of the inert gas on the rate would 
.... : '.,' 

. -' 
''''', .. , -' .\ .. ' 

, ' disappear. Thus ,'k3 ,andk4 are ,of the same ' order. In the 

pressure range 'of our experiments, we then can estimate that' " .' 

< ~ •• :,", 

( ) 
8 -1 . 

'. k3+k4 M ~ 10 . sec , Which implies that the lifetime of the 

", ion ' "lith respect to spontaneous electron detachment is greater 

,', :than 10-8 sec. 

, ' 

" . 
, v, 

If k3 and k4 are of approximately equal magnitude, kl must; 

\ be roughly 10-10 cc/mo1ecu1e sec in order to be consistent with', 

:' the experiment~l rate, c~nstants. This v'alue for kl means 

"that the cross.,se~tion, for the attachm~nt process is 10-16 
~ '. I ,~ • 

2 ' cm, 

which is not an unreasonable value. 'Therefore the dir~ct attach

. ment mechanism with collisional deactivation and detachment of '; 

:, , ,<"j", the excited ion i~ cons'istent with the reaction order J the 
~ •. . J ... . ".. ". 

'. ~ 
, .. - r .•... " 

. ,.:.r <. ' .... ~ -~','''~ ... ' 
, ... , 

.. ,< 

~, . -', ~ 

....... , :' 
.' •. ,.·.·1 

. ,.' ;; ," 

. .~' .~: " :.... .' 

inert gas effect" and ~ith reasonable values of the individual 

evident. ,A plot ,of k as a function of the mass of the inert 
, . 

shows a c'lear maximum at the argon mass J with the -rate. constant 

" . , . " . 

'., 

- .. ' 

.. ~ 

,.;;.;. '. 
'. +' .' .! ..... '~ .. '; " 

. .•.• ·'.1 
, " .. , " , ' ' 

' .. ' 
., '. ,' ... ~ 

: '. 

• . _f~ 

,.y.;,T • 
.' .. :';': . 
. ~. " 
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decreasing monotonically for higher and lower masses. This 

,behavior imPlies'k3/k4 ,has its maximum value for argon. The 

, significance of ~his behavior is not clear. One might expect 

the rate constant for the detachment process to iricrease as 

the strength of,the intermolecular forces increase with atomic 

number. On the other hand, one might anticipate a similar 
, ' , 

behavior for the deactivation rate constant. Until more is 

known about the detachment and deactivation processes individ ... 

ually, a detailed interpretation of the overall atta,chment rate 

will not be possible. , 

This work was suppor~ed by the U. S. Atomic Energy 

Commission. 
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'Tab1e 1 

Rate Constants for Electron' Attachment· to N02 . 

.' 

====================== .. ~===== 
Added Ga.s· M 

He. 
r· •. · 

Ne 

Ar ',I·.·· .. ,.,'. 
.' .' .. 

Kr .. r ..•• , •. 
:"'; 

Xe . 
' .. 

".,N2 .·· . 
',. . ' .. ; .. /, 
.:~ 

. '. 
.j,'. 

"': 

"', 

", ,. ,',~' 
! 

I '.' 
" 

".' 

..... 

. ! 

,,' 
.' . 

k{cc/mo1ecu1e sec) 

2.0 X 10-11 

3.1 

.' 4.5 

3.0 

2.5 

4.0 

,:'\",., 
'.:,. 

.;, ' 

... '~ . 

X 

X 

X 

", 

. ... ' 

.' 
'.'''. 

,,: 

',:', 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1SS1on, 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 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behal f of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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