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ABSTRACT .. " .~ .. ,,' . 
, , 

The fluorescence lifetime and intensity of gas phase nitrogen 
" " 2" , 
dioxide ( Bl ) have been measured as a function of excitation wavelength,> 

fluorescence wavelength, and pressure (0.5 to 50 mtorr). The phase-shift 
• ~ y.' • 

method w~s used; this technique allows lifetime measurements to be ob-

tained with signal intensities of 100 counts per second and low'er. The 

excitation source, tunable throughout the visible region, had a half-

width bandpass as low as 15 A. Fluorescence wavelength separation was 

accomplished with 15 interference filters between 4000 and 8000 A. The 

" radiative lifetimes range from 55 to 90 ~sec for excitation from 3980 

, to 6000 A, and tend to increase with excitation wavelength; however, the" 
" 

',' ,lifetimes exhibit considerable variation within a narrow excitation regi'on~," 

The fluorescence sample w'as contained in a 33 cm diameter spherical 

bulb; apparent fluorescence lifetimes in smaller cells were reduced be-

cause of migration of excited molecules (under collision-free conditions) 

and wall quenching. In order that the measured lifetime exhibit no more 

" . than 5% error, observation must be extended beyond the excitation region, 

. '" to a distance 5 times the product of the lifetime by the most probable 

" ., 

" 

velocity. 

,,* Present addre~s: Department of Pnysical Chemistry, Cambridge, England~' 
NSF Graduate Student Fe l10wsh ip , 1964-1968. 
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'Thl;l~ern-Vollner,'analysis of fluorescence kinetics has been generalized 

to a multi-level system under ccmditions ofrnodulated excitation and phase­

sensitive detection. Allalysisof. fluorescence data in terms of this 

mechanism yields the product of energy-transfer rate constants times 

efficiencies (amount of energy lost by the excited polyatomic nolecule 

per effective collision). This analysis implies the loss of at least 
,; , 

one vibrational "q uantum (average value ]230 cm -1) per gas -kinet ic cO).1i7 
-1 ' 

sion over the entire range from ]2500 to 25000 cm energy above the ground 

state. This result indicates that molecules in the 2Bl excited electronic 

state are rapidly interconverted to the high vibrational levels of the 

ground electronic state. 

, \ 

" I" 

:' . .! ~'- . 

':,j' . 

.' .... 

, .r 
,',;, 

. .' . ~ ... 

'~;., 

, \'" 

" 

I 

" 

',' ,'" 

',' 

",J, '\'"-:';1 
. .; 

f· •. ,' ." 
.,·'t .; . '. 

-,.!'", ( 

. ~ .... : )' .' ! 

, :'1, : ",; , 

i

t
-, 

'. 
, .•.... 

~',: . 

r' 

c, , 

.-',.-

!.", ;.;.' 

, ~ .. 

i.' 

1" .. :,,:" 

• ,_,f 

. ', 

.... '.: 

. : 

';, ~ '." " 

,-.", 

, ',: 

~: .. :.: . 
': •. 't." 

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

:" 

'<":, • 

, . 

i .. 

..... " 

"" .;. 
,-. ' 

j. ,', 

.' 

. , 
{ 



;' . 

: , '. 'j., 

. '~. 

,:-!' .. 
'. '\ 

'./ ., 

'." 
", - -~. . 

:;':',," ,-,i' 

'1' , 

, .f .•.. ',' 

. ~.' 

.. I: 

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

~ .' . ':/'. 
. ..-, .'. 1- . - ". '. 

'. . ~. . '1, .. ",';' 

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

- . . . " . 

.• " ,,! IWl'RODUCTION ..... . 
. ... . . 

.' 

, '~.> 

'." 

;",' 

,,' ",~ ~ '. 

',' /: :,...,'., . ~ ,," ' .. ~ \ ':" .... 

'Fluorescence' has .• been widely. used as, an analytical tech-' 
;: 

"'nique in. thest~~y of energy transferpro6es'sesof molecules;2. 

This technique is capable of providing 'detailed information 

. ; 

!. :, :'.: 

. ... , :.',: 

, . .; , 

. about the .nature of energy transfer processes. which are und er- . 
~, , , 

.. . . , 

gone by excited molecules since it allows tor' d trect spectral' ',' 
'3 ...... . 

observation of the populations of the various quantum states .. ,.' 
," ,; . 

In .addi tion~' t~.me- resolved fluorescence studies allow direct 
::. 

. ;' : ' 

. .' '. . 4 
measurement o;fl~.'radiati ve arid energy transfer processes. 

,', ', .. " ;.' 

'l'he present study is a time-resolved invesU,gation of the ,. , 

, kinetics of N9i\ fluore'scence excited by visible radiation 
I / " 2' . ' . 

(x ',·2.'A '\ . ~. ' A \, 'B
/I

\) and of the energy transfer process of the 
. /1. -.' " , 

. ,lexcited molecules. ,Nitrogen dioxide was selected as the sub-
. '.' . 

" -' .. ., 

: .~".' 

• of"'. 

.. ;' . 

! .'f:"; ,:'''' 

-".' 

ject of s~ch a strudy because: 

1) Very little.quantitative information.exists about the 
'\', . 

. -,-" ,... . ..... 

; , '.1 ~ 

.' ,rates and efficiencies of energy transfer .processes in highly' • ..... " .. 

excited small polyatomJc molecules, and there are no direct 

measurements of these processes in triatomic molecules. Previ-" 

'. ous studies of fluorescence quenching bav~indic~ted that energ;~" 

transfe~ proce~ses involving N02 (2~1) take place with high pro-., 

bability,5' and that such processes ~ay take place by a stepwise' 

". . '6 meCuanJ.sm. 

2 )rJ'here have been recent doubts concerning the validity 
"2 

of the existing'V'aluc. of the radiative" lJ.fetime of N02 ' (Bi)' '. 
. .I... " 

'. 4.j, ~.sec, 5, 7 whic}~ is anomalously long. for an a.llowed electronlc 

transitlon. No dependence of the l:i.fetlme· upon the energy of 

·theexcited molecule has previous1y been reported, although such. 

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

',. 
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a depend'ence 'may 'be'~x~ect~d from the ~/ fact'c>r 'in' theE:f.nstein ',', \ 
, , ",' 8' , ( . 

A coeffi'cient and from, the existencla of strong perturbations 

in the upperstate. 9 

'" 

3) Radiation of ~92', is an elementary process, in the 
.• ! 

NO +0 and NO + 03:' chemiluminescence reactions, 'which have ,:,~ 

I 

,:.:::' ' received considerable, study in the, laboratory and ,J in the former ""i' , 

. . ~',' 

I.' '. " ~ "f, 

j' ~ ',' 
! . ," .,' ;" , 
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! " 

caseJ'~s an upper atmosphere r.eaction.16,17 Any underst8!lding 

'of the rates of radiative and non-radiative processes that is 
"c" 

,obtained from fluorescence studies can be used to increase our . ,,-;,,:. ", / 

understanding ,of, the chemical: processes responsible for the 

population and depopulation of the excited electronic state in 

these specific reactions. 

4) N92iS advantageous, from an c:bcp,erlmental ,point of view,'"" 

having an electronic transition in a spectral region' well suited, 

to investigation. The upper state of this transition is pre-

\isumed to be the lowest excited electrol1ic state on the basis of 
" , ,18 ' 

theoretical considerations and of ,a partial rotational analy-
, 9 

sis of the' absorption spectrum. Consequently, relaxation 

, :. studies are probably not complicated by the presence of other 

electronic states. 

, , , 

,THEORY OF Mli:ASUREMEWrS 
, ,.... .. '.' . 

A. Lihear',; ,one:" state mechan:f.sm 
'.>, •.. 

, " 

. , 

~Phe theoryoi' the phase-shift technique,oflifetime measure-
.:.: .. " ....... "'" ::.,' 4· ·19-2j 

m~ntfj has been developed' by previous invest:J,gators. ' ,. " . ," 

' 'l'he s:i.mplest linear mechan:i. sm j.nvol vine a Single exc1.teclspecies' 

'":, ',". 

," 
" 

,17 
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( 1.). 

" .... -

where. 1 is the absorptioh'cros~<$ect:ton .. G·represents, g~ound.·. " .,'.' 

'state molecules, vk' is the frequency o~excitation~ and.k"i~ 
'.;" . 

. . . ./ " ,.. ' 

the first-order rate constant for di.sappearanceof. the exe! ted 

, .~;. . species. If the intensity of exc! ting radiation, .7x, is modu-' \ 

lated s:i,nusoidally with angular frequency ru 
" .>,' 

.. ( 2 )-', 

',,' ,the concentrati on of excl ted spec,j.es yarie~: ·as 
;" • "!-". 

" 1'; ,,' .. , ·.:1 

. ',.' .. 

',:',:' ,., 

, '\" 

'. : , .',' 

= 
a G !'\ 

/x\ 

k+iru 

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

'The measured fluorescence signal is given by 
, .. 

: ',I , :'\. 

: o.t{j,p.;, . 0 

, ',.", 

;",": ; 

. r" 

I' '.' ~ 

.'~ . 

, -;.\ 

," " 

. 
S{~) = a· f E. 

. ." '.' : 

. where a is the c anbined optical. collection and ,detection"effi-' 

... ciency, and 1. is the rate'. constant forfluOfelS'qence U. 5,.' k). 

The modulated· concentration E and detect~d s'ignal S, may 

be forma:lly expressed in terms of components in-phase and - 90 

degrees out- of-phase with the exc.! tine;. radiation 

E=E···- i:b~' 
',0'· . - .,- 90· ! . 

S ::: 
j ~- 90 

.' '" 

.' ( 5) 

. ( 6) 
"".' 

!. ( ... ' 

',' . In the,'experJments, reporte'd here',the dltectl'y obser~ed quanti-' 

'. ties aroSo andS_96~ \-Te define,' measure, and tabulate tlAJO 

' .. :,' 

'., ' '.- .. ' 

.', " '. ~ . 

~ . " . 
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functions of the ob'served:slgnal:coroponents, .. ·· 
'r ·t." 

,R =: g,', 9' "0"'-'/ So'~: 
". - (- \ " '. . , I . • 

, ' 

,. I i ~ ./ ' \ 
' .. (s ,,)2.,' + (8 ..... , )2,: 

10' . .- 90 '.' 
1=-

.'J 

.:" .. 

:" . 

( .• 7): ". 

, :' .. 

'.': .' 

( . 8) " ,." 
8'0\ 
,/ \ 

" .:: 
, . r .. : ' 

'i' 

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

";' 

.' .. " 

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

it' 

.... : 

" "- , 
, .... ~ 

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

. '. - ~.' .. . ' 
•.•• J """ 

"" 
~,.' . ...... -.' I' • J • '; ';':'~ 1 ( .' '. 

. 'Th~secomposite, observable. functlonsJ,'R:~~(('I, . have,defin:t.te " 
,r ., ...•. _ > 

.. physical :I.nterpretations· in terms of' various molecular models 

.. ' for the .,fluorescing system. 

. ''''; 

" '.' 

In the general linear mechanism given by '(1 ),the. differ-', 

, ential equatlonfor the excited species is 

dE 
(ft= a G 1'\ - k E 

,X~ 
I • 

( 9) 
'. 

• . i·· , .': . 
.' .... For 'steady-'- state illum1nationat intensity L~J the concentration " :' . '.' /0. . . 

of the excited. species is aG' I'>, / .k, .' and;:'th~observed' fl~ores':' 
. . ' .' -:- . /0.... ~. 

" cence intensi tyis a f .. a G Io·\/k. For a' f. lash. -decay experiment - - \-. . t \ 

.. . the excited species disappears (after the flash is quenched ) 

. as E· .. ·... exp ( - k t). A comparison of .. (3), (5), (6), (7), and ,max,. 
'". :.: I .. 

".' "~+.·.·":'I .. ;' I"'J..·~·~ 

i .. 
i 

i:-, ... -

,~ ... (8 ) with these relations shOl'JS' that the observed function R :1.s 

.', closely rel~ted to the' lifetime ~ of the excited species as it 

. 'would be measured in a flash-~ecay experiment 

. ~ (10 ) 

and tt~e observed fl:lnct:t.on I 1s the. fluorescence intensity that 

l'lould .be measured. in a steady ordc illum:tnation· . 

I = ex _!~~ G 10 _. a f E ::: I ----k"--- -, ss ..... ss (11) 

}", 

" . ~ ' . 

,', 
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Iti,s'con,\r€mleht'to:no,rmaiize thEt~i~tensi.ty' I ,by ·theconcen~ 

tration of ground- state molecules and to define" the normalized " 

. intensity J 

J - I / G (12) , 

, . 
'J" ,., .' , ... 

'. ,f '. I 

B. 'Stern-Volm~r Mechanism OfFillo~esc'enceQuEiricning: .; 

. .' '. . ..... '; ' ...... , .... "::22 "23," .... ; ." .r' " " .... :. '.' 

According to the Stern~Volmer, ' ., mechanism, theexicted 

"', ~ .. , 

.' ' 

. '," 
'.': " 

. ," 

,.', .. 

,;.: 

..' . species :areremoved by collisi.onal deactivation in addition to,,' 

fluorescence 

f 
".j. , E :4 h}f\+ G (13 )','. 

.•... 

','., ' 

,g 
E + M -+ 

.­
f 

M+ G' 
, '.' 

'., " 

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

" > " : ':'.1":' . " .,' ",' 

, .' ' . . 

- ', .. ' " 

In this case the generalfirst,~:order ratecon,~tant.!s 1s 1. + S M,< . 
. " . . . 

. and this relation may be substituted into the lifetime expres-
. '.' 

., sion' (10) and the intensity expressions' {II} a:nd (12) . With 

: the stern-Volmer model there are four different plots that 

(shbuld be linear. Two are use'ful for extrapolation to zero 

- quenchi.ng pressure 

co/R 

. -1 oJ ; 

= f + ..9 M 

. "~1/' ,:'.fl 
= (a ~ 10)',·· .. (1, +T M) 

,t. .. '_ 
~ " i' '. 

, . 
" .. 

(14 ) 

, '. '('1' S') .. 

,'l • .,-/ :. > .. ".: "! "r • 

. '. .' . "\ '~'\:" ".' , . :, ,. '; ,'.' "",.'. '. -

and two, are useful for extrapolati. on tb .' infinite pressure 

'-1 ! = '.9 + ..! M,·,,.' 

\ 1,;' .91 ] : 
- . (a a 10 )~-~, I (1' +j.,r-:./) 

(16) 

: (17) 

. ", ~ 

.' '~'.: 

~; . 

;, . 

", ' 

:' '." 
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: .... ::. ' " • 4 ' .' • ~, l ' . : f ,~, . ' ~. ," , 
{,i, .' • .. : l\ ,; i ,!. ' '. ~'~. ~".'.,. " .' ;'1 ; . ': ',' 

. .. ~ , " ',I . :), ' ... ' .'.t :1.:" . ,', '" " ". , 
,'The,'lifetime pl~4's' give the separate 'terms J ,.9ahd'.1'J ':'but ~,the , I 

" " '," 

intensity plots give only the r~tio'3/f., '.' ,. " 
~.: 't' 

. '. ' .... ~ ' . 

.. . ;". 

, C'. General Model24 of,Energy Transfer in Excited N02 -' " 

. 'l'he interpretation of the results' of the pre~sure-dep'~nd~nt', 
. " ", " 

~', 
,,~. 

studies is developed in te:t'ms ofa mechanism in whiCh certain 

, , quantum states of the molecule arein:I,tially populatedopt:I.cally' 
. ' .. 

and additional states are subsequently populated as energy is 
. !" .. 

" , 
:,' , 

removed' from theexci,t'edmolecule upon colli,siohs with heat~ 

""'" " bath molecules. This mechanism is expressed with full generality 
, , 

'in terms of a set of linear differential equations for the, 
,'," 

. . .~ .' ,population in each quantum state ;1. 
c', " 

'. , ' 
~ ~ . . 

!, , .• , 

,.~ : " 

. '. ~' . ·1 i 

. .t. 

.,,"'Where ~1 is the absorption cross section into 'state 1, ,f~.:J. is' the rate 

, . ~ . constant, for fluorescen'ce from state,l~ 3.J:2 is the microscopic 
, 1\' 

energy-transfer' rate constant from sta.te ,.E into state 1, and. 

".9.~' ;: 1: _q~",~., the total rate constant f()r collisional removal 
,~ .1L",12.J.'" , 
from state 1., Neglecting transient terms J we obtaln for siriu-

soidal exci ta,U, on a.t the angular frequency (.I) the set of algebra:t.c 

equation? 

(19). 

" 

',These equatlons may be \-Hi tten in compact ma1,;rix notatIon', 

" 

'J' 
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r . . ' - 9~·· . 

. . 
. .'. '. ·1(1) .. : . I'or.G. 

( ~ +..$~+ '=-- .1-.) .. II!: = ....!.-.:..- A 
IJ M:· M·- Nv M . ~ 

(20) 

... 

populations I. where IE j.s the column vector of the 
"""' 
A is the 

N-' 
column·vector of absorption coefficients 

. IF' 
.,.,...... 1s the.diagonal matrix of fluorescence rate c6dst~ts, 

and. 

c 
, ''''''':' 

is 'the matrix of quenching rate constants 

· 9.'\ -.9 .... 
· -·1', 112 
• I , 

c 
. '-Sii·, , B2\ 
,1 'I . I . . 

= 
\. 

. ! . . . 
• I 

\. : 

-;', 

:We may· use (20) to demonstrate'the'existeric'e of high" 

:,", 
. pressure limits ±n fluorescence kirietic~. The 'matrix of ,the 

. ,',·populations may be written as the sum of real (in-phase) and· 

imaginary (quadratllre) components'. 

= E·~ - i 'IE '9'--' 
,~.,'O·., - ".,~~ o. 

i i t 

(21) 

'.:' From (20) and' (21) we obtain ',,' 

(M C .... F) E . '. + .(l) E ...... . 
IwJ " • ...., 1'/01,0·.. . ,...., - 90 

'.' :. (22 ). 

I 

(ivI· C + fri") u: 9'" - (l) IIi! .. ' . = '0 . ,.'., ,. ... ~. I.'~-. 0 ,"':0 . 

At high pressures the in-phas.e and quadrature components become 

T.G ,0 . 
. tE··. = --
,~./"o .... M 

~- ): ... ~ 
\1,1 '. " t·"",· ,..,.. ..... (23 ) 

, . 
jA 

.' 
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.... 
Th·us·1·t·1s shown '!,that th~ vectors of both thein~phasc a.nd 

quadrature 'pop'ulations' reach constant limits' wh'ich have rcs- .. ' 
.1 • 

. , ; , pect1 velyinverse fi'rst order'and 1nverscsecond order depen-

dcnce on the total pressure. The populations in the varfous. 

" I' '.' .• quantum states reach' a limitirig,relative distrtbution, which 

1s dependent on the energy of~ exci tation and th'e' microscopic. 

I . I 

'I 
1 
f 

, ! 
:. l 

rate. con.stants connecting the various states but ,is ,independent,. .' '. 

" 

.. " -: 

'. '~. . ' 
, 

.,' .. '. /" 

of the total pressure. As a consequef.1ce of this constant dis- ' 

tribution function, the spectra of the observed ~:i.gnals, ~O~\ ~nd " 

~.:90'" become independent of pressure except for a constant fac-

.' tor, that 1.s,' the' spectra 'of. log S .. " or log S:-'9""0" will, attain a 
. /0;. I '.. 

'shape that is the same for all high pressures.' }I'rom (23 ) it 

. may be seen that' the lincar- kinetics quantit1.es" (10), (11), 

and (12), for each quantum state .J. reach hi.gh-pressure limits. 

In terms of the components'of the populations of the excited 

states j, it is convenient to define the' high:-pressure quenching 

constant 

(1) 

S :\ = lim MR ..... 
:~ \ , -j \ , 'M'" 00 .~', 

and ·,to· define the limiting high-pressure intenSity 

y:-... ::' lim . M ~,1 ':'. 
--::-.J. ",. , ~ 

M-~oo ' ' 

(24 ) 

.' (25) 

Spectra of the quantities, (24)' and (25), in arbitrary resolu-" 
/. 

tion J a.ttain at)! high pressures a shape th.at 1,s indcpende~t of 
.;.' 

pressure. 

.• I 
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D. 
" '" ' , ' 

Step;..laClder Model of Ev-nergy Transfer in, Excited'N02, 

The general mod~l discussed above is very useful in proving 

general theorems, ,such as the existence of the high-pressure 

limits (23-2'5).' A simplified vers1on, which can be solved j n 
. . ..' 

terms of observable data, is the step-ladder model 'as used by 
25 ", , , 

Rabinovi tch and coworkers, expressed here j.n the terms of 
, .' 

the Rice-RaJ11sperger-Kassel (RRK) theory of unhl10lcular reactions .2~, 

In thts case the energy step-size C is appropriately taken as the 

average of the' normal-mode frequencies, and the mul tiplici ty of 

, an energy level is given by a'simple closed formula z 

, .£5,1\ = 
f!-LI 

'-'1 +'~ - 1) ~ 
.J. I. <i - f)1" 

1 C = total vibration~l'energy 

s = number of normal modes of vibration 

(26 ) 

. ,We may index the vibrational energy levels of ,the moll~cule as 

° ~ .. '.J., ' ••• .l?, where ,.l? is the index of the optically populated 

state, and'.J. is a running index betw'een zero and .l?. 'l'he set 

, of dffferential equations in terms of energy levels is 

E ., .... -- '--',' 
'/:E - 1\ 

dE,"" 
, .'..J. \ 
-- = 

d t 

(27) , 

) E ,,', 
",; ; __ I, 
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'. , . 
'. 
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, ':': ' 

',',"" ' 

·-i~~···,···· •. 
. . 

, ,,-' 

' .. 
" ".' 

.'- .' 
'. ,'.' '. '. ;-:'- .' ." : '1.' ";' 

", ,'j ~ - - •• 

: ...... 'wh~:re ,'f":i'S the 'fllio~'e'sdence . rate consta~t·~' b'isthe vibrational' 
- ' -','" .. '. .' .-'- . 

. quenching constant ,.' an.dS if:; theelect,ronic quenching constant ~:., 

I. ('J.1his mechanism o'm:I.ts the,poGsibl1:t.ty ~f"back-up" c,ollisions)~ 

F'or sinusoldal excitation (.2) this set. of equations can be 
. .' 

solved for the pc,>pulation of excited molecules in a part:i.cular ".;:' . 
. , 

.". energy level .!l 
. p 

.. .' '.:. . n b··M 
i:. 

. ::: . 

.. ' 

',' " 
", •. ; - .J-

. . . . ' . 
. ',-. " ~.~ . -=1\ 

. . 1+') ".' .. ,,:1 = n + 1. . :" .,::. 
E· ~ :' =. a '\G I '1 -------~...---~-

. () L . 
~ . . 

'; . -,' 

'~ . I n, .. '7.E. ,:X;. .J>..... . ". . . ", '. " 

., . . 11· ~~ + . .91~ ~ .. ~1'; +. leo ) . 
'..1. (". \ = n . ' .. . . . 

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

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

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

, .. , .. ~. ~, .' ..... -
'. ; .... . ", : - ~ ... . " : .....<, ........Attli~h1~h"pre$SU;eli'",1t. where .. (Ej"'+3;i~)>> ~j~ 

.•. '., .; . .'. .' expression ~or' the popu1atj,on is ..' '. 
. ':' .' 

the. .' ~'. 

,;' . : ... " :, 

. .E " 

' .. ".; :., . . f..... E' .,', =·_~;.E.,--"~_I_;;, )J 1 . ~:.'!". (1·.·. '.~. i
M

CO f _'b .... :~. n.',.)·: '('.2' '9')" 
"~, ;,·9_.j~r~,;·':f-.i ", . (ri\ . M /~ >i' .::4 0{ 

'. 'Of' lj.. . '. . 'IP.~J". U!". + . ..9.;~) .... .!! .!J.·l .• :s! . 
:~ ,.~ ~. 

, ~, . I-.JJ. .. .Ll.. . ," 
,'. ..,' n 

.. 
. -

'.; .: 
. .' 

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

In' te'rms of this mechanism the .observable. ·hf~h.,...p·ressure quenChing. . 
. ., .. '; 

constant . .-!f'· (24 lis given by 

.' c' 

.. (30) . 
, .. '--."'; , ' . 

. ~ ~ . ',' 

" . ' 
. .. ' 

-.. ,: .. 
. . The high-pressure limiting pOPU:1ati~ri (i.~ pu~e . NO .. ,~'hc,r~~M is G) 

. .. ' . . 12,... 

···1s . "; 
, . 

. " ,. 
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:.E 

',J]'. b .. \ 
n + 1 -:;'j \ 

(31) p" ::: a·, I, -.n'. -n', ;0, .E I \ ' .tJ::. , . 

rI '(b '-, + ..'1i') 
'n ::J., .J.!.I 

I I} 

.' ' 

In these multistate systems the relation of intensity' to pop­

'ulation is more complicated than (4), and it will be dj,scussed 

later. 
; .. 

In the interpretation of the data on N92', fluorescence, we 

have made heavy use of the relations (.14-17), (24,25), and 

(30,31). 

. EXPERIMENT .(\L, ' 

..... 

I 

,An apparatus was designed to excite and 'detect fluorescence 

in the visible region' and to )lleasure ,fluorescence ,lifetimes in 

the range 10 - 200 I-lsec at extremely'low light intensities . 

. Since it was desired that the 'excitation band .. pass be narrow 

and continuously tunable throughout the region:, a continuum 

source with double monochroma.tor l'laS employed rather than an 

atomj.c line source . 
• 

The phase-shift method is especially suitable to lifetime 

measurements at low fluorescence int~nsities as it makes effi-

cient use of the available excitation light (50% in the.present 

CBf;je) 'and readily a110\,ls for long integl'ation pCl'j.ods' necessa.ry 

to overcome shot noise in the optical signal., Under the con·· 

I 
.1 

j 

I 
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ditlons' of the experiment" at a, pr'essure 'of '1 mtorr J' or 3 x' Id~2/ 
, ' " \3) 3 

, molecules/cm', in the:ground state'; there'were', typically, 10 

'.:"molecules/cJ~/in theexci ted state. S'ignal lntEmsi ties "'Jere 
: .' . 

of the order of 100'counts/sec; lifetime measurements may be 
'. . . 

ma~e at int~nsities'wellbelow ,t~is (e.g., '10 counts/sec) if 

the lntcgrating tlme,is sufflciently long for the deslred ac-

'curacy. 'The present appara.tus measures the fluorescence, phase c': ", : -
lag as the r,atio of the quadrature component of the optical signal,' ,::' 

to the j.n.-phase component. This technique ena.bles integration 

""time's to be extended arbitrarily by analog or digital means.4 ;27 '" 

'A block diagram of the apparatus is given in' Ji'igure 1 j' 
, . 

,',:' the individual components are discussed briefly below. A 

':complete des,cription qf ,the apparatus, isgi yen ,in Ref. '1. " 
" 

'.' " . "The light source was a 1600 w dc, high pressure xenon arc 

, , (Osram modelXBO), which emits a' continuum' from' 2400 to 7600 

",: ,:,:,.,:-' "'" "A. According'to the manufacture,rthere is-some structure 'to 

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

: ':'-., i::; , 

,,' the emission, spectrum of the lamp in the reglon 4400-5000 A, 

,probably pressure broadened lines j ho\,.]ever, no indication, of this, 
. '. . 

\ structure was observed in the ,output radiation of the source 

',: ' monochromators. The stablli ty of the lamp 'was normally wi thin 

,.' ' j~ 2% during the course of an experiment; possible long term 

' .. ' 

4 \_ ••••• 

, " 

'drifts in the lamp intensity or detector sensi ti -ylty were 
, . '. 

compensated, by the,use of a reproducible fluorescence, lntensity 

~~tandard. Ar.an additional prccautj,on experiments were conducted' 

in randol'11 order. 

The exciting light was sent through a,double mo~ochromatorj 

,Bausch and Lomb 33-·86-02, (compaet) and 33-86,-45 (500 nlln) grating 
.. 

Tilonochromators hI series . The former, used as a, prc..,.monochromat.or 

" .. 
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',' to red'uce :scattered l;ight j.';was . mounted, 'at"th~ ··~s1de .sli t of' the ' 

larger·1nst~ument.·so that' the' 'entr~ce"'~lit, of .the second mono- . 
. ' .: . ~ : , . 

f 
I 

.• j: 

. chromatorserved. as' ·the' exit slit of the first . Under the. ·usual'. ' I 

. condi tions of measuremept the 81i t widths 'were 1.3 mm for' ·the ' .... ' ' I 
' .. 'f 

" .. 
. . 

entrance slit of the compact monochromator and·0.9 mmfor the 
. . 

.' . 

sli ts of the 500 mm monochr.omator. At these slit width's the 

" : ' n01llinal, full width at half maximum ,intensi tywas 11.5 A. The 
'. t! 

" slit function was observed \,Ii th a 

. . double g'rating monochromator. .In 

tatl.ve sampling of theexci tation 
~ .. 

was made to fallon a frosted glass plate, and the 'scattered 

" light· from this plate was observed in transmission. The slit 
. ,",. " 

function "J~sa:pprox'imately symmetric' .. Under' the usual condi- . 

. ,' tionsthe full width at half' ~ntensi ty' was 15Aj the 10% "lidth 
" , 

was less than 30 A and the 1% width less than 40 A .. 
. :.... . . . - . " . 

. . . ;', The optical modulator :wasa SO-bladed chopper \<1heel' rotated· .. ,; 

, ..... , . ,". , at SO· revoluti~ns/sec to provide. a modulation frequency of 

",'" ", , . 
, f· 

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

".': 
,,: 

, " 

...... . , 

, 3S00 Hz, ,corresponding to a tuned lifetime (450 phase shift)' 

. '. of 44 .21 !-lsec. The' modulation frequency ,was confirmed by direct 

·count.and wa's' 'considered to be maintained to the precision of 

the SO cycle ac line frequency, which is generally better than 

o . .1% ~ ,.' ,T,h~ width of the. blades was· equal to that. of the slots. 

The imaEie' of the source monochroma.tor exit sli ton the blade 

" .. 

was approxJ.mately I MlvI wlde compared to 5.2 mm for the blades. " ", i;; 

It "las ,desfred to have the image of the s11 t focused as small as." . 

,practic.al j,n order to min1),Il1.zc pha.se. spread :I.n the exci ta.tion 

radiation. 
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i, Bec~use' of the ~ffect' 'on 'the; 'm~asure~ehts of ,th'~' fluores.;. 

.. ' . . ... ', , 

cence' geome,try it 1s 'de$ired to keep the ' ob,servation: region ,,' 
". , 

large.' The'geometrical arrangemeri.t'is shown ,in ,Figure 2. The 

, exci tat10n beron B was approximately parallel throughout the, cell'. " 
, ' ' -

: "" The two'masks M served 'to prevent observation of any possible, 

,fluorescence by the walls, of the cell and to, prevent detec,tion' 

of fluorescence· from molecules exc,i ted near the walls whose' 

lifetime would 'be shortened by 'wall quenching '. ' 'rheaperture, of 

""the photomultiplier housing was designed not, to restrict the 
. , 

',observation region . The ,most severe limitation of the detection:'" '.'" 

efficiency at large di,stances from the axis was the curvature 

'" of the spherical fluorescence cell;, at larger angles from the 

.. normal a higher fraction of incident light is' reflected., Because" 

of this effect the 'estim~ted dimenSion of, the region of good 

detection efficiency was ± 14 cm about the ,axis. 

The opt ical, detector ~as an EMI 9558A' photomultiplie,r J which 

has a sensi ti vi ty extending to 8000A (8-20 response). The tube 

was refrigerated by cold N2 gas' passing over the' cathode areaj' 

the temperature was _56 0
, ± 4 0 'C. Any dependence of the quantum 

'" ' 

'. ", 

. ...... ,. 

, .. ,:' ' ,efficiency of the photomultiplier in this temperature range was 

",jiII' 

. I' ' • 

,'0 

( ',.:' less than 1%. 'The dark current was app'roximatel'y 40 counts/sec ,.,' 
, , 

,A stabilized high voltage power ,supply (Fluke model '408B) \lJas used'::: 

The spectral respol1se of the detector, (interference filters 

" plu~ photortlul t1.plier) "Jas cal:i,brated by use of a tungsten ribbon 

filame~t lamp (General Electric 'model 30J\/'r2t1:/J:l) whose temperature'" 

1-/as determined \-lith a calil.?rated optical pyrometer. From the 

, brlghtness temperature the thermodynainlc temperature 'and 

spectral emiss'i.vi ty were determined from the data' of 



, " 

.' , 

. ',' " 

": .- ,-,' 
" 

. ',I, 

filt~rs were obtained from Ba:ird Atomic' Corp. , 

'1'he",.-inte'rference 

Theele'ctronics r,or' handling' the signal from"the':photo~ 
" ',," 

'multiplier was a hybrid,dlgital-analog circuit similar ,to that, 

described by Akins,Schwartz J 'a~dMoore ,30 In this method each:'~ ':,."1 
, < " • .;. •••••• 

.. ' single-event pulse from the photomul:tiplier triggers a digi t'al', 

circuit to produce, an output pulse of constan.t voltage and dura;.. 
, " 

tion,' This pulse is subsequently handled by analog circuitry",",;:,,:: ':,'.' 
...... 

in the present case a Princeton Applied Research Model JB5 lock';' ':, " 

" " in amplif:i,er. '1'he USC-l of analog circu:t try allowed for the 
" I •• 

selection of the fundamental frequency component of the modulated,": '. 
. ~ .. ' 

'j.'. " . 
. ..; .... 

. " ',"". 

, ' 
fluoreScence signal and for resolution of the fluorescence into 

.' .. ,., ... 
I 

i 
, ' , 

in-phase a'nd quadrature components, ,BecauSe of the single':" shot .' 

,characteristics of the input opt:i,cal signal it was necessary 
, I 

to operate the lock-in amplifier at a 10w average dc output, vol- , 

: ,', .. 

·~··\tage in order to avoid' saturating ac amplifiers by high transIent. ::':"::'1' 
voltages,' A sharply 'tuhed amplifier, such as is in' the, signal 

;'.~ .~'''. 

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

• : ""0 

"; . 

, ' ' 

"" "I 

channel of' the JB5 lock- in" serves to .. reduce the, required dynamic' , ., 

': range of analog, photon' counters "The ,output' of' the lock-in am­

'plifie:r: was in~,egrated digitally 'by the method of Morris and 

Johnston ,27 
, 

The reference sj,gna,l' todri ve the lock-in was, ,taken di,rectly, 

from the motion of the, chopper blade by a metal. distance detector 

(Bently Neva.da Corp'J Model D-l52). '1'h1,s Signal is capable of, 

drlving,the lock- :1.n directly at any given phase j howGve,r J sj,nce' 

, the lock-in uDed ,did riot have a quadrature phase shifter, such 

a phase sh:tfter vIas' construc:ted so that roferenc:e sigi1a.1.s, sepa- .. ', 

'rated by 900 could be obtatncd. 

" " 

... I 
, ,I 

I 
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, The.,vacU"um,'and gas, handling 'system wa.s,a,conventional. 
: .' , ,~. . . '. . '. ' 

greaseless,. mercury-fre'e.· me,tal ',and glass line. High, vacuum ' 

, greaseless stopcoCk~ (Teflon pl~gs, 0": ring seals) were used ~, ' ' 

The fluorescence cell was a 33 cm diameter, 22 liter pyrex 

spherica.l bulb. ' The neck was sealed against the . .atmosphere 

~i th a 10 rom' greaseless st~pcock; the leak rate into the sealed~' ' , . 

'-7/ / "off cell, was less than 5 x 10·-,,~ torr h. Most, experiments \'Jere ,',' 

.' ·,made within a period of 10 hours after the cell was, filled, but 

in a few cases measurements were' continued on the, next' day. A' 

c'old finger \'Ias attached to' the cell to allow for freezing out. 

the s B,mple . 
'. 

Pres,sure Il1easurements were,made w:tth a capacitance 'pressure, 

: transducer (Datametrics models 511-10, .1014) . The linearity was 
.' " 

, ·stated to exceed 0.1% over' the range 0-10 torr j in the preserit ' 

experiment with analog read- out (Varian G-IO recorder) measure­

'ments \'Iere pr'ecise to ± 1%. A finite ieak rate in the ,trar:.sducer , 

. ',' 

; produced a zero offset. in the pressure measurements j 'consequentlY' ',,,',' 

- measurements were, made by difference.· ,The impurity in the sample' 

due to this leak was estimated to be less than, 0.03' mtorrj this 

was probably the most significant source of impurity. 

Nitrogen diOXide, obtained from Matheson, had a stated 

" purity of .99.5%. The gas' was further purified by' crystallizat:t.on 

at -78°C follo\<1ed by pump:tng and bulb-to .. bulb distillations. 

The crystals were,colorless. The purified sample was kept in 

,the dark a.t -196° .'Prlor to filling the cell'the sample was 

recrystallized \'1:Lthi,n thE) 'storage bulb and, aga:t.n pumped on at, 

, _78 0
• ':Phe cell \,lUG filJ,ed by a.dm:l.tt:ing N02. from the storage bulb' 
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',-.:' 
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'. ", .; 

at -78 0
, ",untii;the desir'~d pressure' .was,atta:~ned:. ':, 'rhe, equili-

,; ,brium with N2 Q4'\ was: ofn?" ~ignific,a.nce::·::a~ the. 'pressur~~' used .31: 
.' . \' '., " 

The 'experj,men'ts were co~ducted at' 23.3 ,± 1 ~3°C.: 

For any: set 'of independent variables (exctt'ation' wavelength, 

observation wavelength, 'and,pressure) the two measured quanti­

ties were the intensities of the in-phase and' quadratu're fluo-:-

j 

I 
i 

~ I , i 

, I 

·1 

rescence. In practice, however." ,some scattered modulated light,. <' 
,'.: :. \ '" ,',' I 

(source light transmitted through the interference filter) is :~,", i 
detected by thephotom,ultipHer I 'consequently ,all measurements""" :.,.1 
were made as a difference between signal wi,~h the fluorescing, " , ,'::, i. 

, , ',::",',' ,; I 

gas present and' with the gas frozen out. For each of the four,'"" ' ,: ' f 

" ,,': ,,: '" "'measurements usually three to six rea,dings were made of the ' I 

" 

. ", . 

., ','. 

~. '... ~" - '. 

, .\:~i·,",:" I . 

'" , ' 

, ,signal in:tensity. The ,length' of the ,integration period.'and the 
, " ' 

" ' ... 
,:" number of readings made were det'ermined from, estimates of' the, 

',: signal--to-noise. 

, :.'. " , 

~, " In order to set the phase of the lock-in d~tector to that 

of the excitation,radiation it,was necessary'to observe a repre-

sentative sample of that radiation su~tably reduced in 'intensity • 

,This \'Jas accomplished by use of. the ground-glass 'scatter plate 

and neutral density filters. When the lock-in is correctly, 

',r • 

" "phased, the signal for in-phase detection is at a maximum; for 

,,' quadrature detection J at a minimum. Measurement, of' the phase 

error is, more sensi t,i ve in, the quadrature channel-; this error 
" 

\'1as measured as 6cp :: ~':"90/~6: 'l'he required tolerance on phase 

error was 1%. After several fluore~cence measurements the phase, 

error was aeain measured to check for any drift. 

. ~ , 

. i 

. 'I' 
, , , 

': 
,.,' , 
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RESULTS 

A. -Effect of Size of F~uore~c~n~e Cell 

In explo~atory investigations it was established that the 

measured lifetime at 10\'1 pres~ures was a function' of the size· 

of the fluorescence cell. After the apparatus ·ha.d been a,dapted 

to use with a 33 cm spherical bulb as fluorescence cell, a 

. quantitative measure of thi"s effect was obtained by using cells 

of different size'. 'l'Wo cylindrical pyrex cells (4.6 cm .and 9.6 

cm inner diameter) were used in addition to the 33 cm spherical 

',. bulb. As with the spherical bulb, the ends of the two cylindrical 

. cells were masked from the view of the photomultiplier. The 

dimens:i.ons 'are given in Table I. For 'this experiment the exci-

tatio~ beam was approximately rectangular having dimensions 

2.0 x 1.5 cm. All.three cells were filled to.a pressure of 1.3 

± 0.1 mtorr. Excitation was at 5175 A and detection \-las with 

a s.orning 2-73 filter. The lifetimes, com.puted under the assump-
~. 

tion of a single excited state, are given in Table I. 

Table I 

.. , 

Cell Diameter . Overall length .Length of cell Apparent lifetime 
visible to Pl'4T 

cm cm cm !-lsec . 

4.6 7.5 3.0 44 

9.6 12.5 5.5 68 

33, spher:l.cal 
----~ ........ ----.. --.. --.... -
-.--.~- .. -.. ---~.-----~ 

19.0 80 
-----=------'.~ . -=.:;-::,:-::::' =:" ===."""==--::::-~.-----= 
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,B~ :,FluoresCen~e Lifetime as a Funq,t:i;On O(,'Exct'tat.1,ontva;velength 

pressure (1.3 ±j.l'mtorr) and the 'fluorescence lifetime \flaS ' ' 

measured forexcitatio~wavelengths from 3975,A t66000 A., ,'The 
'.' . 

excitation band-pass \fJas approximately 25 A, fUll width at,.l1alf' 

, maximum.' The fluorescence was observed through a Cornj,ng 2-73 

i 
i 
I 
1 
I 
I 
i 

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

L 
-: 1-

, -', ,~I-' 
, L 

" I ~ -

, " , 
" ;-

. ,-' ." , :", I 
, ,filter for excitation \fJ,~~elengths shorter tl~an, 5400 A, or the '_ _'.:,: " ',: I 

appropriate" sharp-cut" filter for higher 'exc'ltation wavelengths'. ",,:," /, . . . .. ' . 
", . 

'. ' ,',' '; The mea'sured lifetimes were 60- 90~sec throughout the excitation .' ;,:.~,: 
. :."'. 

;1" 
. ": 

". '. '. region. ,'l'he data are given in Figure 3 ~' ~igure 3 ~l~o ~h~~i 
" .' . 

the results' 6f several individual measurements for' excitation -

in the region around 5J.75 A wj,th an 'excitation band-pass of J2 A. 

; ~'hc lifetimes were computed on the aSflumptj.on of a. sj.ngle exc:1.tec1'" 

state (10) ~d \'lerenot corre'cted for quenching. Since an, 

ob'served, iifet~me at finite press~re (14)' is "sh~rter than the 

. , ' 

" .. '. -. 

'.' - !\ radiative lif~tJme these measurements repre'sent' a lowerb'ound 

, , 

" 

to the radiative lifetime. However at the pressure of ,these-

",~ "measurements quenching would not shorten the lifetime by more' , , 

:'than ten or twenty per' cent. 
'i 

Considerable attention was paid to the p'ossibili ty that 

'" ." systematic errors might be responsible for' ob~erve'd fluctuations .... 

, ., in the me~,sured lifet.1me. To avoid this possibility measurements,. 

"-:,' . of lifetimes at different exci tatJon wavelengths \flithln a ,narro\'l', 

" ", 
v, 

. region were made in random order, and the phase of the instrument /OJ 

': "'as chec\ced frequently and atdiffcl'ent wavelengths. 

In' ac1cl':tt:i,on to lO\lI-prCDsure r.tudtes ~ expJ.orlitory investiga­

tions were made at a hi~ler pressure (36.0 ~torr) to extend,the 
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range of.··excf~ation ,waV~lengths to highe:r:. vaiues •. ", The. higher 

,,'pressure . was ~ecessi ta~.ed ,by the decrease 'influorescence 
. ' . . 

signal in the extended,region. At the higher pressure the 1ife-
" " . 

times were of course shortened signficant1y from the radiative 

.lifetimes by quenching processes. At 36 mtorr,- ft was' .possible 

to measure fluorescence lifetimes f6r excitation as far to ,the' 

.... red as 6800 A .'J'he observed lifetime (due .to quenching and· 

fluorescence) was relatively constant· as ,a function ofexci ta­

tion energy for exc:l.tation throughout the re'gion, (Figure 3). 

·c. Pressure Dependence of FI'u6rescence Lifetime and Intensity 

These stUdies were conducted over the pressure railge 0.5 

to 50 mtorr .for three exci tat:l.011 . wavelengths, 4000,. 4300 and 

4800 A. For each set of experimental condltions ; (excitat'ion 

wavele~gth, observat:l.on wav~length, a~d pressure) the raw data 

wer.e averaged and appropriate differerlCes taken to correct for· 

scattered l:l.ght from the empty cell. 'l'tle quanti.t:l.es thus ob-' 

tained, ~6' '" and' ~.~'·9(j<., were the uncorrected in-phase and out- of-, 

phase s:l.gnal intensities., These intensities were normalized 'by . 

dividing by the pressure of the absorb:l.ng gas and corrected 

for the \'Javelngth response ,of the system for the interference 

filter used. These corrected data were used to compute. the 

linear-mechanism (1, 9) quantities, _~(7, 9, '10) and J . (8, 11,·: 

12). For each set of measurements \,lith a given exc:i.tatlon arid 
\_ J.i" . 

observation \'lavelength the quantities k,. . and J'- ..... \-Jere graphed 
, '. . -""\l - . 

a$ a function of pressure (14 , 15) ano fitted by the method of' 
" 

least squares. ThcGe quantities were selected to be fitted 

: .') 

.,: ... 
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be~a"s~' :.tho·Strirri.Vol~er modelpredicts·~iriearit~, 
,. . '. " '.' ., ' , . 

:" ".' 

. The results·of these·studie~ may be :b·l.'1~fly' ·suirunarizcd . 
. 

.'.,' 

., 

':'The fluol~escence was found not to obey Ster·n-Volmer. (single.'·, ... 

,.' . 
:.' 

.. ". ',j . .' ' " 

. " excited state) kinetics,· The measured lj.fetimes .were different 

.. :'. at different observation wavelengths. The quanti ties l! anq . 
.. . I· ... . . 

... ~ J::..~/ eXhlbi'ted pressure' depenciences that· were different from ·one ....... . 
. , ... ' . 

: ,".', .observation wavelength to another and from one· another at the 

,' .. :, :' same observation wavelength. Further, the ·graphs of these 

quantities as a functio11 of pressure were not, in general; linear.:. 
\ ":, 

Considered as a funct:i.on of fluorescence: energy the obs~rved·· 

lifetimes at high·pressu~es were much shorter at·high·energies,··· 

,", . close to the :exc:itatione'nergy, . than at' lower energi.es. That 

.. ' 'is, the. quenc~1ing curves were s teepe r, the smaller the. energy 
,~, ' 

'; ... :" ' .... , difference betllleen excitation 'and observation. Similarly the 

. '.~ ' . 
. ' ",." fluoresbence intensity spectra showed.~ ccinsiderable shift 

.'"',, ' 

': .... ::', .:. ' ... : .. ,".'. toward lower. energy (red shift) as thepres.sure was,increased '" 
, ,,' ~ 

', .. ' .. " ". These results will be discussedil1 more detail in the remainder' 

. '.: .. 

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

. ' .. ' 
:",0' • 

., .... of this' section . 

.We consider first the "lifetime" data. 
, ' 

In Figure 4 are 

given examples. of conventional Stern",.Volmer plots of such data . 

, .... The zero-pressure intercepts of these graphs· should J. in the 

:.,.:·single-sti'l,te assumption;. correspond to the. fiuorescence rate ..... 
. . . ' . . 

" .. 

, :;', ~ :, consta.nts (inverse radiative l:Lf'etimes). If an observed state . " ~ 

~ " " ~ '., 

• ,', , f . . . 

... 

. . is .excited·both ai.rectly and by a pressure dependent cascade. 
. , 

process, the zero pressure intercept should nevertheless'be the 

fJuorescenco' rate' consta,rlt fo~ the ntn.te. lJo\<1cve~J there is a· 

", .. sj gn:J.ficant amoun't of· vur.:I.at:l.on :1.n th088 ze ro p.resDurc :i.nte r­

ccptn (i'or' El,. r;:1. Vf:ln c;{c:t.tnt:ton wavolC'lnc;th) :I.ncl:l.cn.t:l.l'l[!; th(~,t 

.··IiI· 

I 
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molecular .states 0~' con;siderably different.ll::(·etimes ar.edil"ectiy"·· 

populated by the' exci tation Ij:ght within the 'band-pa!3s' o'f the' 

monochromator . Since the observations .yield an average of the 

. detected fluorescence rates, the observed variation, which was 

as great as':30%, sets a.lower limit to the variation in the. 

rate constants of the individual quantum states. 

}I'or. observation energies 'close to -the .e?Cci tation 'energy 

plots ofa/R vs. M were linear. Interpreted in terms 'of the 

'. Stern-Volmer mechanism (14) the slope of. such a. gra.ph.:1.s.a 

quen'ching rate constant. Values for rate const~nts obtained 

in this way are glven in Table II. From fitted functions for:.· 

, ,', .. 

.', , 

. ruin as a furiction of M at the several. observation energies, the' 

Stern-Volmer lifetimes at various pres!?ures ~ere 'computed and' 

plotted as a function of fluorescence. energy (Fig. 5). The 

points were connected by interpolati,on". which is given as merely 

suggestive. 
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TabieII 

..... 
. Appa're~tquench:i,ngrate co~sta.ntg· fo~: fluorescence 

~t energy ,close ~.o ener_gy o~ excj.tatj=.o=n==========~::: .•. 

--------~~------------~----~~~~------~---~--~. 

Quenching rate constants were computed from slopes of Stern-

Volmer. lifetime graphs. p is "quenching"'probability per gas 
:' . ., 

kinetic collis1.on, computed using molecular diameter from Ref . 

·32. .9. '~" is the Stern-Volmer quench1.ng constant. 
,sv\ 
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Tl!e. :tife.t:1me·, data ;were' alsoplQtted accordj.ng to the" ir).verse 

.' stern·· Volmer; rel~ti.on ,(i6 )', A finite ,,·Jlon- zero1ntercept:J.n 

fJ .. : ..... ; ' .... ,such . a plot indicated that there: is a; first order dependence of 
ij ..... '. .. . 

li">~'·.\'·,:<·:·-· the .inverse lief time upon pressure at·the high' pressure 11mit;" " 
~I . .. .• '~:. • • 

;1. ..• 'this was. found to be the case in all instances ~. Spectra' of the 
ft '.' ' 
" ~-l)( )" . 
~,. . " infinite pressure limit of the .. lifetimes" Q" 24" are given 
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,in 'Figure' 5-. 
. . 

The intensl ty data were. graphed ~ccording to the Stern-
, . 

Volmer theory.in the same way·~s·the lifetime data. These data 

..... plots ~ As with the li.fetime·, d~taj the intensities from the 

fi tted functions were graphed .a·s a' function of fluorescence 

:-.: enter into the intensity spectra as the systematic raising or 

. ' .. 
,' ... 
.... 

.; , ... 

lowering '(by a fixed amount) of the i?tensity at one observation 

energy relative to that at another. Again" from the high pres-

sure slopes of the data· it. was possible.to calculate infj.nite 

pressure limits" Y (25)" to the intensity spectra. 

are given in Flgure 6~ 

These'data 

t -.,'. . 

It should be polnted out' here that the· flUoresc'ence spectra 

. extended in all cases beyond the limit of obseryati~n (7000 or 

8000 A). 
':' "':" .. ;" 

'Thts \'las true 'for 'tho' resonatlce fluores·cence:. (zero 

. '. pre~wure) spectra as well as' those at htgher pr~ssurcs,' 5.ndi- . 

. ' .. : 'cat~,ng thata' broad spectrum is a proporty of molec'ulcR wl th:i.n·, 
',,' 

.. 
. .' 

. '. : . ~. 
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., 'a localized. energy region 'and not' ~e~ely. the. cp~sequenc'~ of. a 

· broaddistributlon function of molecL\lar energies. 
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A. 

. , DISCUSSION.. • . '. ." . ,.': . J 
Effect ,'of MOle,c.u~a~, ~igrations on Lifetime Measurements '~_:":':' ",'.' J 
The . low pressurel1fe~imes obtained in the present exped~ .. > .... . f 

mept (55-90 J-lsec) are signific~ntly longer ;than: have, bee~ " ,'f 
· repor'ted previo'i.lsly ~y Neuberger and~uncan5 and by J)ougla's 7 . ..', r 

~ . . 
" ,':' (44 J.1sec). It is believ'ed ·thatthe longer lifetimes measured " '. r 

. :',' '"1 ',i. 

are due to th~ cise of a fl~orescence ~ell of sufficientiylar~e 

'. d:i.ameter that the measured lifetime j,s not governed by wall 

(collisions) ~~ by collislon-freemigration of ~xcited molecule~ .' 
.' . ..' '. 

" " outside the region of observation. This' interpretation is, 
'" ,t" 

based on the following considerations: 
. .... ,,' 

l) A calculation was made of th,e effect of ,molecular mi~:: 

" gration on measured ·lifetimes and quantum yie.lds, of fluorescence. 
, 

The calculation was based on the .assumptions of the Maxwell-
. 

Boltzman velocity.distribution and expol1ential decay ,and "Jas 

· performed for cylindrical geometry \'11 th excitation ta.king place 

along an infinitely na.rrow line. The results are given in 

Figure 7, asa functioh of the radius of observation measured 

in unlts of the product' of the l:i,fetime times the most probable'" 

veloclty. For NO'\ at 2950 K, asslUning a lifetime of, 80 J.1sec, , ,21. , 

this distance, 2:, is 2.7 cm. The ra.dius of observat:i.on used in' 

the present experimcrit was 14 cm or.5r. Th~s the error in the 

l1.fetime from molecules loaving the reg:1.on of observa.tion 

.'.' ' . 

. wou.ld be no more, thana few percent. The prev:l.our. lnvestJgators., 

. ,~ 

, '. 

1. 

I 
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did. not, :statethe;dimeh~i~~:S'bf' the~r'·f~:u.bre.scence' geometry, . 
" ' 

so that:a direct evalu~tionfrom 'Figure 7 ofp'ossihle shortening . . 

of thei~ ~eaiur~d l{fetimes'i~ not p~ssibla~" 

2,). The meaiurements of fluorescence lifetimes made\,dth,' 

"cells of ~maller dimensions \'1ere signi'flcantly r'ec1uced froin the 
. '., ." 

lifetimes \'Ji th the 33 cm cell and were consisteht with the pre- . 

diction~ of Figure 7. This may be taken as 'direct evidence 'of 

,the effect 9f molecular migration of the order of 5 cm and 'of 

quenching upon collisions of excited molecules 'with the walls 

of the cell. 

3) ~~hemeasuredJ.ifetimes in the 33 cm cell' showed a 

j. ". . . significant (50%) dependence upon the excitation wavelengthj I ... : '.';:':,' .:, .,:'. ' '. - .... 

'. ' ., 

" . 

f ", 5.·, . 
,. : .. :.,.'. '.': .... ':' such a dependence· was not observed previ.ously·. ·Whi.le· the' . .' .": . " 
I:" . ". : 
I~ .' existence of such a dependence does not demonstrate· that the .,. 
I:" ,' .. '. .' .' . '. 

I: " " ,. ,' ... :.:" .. dimensions of the observation region have been extended suf~i~·. ' 

I .: ... , :"' .. , ;'. ciEmtly J it·'. does suggest that 'the measured ljfet·imes are at 
'. '., . 

. " .' .. 

,i 

; . 
. . , ' 

': .' 
I. ' 

:' . 

i 
I' ,j . 

i '.I ,~ 
, .:' ...... ,. 
: • '. ~: ., <, 

, ' .. 
' .. .' 

least approaching the' true values. 
. \ i ' 

B. ''.Phe Radiative Lifetj,me of ~~2 (2'~"~ .. and Low-pressure Data'. 

'I'he extension of the Einstein relation' between the absorIl.tj.on 

, " coefficient and' the radiative rate constant to molec ular transi-

'" tions, "under the assumptions of the Born- Oppenhej,mer approximatipn 

. and of a constant electronic transition moment, was made by 
37. 

Mulliken . .:J, ':f.1he applicability of this relation has been extended. 

by Strickler and Berg,8 who have explicitly considered the 

'effect of any shift in the fluorescence energy from that ~f 

. ,abzOJ'pt':1.on. ,'1lho Ejnste:t.n relation a.z appl:i.cd to molecular 

transj,tlons may' be written 

:', 
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g' :~'and ,'g"are respectively,' the numbers·' of level~ ~n' ~he 

~. 

, ·1 ',r 

upp.er ,and' lmoJer states to. which trari~'ttiorl~". ca~t~ke': 0.:',':':;'."::., ~.: 
. 'placej , , ' ... ~ '.. . 

~, . 

,. . '. \.2/" 
a 1s the absorp'tion .coefficient in units cm '.j the :f.ntegra- .. , 

tion j.s to be performed' over the entire elctronj.c 
~ .',. ;., .. . . 

, ' ... absorptlon spectl"wn.j . and· . \ .' 
\'- " 

~I ' 
< \I' > is the Fra.nck-Condon average of the emission energy- ,,~,:' 

. '.' 
, ., 

,", " 

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

I~ . 

J ~' / 'f' (v I.. ~ 
'. 

, ~" . ":' :."", J: 
..:;; .. " ' .. ': ~~\dV· .. ,:. ~:; ,dv 

,'.... . .; "", , ... 
,J. .' :.~', ""':"~'. . . ' 

. ~'. 

". :,'.'" .,' ,: ! • " • :':", ,.,'.' • " 

":~;:"".::':.", .H~re .. 7/~~.:"fs ,the emission intensi t,y:;,(qua.nta/c~-~" ~ec). and . the ;,; .... 

... ::.,. 

,' ...... :' .' .. 1ntegra~tons are to be performed over··the erni~sion,.spectrum. 

. ,,'.: The' quantity < ~, i> ,.~ .. , ... , might be expect,ed to, depend on the . /F- C \ "';,.' . , , ~ 

',', 

,r' . , . 

vibrational level of the upper state, and consequently the . ~ " 

" ... '; . 

,.,;' ':' 
lifetime as well, with mor~ highly energetiC' states expected to 

... '" ' 

, , 
, (-

.' have a shoiter lifetime. 
, .. ' 

I ". 

"':,' :"",' 

': "r Porapplication of the radiatlon relation to predict the 
.. ;:', .. ' 

, .: .'" , .' lifetime ,.of a molecule in any given quantum state not only th~ 
. " .. 

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

...... '':' 
lo' • 

',' : 

absorption spectrwn"but alsotbe emissfon spectrum.of that 

'. partj.cul?r sta.te must be measured. . The entire resonance ·fluores,;. 

cence spectrum of any vJbratj.onal. level of N02 has never' been 

mea~;ured; consequently the value of the average quantity 
~I '.. '. 

< v', 1F;:'C\ j.s not knOl'Jn. However this quanti tymuy be cst:i.mated· ' 

.. ,,' 

0: 

,.' 
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byvar~ousme'ans.-Flrst.t ,'from ,th¢" absorption spectrum 't!he 
',' "', ,', " :- ,) ,.', '" ';, '~ . , , ' ,," " ,', , ' 5 " , 
avera.ge· frequency of a?sorptionmay be determined. '(Table III,) 

" 

and used as an' estimate of the fluorescence frequency. HOl-leVer,', 

thi,s quantity would be expected to. beto.o. large because, while 
" . '. . . . , 

" abso.rption co.ntinues well beyo.nd the predissociatio.n limit 9 

, 5,35 
fluo.rescence is entirely at lo.wer energies, and because 

, :,..', much fluorescence takes place to. h1.gh 

gro.und state J wj.th a reductio.n in the 

vibratio.n,al levels o'f 'the, 

~) factor, A seco.nd 

the can be made thro.ugh 
.~ . . . 

. , I I 
appro.ach to the value o.f < ~. > """'\ 

, rF-C\' 
, . use of the luminescence spectra o.f, chemical reactions that yield" 

, , 

, ;.~. 

" 

::' exci ted N02 , if it may be asswned that the electro.nic state 

here is the same as that po.pulated" optically. Values, o.bta.lned 

. from the NO + 0 and NO -I- ?i. spectra are gi ~en as \,le11 1-n Table 

. ,,- II;£. The two values given might, be taken to. represent the' 

average fluorescence energy for the ,two mo.lecular energies pop-

~~ , " ". ulated by the reactions j however, 'since the spectra are obtained 

at high pres'sure, energy' transfer processes will have taken place, 

'and consequently the spectra are shif·ted to lower energies than, 

·the resonance spectra.' Thus the 

considered as rough estimates of 

values obtained should only be 

the < ~,/>, , 
(F-C\ 

factor to be 

used in applying the radiation relation. Certainly the spread 
, , '~'!, 

in the vB;lues obta:i,ned~or < 'v "~F~C-'\' indicate'S the'degree of 

, , caution that must be exercised in applying this relation to a 

transition that extends over a.s "llde a region as the present one.· 

,]~he, results of the present measurements ''lere at variance 

from the. predictlons i.n several '\'-laY's: 

1) ~'he absolute magnituclesof the fluorescence lifetimes 

" 

" .: 

. ;'" 

) , 

.' f 
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''l'able 1.1.I 

, . 

Fluorescence '_llfetime of ,N02 ,calculated 

from' radiation relations 
. . 

'Integrated Quantity Value Calc .. 
J 

Source of 
Data 

Ref. 
Lifetime, 

.,-,sec 
' ..... , .... ,--..--------------....:------,.--~-----------------

f (a/v) dV' absorption 34,35 

J adV'/ J (a/v) dv absorption, ·34 J35 

~/ 1'1/3 
[< >F-C] , , NO + ° 13,36 . 

, [<~' >F-C jl!3." 14,15 

~". .. . 

. , ,. 

' .. ~~ --------------. 
Results of numerical integratlons'of:absorptlon and fluorescence 

spec,tra. Fluorescence, lifetimes were calc'ulated from integrateE 

a.bsorption coefficient J: 'f (a/~) dv J using three estimates of the' mean 

fre9uency of fluorescence. 

s:_ '. 
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were. gre'ater.than· pfedibted by .·afact·or. of· 3 t'o·. 40j depending' 
:..... ' ....... ' ":~.: ..... .... . 

on the. value,' 'of:< .v ' >F- C used.' 

.2) The ratio in observed lifetimes' at the: extremes 01" , ',., 

." excitation energies used (4000· to 6000 A) was ohly 1.6 J wher.ea~ .. ,.;, ... 

. other things being equal J the energy differenc~· would lead to 
'J . . 

a prediction closer to (6000/4000~~~~~4;' 
3) Distinct fluctuations were observed in the. radiative'" 

.. 

. lifetimes a s a function, of eXei tation energy and also for the -: 
.. ' 

.' narrow spread in excitation energy in the monochromator band 

( 
\-11 ) . pass 60 cm -j full. width· at half maximum . 

. , 

~'hej.nadequacies of, the simple radiation relation may be 

considered in terms of the two asswnptions upon'which it was 
. 

. basedJ namely the Born- Oppenheimer approximation and the as-
" , ' '. . 

.':, 

.' 
,.' . 

:' '. 

.. :: ' .. ,.. .sumption that the transition moment ·is constant for the molecular· ... :: . 

, geometrles :I.nvolved in the transi t:lori. 

.,' : 

, ......•. ~: .. : f 

" , 

. , ". " 

.', . 

" 'l'he poss! ble dependence of the t'ranEli tj.on moment on the 

,molecular geometry has been propsedby. Mulliken37 as a.cause 

of, the anomalously long . lifetime of N92·\;.· From molecular·, orb! tai' .' ... ' 
IS" . . . 2 ' . 

. cor.relation diagrams '. i ~ ·isexpected that the'· HI state .of .. 

N02 would·be m~re nearly linear.. than th~ ground state, and this 

, . expectation has been confirmed. by the ~.nalysis ·of. the absorpU.on 
.' 9 
spectrum. . Thus a decrease in. the transition moment as the. 

molecule becomes more nearly linear'would be expected to increase l' 

the radiative lifetifue . However J if such a mechanism were re-

sponsible for the long lifetime J the lifetime would be expected 

to·decrea.se rather strongly with increasing quantum number in 

. the bel~ding v~bra,tj.onJ and correspondinglywl.th the energy of 
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'. :., the' upperstat~,~ . Since' ·the'·observed :low-pressure ·l:t.fetimes· were 
•.• ill 

: more constant a;s,a funct:t.on. of, excitation emergy.than expected; . 
. . 

this mechanism does not'· appear' to be the.reason for the' increased 

.radiative lifetime. 

Jortner and' coworker's have' recently. c'onsidered the .valfdi.t"y '.: 
..' .... '.' 38.;,.'io " 

of. the' Born-Oppenheimer' approximation in molecular transit:t.ons.· . '. 

If there exist perturba~ions bc'tween':theupper elec'tr6nlc state 
'. ,'. .' 

. and 'any other electronic state 'having an -: appreci,ab.le ·leve.l 
. ·1 

density In the absorption 'region,' then the Born- Oppenheimer wave: .. ', ' .... :::' ! 
'.,' , 

· '. ~' .. .., . .' ~ , 
functions \'1illnot adequately describe the upper. state. under ... :.:. j 

· .~. .'. . , 
r. 

· .. : ...... 
~ " . . 

.. ~ . 

;<, { 

these circumstances the transition· moment' to . the ground state . '. I 

'of a' slngle Born...:Oppenheimer vibroTiic level will be di"stributed ,' ... , .. ,]1 
, : <:. among several true vi bronfc levels, 'the nUmber' of which is 
'.'. . '. j 

. ''':. de.termined by the density of themanifbld. of states which are. 

~, ; not connected to the gro~d state· in th~ 'Bo'rn-Oppenheimer ap-

i , 
,',r .• J 

I 

. /.': ,:. ' ....... ". p~oxima~ion'. . The t.otal· transi tion moment, 'as measured by the ,:. ': ~:. 

l' . I 

'.' absorption coefficient Integr~ted over' the electron·1.c transition ".' . 

is conserved j however, the transition m?mentto the ground state· . 
. ' , 

:,from a given true vibrontc level, wh1.ch. determines the rad.iative " 
, ';' . .,' .... . . \ I 

lifetime, is reduced by' the 'factor k "" ....... 11/1·-· .. .;· > ~ ... ~ 
. , . I,true\ ... &0\ . 

. \. 

For N92'" the 'Renner effect is a possible mechan1.sm. which i.s 
. \ 2 .' . . 

ava1.la.ble, to 'connect th~ levels· of the'· ~j\ ~t'ate with the dense 

.: . manifold of h1.gh vibr.atfonal levels of the ground state. 9 A 
~-' . " 

,' .. ' 

.' . .consequence of the perturhative mechan1.sm of lengthening the :-.'-; 

. : '. 

':': . 

. . lifetime would 'be the possibility of sj,gnificant fluctuations 

1.n the 'molec ular 11.fetime· w:L thiri a narrc)w energy rcg:l.on. 7 Such, 

' .. fluctuutionn have been observed. in- the 'present eXpCl;'blcnt.. A 

mechanism based on the Renner effect coupling would require 

',' .. 
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: that, .le,vels which are, :,forsymmetry reaso11s j 'uripertul~bed exhiO,i t:, 

"" ,:m~ch. shorte'r. lifetilnes.;than thep~rturbed I.evels'~ However,. j.n 

an experiment such as, the present one s~ch . short lived 'states 

would contribute to the total.f:l,uorescent intensity only in pro­

portion to their absorption, and would not be detected in the 

presence of a much greater signal from states having a long 

, "lj.fet-ime . Tfsuch short lived states contributed significantly 

to the total Signal intensity, their presence would lead to. 

,':,>'Stern- Volmer plot.s whose (positive) slope decreased with',pres- . . . '. 

sure; no such behavior was observed. 

Related ,to the' theory of, intra-molecular lengthening of 
~f' ,,',., 
i'j.':: c, ,,-:',' ,. lifetimes that has been. outlined is an .inter-molecula.r process 
II 
"I' '" (: 39 
:1..' :,' ,,t,'," ':" that ha.s been proposed by Jortner' and Berry .. " The. dense mani-J ...... : .. ' .... fold of s.tates which ar¥ot optically ·connected to the gr:und. 

I: ' 
! 

d. 
,1 
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.i 
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" r· . 

~i 
.J 
:f '. 
r 
( 
~~ 

.. " 

" 

l' 
, J~ 

" " 

;: " 

~ . . : .. ' " 

")..... ",' 

i 
~, 

.. state is collisionally populated at finite pressures, and the 

. 'I 'apparent lifetime of fluorescence is consequently lengthened. 
. ,- . 

" Jortner and Berry do not indicate the. magni tudes of collision 

cross-sections that mlght be expected. for this type of process. ... 

"',However, such a mechanisl!l 'woul,d imply that, at sufficiently 
I .' 

lO\'J pressures, the fluore'scence lj.fetime would be short.. The 

question is thus raised whether the present experiments have' 

. ,.~been conducted at pr,essures sufficiently low to observe 

resonance fluorescence 'and to al'low' a confident extrapolatj.on 

to zero pressure. This questiru1 is, of course, open to further, 

experimentation either at lov-Ie! pressures or in collision-free 

1Il01cc:ular beams .. Hmlcver, \'Je should like to point out th~t the 
, , 

prCBcnt me£l.SLlrementfJ were performed. a,t pressurer, such that the 

average molecule at the G),ssumcd lone; llfetime suffered as fmIJ 

" 
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. ..' as. 0.2. gas' kinetic. Goll+s.ions j if' th~ "r.esQll~:rt";l.;tfetime were 

sigh:tficantly. shorter than 60 ~sec, the number of collisions of.:' 

. the average molecule: would be ·correspon.dingly reduced. In no . 

case· , for either intensity or lifetime data.,' 'was there any 

indication of a discontinuity in the.pr~ssure dependence of the 

data \'lhich would cause us to question the extrapolation to the 

limit of zero pressure.· 

C. Interpretation of High-Pressure. Data 

The'observed limiting higq-pre~~ure quenching constants: 

g (24) and the high-pressure fluorescence intensities Y (25) are 

. l'isted in Table IV for each observation energy W. 'l'hc observa-" 

tions for excitation at 25000 cm- 1 are more extensive than those 

J 
l. 

'.' 1 

'. c .. ,.:: ..... ; ,I . " 

. , . 

f 
f . 

j 

I .' at other e~cita.tion 'energies; and for the'se data the relative 
.. '. .. 

.. " 

. . ~ , 

~ ."., 

. '. . . . '\-lJ . 
reciprocal quenching constants:Q······, are listed in Table IV. As 

can be seen from Figure 6a the :i.ntensi ty at zel'O pressure is 
. ; , '. .' . . . 
. roughly (overlooking what appears to be some real structure) 

. . . \-J"" \-1/" 
the same at all frequencies between 12500 cm· ~ and 24000 cm _ ..... , .' 

'.. even though all mo~ecules were at t11e exci tatio11 enel"gy J 25000" 
'. '''1/ 

cm -' • The actual fluorescence at·energy W is given not only 
. . 

by molecules with ene~gy W but also by all molecules with energy 

greater than H. Thus the p9i;>ulation (31) is more nea.rly given 

by the deriv~tiveof 'the intenSity' (25) with respect to energy 

rather than to the intensity itself 

p . (,n = d Y (W) / d vI (33 ) 

'. I 
. \~l/ 

T~e intensity data Y of Table IV at 25000 em· were found to 

(\1 t'1')1.30,..' d' tl th· .. ' J't'~' P 'i vary as , ..... - r " .... /', . an ., lUS e popu .a· .I. on .. var os as 
. . IX·. - . . _ 

\ . . [ 

", . 
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.. rnx:~~".w)~·:~9~ which·is;·~ntered as the last .column in 'Table'lV~ " 

~' . : .. The' Overl.apping . of the fluorescence sp'ectra from differenten-:-' ~ 
" . . \ I'}··, . 

ergy ·stat·es 'ha.s 'less . effect on' the' observed Q~ .... ',' than on the .. 

intensities, since both the populatioh an d' .~~ 1/ increase \,l:t.th 

decrenning energy, 
',- J .,. . 

Even so, the re1at:t.ve ..9 ..... as a function of' .', .. ,., 

, . molecular energy must increase with decreasing energy somewh'at 

more strongly than given in Table IV,,' . ' .. .. :: . 

The high-pressure data are interpreted in terms of RRK 

"':""~~epladder25,26 models (26), onef,or ·the.exC:itedelectronlc .,-;',:"':'::.'."".' 
'. , 

,"' : state E and a similar one for the ground'electronic .state G~'; .' 

,. , .;," 'J.1he three normal-mode vibrational .fr~quencies41 of G are 1320, . 

. "(50, and 1618 c~~'1.{ 'and' the convenient round-nwnber 12 50 citl:,~> 

s = 3 -
" -1 ) 

e = 1250 cni'''' .-,.' 
", 

" .. where e. ·is the level spacing arid· s '.is ··the number' of normal 
. . \-1 I '. 

~ . modes •. The molecule dissociat.es at 25000 em····;· so this model 

, " :·has 0~~ ... 20 energy levels wi th roul tiplici ty gi veri by (26), 

The properties of the ·upper electronic spe'ciesE are not 
. , 

ro.ore electronic states. The excited molecule may be linear 

.. " (2. = 4) or bent ~ =.3).. The origin of tl;te upper state has 
Q \ " 

been placed'betw~enlI500and 15500 c~-l:. For purposes of ., 

model calculations \'le assume the·exc1.ted species to be a single:. 

electronic state with the propertj.er. 

:. '. ,., 

. "'.' . 

..... 
. . ", , 
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S :: :3 .. • -
, '-1) e = 1250 cm-",.'" 

, -58-

, ' \-1.1 
,origin above origin of' G = 12 J 500 cm" -" 

(35 ) 

Between 12500 and 25000 crlr:.J.l there are eleven' energy, levels J 

o ... 10. 

The reciprocal quencl:ing constant ~:~}/(24) 'may' be regarded 

a.s an observed' (Table' IV), continuous function of energy W. 

From the step'ladder 'model (30) the slope of the reciprocal 

quenching constant vs en'ergy is simply 

\-v d g-_.' 
d W 

d vI . 1 

d n = Sl (ji) + b ~), 

., , . , 

',1 

" 

(36 ) 

,whe re d wid n is the energy, removed p'er collisi'on for which 

·the total quenching constatn i~ Sl + b.. Althoug~ the Stern­

Volmer plots are curved when observed over a wide range of 

. pressure (especially for observation energies W far, removed from 

the' exci tation energy Wx'') J these plot's are very nearly 'linear 
. ( ~ 

over a moderate range of pressure \Alhen !!l j_s close, to It!x.,' Thus 
. ., 

, . 

, for a narrow range of energy just be1'ow the exc:i.tation energy 

a Stern-Volmer plot gives the total quenching consta.nt, .9 + b, . -
(r.l1able II), 

. l" . 
d 6":'. /d W'" .::it _J 

, , 

\-1.1 A separate plot of g .,-, vsW gives the slope 

and from (36) we may calculate the average ene~gy 

rem~ved per collision d tIll d n for energj es close to the exci-
, . 

tation energy. The results of these ,computations are given in 

Table V. The magnitude of coJ.uinn (b) ind:tca.tcs a very great 

.... f 
• ! 
I 

. . I 
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, rate of 'fl'u'ore'scencequenching. 'Using thc' St~rn"'Vol'mer 'que'n~h­

ing constants from ,Table ",II,: wc find that the enere;y',removed 

per collision is very' large, bet"Jeen2000 :and 4000 c~t,l/are' , 

indicated. Alternatively; using the RRKmodel where the energy 

removed per collision is taken to be 1250 c~-l/ the total 

quenching 'constant 1s' a~out4 x la":):'()"~c/pa'rticle-sec, almost 
, ' , ' , \-10 "j 

t\'Jice the hard~ spheres collision consta,nt for N92\~ 2 .28 x 10 ....... ,~' " 

cc / particle- sec. Thus the, separate results of Table II and' 

Table V indicate that per hard~spheres collision, highly 
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, 
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r 
! ' 

vlbrationally excitedN92\ are de-activ:ated the order-of-magnitude, ' j 
I 
I 

of a thou'sand wave numl1crs. Thus to complete,the step-ladder 
, ' 

model as given by (35), ~e identify the ladder spacing e 'with 

the energy removed per collision (36) 

,. " 1. 
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Table IV' . . ~. '; , 

.' ... '. bbse~V'ed ;'high' 'pressure ·J.im·itingquenehing 
. con~tants (24) and lnten~ltie~.(25) . ======-====-- -- . - -. -_. 

. , 

, 
. , .. 

~-:j' ~1 
. ,.,'.' 1 

••... . ..• ./ t 
-- "'; --.-- ... ',' " 

. h 1/" / ' -).JJ~,!?~J,Y5t.,.~B~J:~/~,:~.xe. i: 
llr'.~· Q, . ee see Relati ve Y . .... .' .. ' g-::.:L:/ .... . R· . . t 

\\f C~ ___ 2_50_0_0_ 23256 __ 2_08_··.:_~3 ___ 2_,->_t·0_0_0 ___ 2_3_2_56_ .. _2_0_83_3_._':500'0' . 25000~~i 
'-I' f W em'· - , 

abs 

25000 

23200 

.22170 

'.21460 

20790 

203~(0 

19960 

. 19350.·' 

. '18950 

1'(880 

. 16960 

15850 

15130 

14~70 

13320 

12480 

19.2 " .. . ~ 72 : 

1.02 . " 2.60 . 
.. 13.0" 12;6" 

11.7 .... , .:; .. '.;.' .. ',1.82 ',' 

9.39 ., 9 ... 4.9":' .;', : ',,"" .l:,: ,'2 .20'. '7.87 
... ! '. . I 

8 .63 . '. ." . " ,::'" . 2.35 

'.' 

. . 

8.20 ·'.4'.29: . 
. " " i 

9.5'1 ':, 16~0·. 3.08 11.8 

"(.95. " .8.74, 11'.6'.;'· ',' .3.38' .. ,14.1: .·,5~21 

.. 7 .34 

6.49 :'. 6.87 

'. 5.64 .' 6.06 

5.06 5.29 

4.46 4.70 

4.12 4.31 

3 ~83, 

·3.70 

- "~ ". ,: 

~. .' . ~ 
'15.9 

l . . . 

9.64:- .... : .. : 4.75 ·21.3' : 9.70' 

8.11:·':'.··· 5.89 28.6 ·<17.9 

6.69 ". '5.44 29.418.5 

6.06, 

5.47 .. 

'. i I 

5.32 30.6 

6.06 35.6 

10.2 -.' 
" .... 

.8.27 

, , 

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

. '. 

19.2 

25.6 
.; '. 

... 
'-. .... 

'1.00 
.. 2.74 .. 

4.05· 
.. , 

, 
4.50: .' 

5.61.' 

6.11', 

6.42 
, 

6.61 

. . 

" 8.10: .' 

9.35' 

lOA 

11.8 

12 .8 

13.7 

.. 14.2 

,,' ..... , ' 

1.00 

1.1$ . 

1.37 

1.46 

1.54 

. 1.58 

1.62 

.1 ... 68 

1.80 

1.87 

1.94 

1.99 

2.03 

2.09 

2.13 

1 
·1 
I 
f' 
! 
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Table, V 

" QU'anti ties derived from fluorescence observed· 
c1os~.·to excitation 'eryergy 

(g + b) d W 

an 

,'!"-~--

(g + b) '. 

----.-----------------_.--------------------------- . 
(b) (cJ (d) (e) 

, /' 
25000 '. . 4.8 x 10-.1" .. '.: 1;9 x 1'o:_~9.~"" 

. \ 10 J 

1.3' x .10:" ' 

2500 '3 .• 9 x. ~.cr·l0.,~ 

23260 :., 

. '20830 

.,' : 

" 7··-·' ·5 '.1 x 1 b -. '. !. 

Excitation energy; _c~:-~)' .. 

4000 

3000 

\,:,,10....1 . 4.1 x 10 '.- .' 

. " .. ' \ 10"" 
3. 9x 10~'" / , 

. (a) 

,(b) 
'- J, ' . . .' .. '. :.' \-1 ' 
Q ..... J in units of pa.rticle~ sec/ cc andW in cm··_.·J 

, ,',. '(c) : '. ", '''::'' " . Total' quenching constant ··from· limited'· Stern-Vonner . plc>t ,. 
1 ~" ,,-, . '.-, ~. ' 

"" ' ... :-. 
, . 

. " 

',' .... ' 

..... 

·i 

Table IIj units of cc/partic-le-s~c. '.' ,. '. ~ 

',(d): Energy removed per collision, cill~}-/c·a1culated:rrom (b),' .'.' 

. (c) and (36).' 

.' (e) . From (b) and (36) l'lhere d wi d n 1s taken to te 1250 

.. 
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Cqnsider: a set of 'three' ,adjacent; decreasing, .viqrat'ional: 

energy levels, '1 + 1, '.J~ and _J 

• I' :~ , 

, (38) 

. , 

The relative" rate of vibrational' deactivat,ion, is give'ri by the., ' , ," 

product of an appropriate transi tlon moment times 'the, 

multipli.city ,of the final state.42 For h'ighly 'excj,ted,' vi:", , 

" 

, .' 
brational states, the transition moments may vary slowly with .,,' 

energy J leav:i.n.g the multiplicity factors as the dominant te'rm.' , : 

It is reasonable to assu~e that the vibrati,onal quenching con-' , :... 

stants between ,successive energy levels vary ,as the multiplicity 

I 
.1 
I 

',' I 
" 1 

, ~ 
: ! 

I 

, I 

'of the final state 
.'. '. ," . 

"I" .. : 

.sJ\ 
'>J . , 

'" '-.B-..--,,~ ..... ~, .... -:-,. 
.. /':J -, 1\ 

(39 ) 

.. ~, . , 
~ .: ' ?' 

Thus except for' an" undetermined constant , the' set of vibrational· 
• • • : :". •• :_ .' , 4 • ~ ", • • 

", quenchi~g constants, J?-j/ can be calculated, fr~in (26 ) and (39). 
.'. L\ ", 

,The 'electr~nic quenching constants J ,Sj't refer to, the 

physical act of collisional transfer from the .J vibrational 

, .. level of E to any vibrational state of G.' For these model . ' 

calculations :I.t is assumed that the electronic quenching 'con~ 

, stant is the same for all vi bratlonal states J that' 1s J .~1\" = .9J .' 

a constant. Various values of'SlJ relat:i.v:e to the vib:rational 

quenching constant of the top vibiatirnlal state, b' J a:re , , -:E, 

t., 

aSf;umed. In th:ts way ,all parameters are f:i.xed to calculate the .' 

t 
'I 
i 
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relat1 vereciprocaJ.. . quench:i.ng. cons.tants.g·· .. ~. (30) and the' .. : '. ' 
. ", \ " : • • •• •. '1 •• :'. , ~"'::"'. '. • " .'. ,::'';' 'i': ", . 

.. . ' '. . , , l ' ' . . 

relative.populations . P (31) for a, 'dlrect comparison with the 

experime'ntal quanti ties ~ 
. . . " .' 

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

Based on the model developed above for the ground elec-" 

. tronic state G and the excited e'lectroni'c state E, 'the vibrational 
. , ~- . ~ ; 

'. 
....• energy levell, the multiplicity J?}r the relatfve reciproc"al"· .' . 

. ' ...... ,' '. . ' ,\ 1 / I ' \. 

.quenching constant 'F .. ··~ and the relati vepopulat.ion P are listed'. 
" . ,." 

in Table VI for the special case of.9. = '0 ~ . For )theexcited stat~ 
.. : ,;. 

E, various values of the electronic quenching constant .between 
": ...... ' . . '" \ . .) 

~, " ...... '.. ':':;' Sl = O. 07S ~16\and q = 0.30 ~io\,were assumed, and the te'rm~ Q.-::.l~·. " ." 

;:. ,';-' ........ and P were calculated and plotted :i.n Figure 8, which also shows 
,', .... J' , 

. .; ~ :'. '. ·,the experimental points from Table IV. 'l'he observed reciprocal'. 

: ":':.: ,<. '.' .. , ,.' . quenching . constantsg~.J)varY much 'more SlO~lly with energy than 
I.. ~ •• ~ 

'. ':,' 

. ! •. tbe. cal'culate'd' cines for:..q = O. The ca:lc~lated ~--: 1/ curve is .. 

.' ..... ' . 

" .. ' brounght closer to the observed g~'~)POi~~S if large.' va.lues· of 

. '. . the' electronic quenching ~oristant are.assumed. Ho~ever~ th~ re-
.. " '.l·" . 

.... : " 

~ :. 
'., 

.• "f 

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

j •. .: 

r .,' .• 

, .' 

lative population is an extremely sensitive function of the 

assumed. value of.9.' For'all excitati.on wavelengths the popula":'" 

tion inferred from the fJ.'uorescence 1.ncreases with dec rea.si.ng . 
.. 

energy over the entire range of observations. 'As e'an be seen 

from (31), this result implies the following j.nequali ty for a.li) 

.(40 ) 

To satisfy (40) at all energ:i.es above 14090 'c~-l;' .9. cannot be 
.. 

'. ' .. greater than' ,0 .05 ~i'6: With a,' value of..9. equal to 'or less than 

O. 05 ~19' there is very poor aBreement bet\t/een calcula.t·ed and, 

'." ."': 

" .. : 

.' : (' 

',: " . 

.' ." 

.. ",' ~ . 

. ,." 
t' ... ': ' 

". ' . 

. ', . . : " 
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" . ':observed rec·ip~oc'B.i· quenChing constants •. ' Thu~'· the·step.;;..ladde.r: 
, , : ...... . • ; • ~ • . . , 't , 

;'.' model forthe.eXCi.ted·state.E '(3.5" 37')· fails to' :a,g·ree .. with the .... :-

.: experim:ental' .data~· and any adjustment of parameters designed to'" .' \ .' 
;' 

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

c " .,," .. .. "." . , . .' ." .... ' .. 

,'improve the fi tto the, reciprocal quenching con~ tants, gives 

", "':" .' totally' false predictions 'for the populations. ..... :. " 

":' . 

These calculations wer e " applied to the' top vibrational:. . . 
", . 

.' ' 

. ' 

Wj.th the' assumption·' .... ' 
'. ~ 

. ' 

. " "." 

, . . . 

levels .of the ground electronic state G, 
" '" ~ .', . 

that the electronic quenching constan.t si is zero, the calcu-
, ' i ' 

lated curves, ,for .s~.!/ and P are given' in Fj.gure 9.. In this', ";. "".~.' . 
' .. 

... 

'. case . ther~ is excellent (in view of the sj.mplic.i ty of the model').,":;·:.' ',' 
:... .... '. , 

'" , agreement between calculated and observed quanti ties for both 

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

.. : ... 
'" . 

"'.-" .' 

, the recipr.ocal· quenching 'const?-nts and the relative populations " 

, 'I'hus these experimental data on high-pressure quenching kj,netics .... ,' .... , 

i'ndicB,te that opt'ical e~citatiOl~ andiluorescence . occ.ur,' to'· and' . , 
1 

i , 
',:: ,from theexci ted' elec'tronic state E, but vi brati'onal deacti.vation·, .. ' 

..... 
':. ", 

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

'. '\' 

'. ',' occurs primarily in the high vibrational levels of the ground 

electronic state G, This res ult implies a rapld, spontaneous·' 

~ ; .', 

:,": .. :;. . .: .. interchange .. at constant total energy. 'betl,oJeen high vi.brationa.l' 

.. ,',," , 

. ~. :.",' 

.. " 

'. "," 

"':' . 

. ', .~' . 

: l • > ." 

, :. states of E and' very high vibrational states of G, . In this· 

si tua.tion the collisi.on induced transfer from.E to .G loses its .' . 

signif?-.cance ·a.s II electroni~ quenchj.ng, II and it is appropriate .. ' ,'. 

that .9 ·be zero,' 
.' 

'1'0' explain the anomalously long radj.a ti ve lifetime· of 
43 ',. 

exci. ted N92'.' it has been proposed that E and· G sta.tes iriter-: , 
.. 

; change 'l'llth e<:tch o~her at cons.tant energy, Slnce the G state 

. has a higb,er multlplicity than the Estate, th'e molecules \llould ".' . 

....... 

spend a correspondingly longer time in the 'G' state, .~lheradj.o..~ t 
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., 
: " " 

tive excit~tlon and fluorescence .of the E statels modifi;edby 

the: side-trip of the energetic molecule into very high. vibra-

> ... 

more properly. expressed interms'of perturbed excited states 
.. 

;" '. : . similar to the situation in predissocia~ion as de.scrtbed by 
. . . 44 

Robert Harris . Such a description has been worked out by', . 

Jortner and coworkers. 38 - 40 ) 

: ... " .'~ ... . rrhese model calculations do not pretend to' be the true 
,. i ~ •• 

. . 

. theoretical analysis of these data. Rather th~y sho'w 'tha t ·the'· 
. 45 

. small decrease in quenching constant . over the interval 25000 

" " to 12500 cm~ltogethe~ wi~h the large increase in int~nsity is 
: ~ . ' '. 

: ~ ,: \' , ... inconsistent with an assumption that the' vibrational quenching 

, ... .. "." ' ... occurs in ·the· 'E state. These kinetic data. strongly support 
.... " I,: 

: the proposal that there is an interchange or a perturbation 

...... ~ ... between the states of E' and states of G· at the s~me total energy~ ... 

',' I .' 

" ,.' " "~. 

, : .j.: 
; '.',' ,.", 
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. ' . Ta·ble VI 

Fluo'rescen~e quahti tie~ . calculated from' 
RRK st"ep-la.dder model 

; 

~l.ct"Or:iC st:'~ 'I~round 
~-..... - ...... .. 

Excited electronic: state G 

Relative Relative ----... --.,.....~ ----..,-.... - .... -,.~-."., .... ,.-.. 
w 1, \-1; 

_J 
\-1 ! 

P ~\. 
. 9,._ .. , p " ;8,\ .9' .... '0' 

\-i.: I \ . , . .J. '. 
em··' 

(b) (a) (a) . (b) 

25000 10 66 1.00 .1.00 20 .231 1.00 1.00 

23 r(!50.' .' 9 55 2.20 ' 1.20' 19 210 2.10 1.10 . 

22500 8 45 3.66 1.4"( 18 190 5.32 '1.21 ' 

21250 7 36 5.50 1.83 17 171 4.67 1.35 

20000 6 28 7.85 2.36 
I 

16 153 6.1B : 1.51 

3:15 IBr{so 5 ·21 11.0 15 ',136 r( .88 , 
1.70 

17S00 . 4 lS . 15.4 4.40 14 '. '12b 9.BO 1.93, 

162S0 :3 10 "22.0 6.60 13 "lOS . '12.0 2.20' .. 

15000 2 6 3:1.0 11.0 . J.2' 91 '14. E; 2.54 

13750 1 3 5S.0 22.0 11 78 17.5 2 .96 . 

12S00 0 1 121 66,0 10 66 .21.0 3 .. S0 

--- -: .:~ . ~"~-:" .. ~-:..--== 

a. The value of ~ is assumed to be zero; based on (30). 

b. Based on (31); ~ = O. 

, . 
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,Tl1e::results,,':of these 'energy transfer 'stud'i'es, , are'cons:i:,stent,--
. . :., .,'. ". "', ' . 

'", 'w1.ththose:, of sirnil'ar: fiuor~scence studies' of'la'rge p~l:yatomic 
" molecul~s,2 namelytha.t~energy tr~s'fer" ,ctoss:..se'ctions are, 

comparable to gas kinet,ic and that large amounts of energy 

:' (several hundrcq or more wavenumbers) are transferred per 

collis:i:on. The present, results are also consistent with th'e: 
, .... 

" , 

interpr.etations of energy transfer \'lhich have been made from .'. ) 

":<. 

chemi,cal" activation: ~tudies by Rabj.novltch' and coworkers, 25 i 'n',:,, 

'which, again, the 'occurrence of hi.€~l{,1y probable," 'highly efficd.ent 

collj,sions by stronglyexclted polyatomic mOlecules has been 

demonstrated! , 

For highly excitedd'iatomiclimolecules, fluorescence' studies 
, , ' , '/!' ' . 

h.ave .. sh()wn tha~ ·the efficiencies I,are rather small, althou~h the 

'~, ,cross":'sections ,'are large. In a, ~tudy of !a fluorescence 
'. 

,," 

, 3 
Steinfeld and Klemperer have found probabilities ,per coilsion 

" , 1 I ' , 

" of single quantum transitions (80 cm" -",) equa~' to 0.2 j the pro-

babllities for multi-quantum transitions were further reduced. 

Thus it would appear thatN92'\ should·' be characterized, as similar. 

':. to large p6lyatomic molecules 1n i ts'behavlor with respect to 

. energy transfer processes, rather than to dlatomic molecules.; 

D. Relatlon,to Other Work: 

Since' this work was completed we have ,learned of two other" 

studies of N?,? fluorescence. In a preliJninary not'e Keyser,"~ et.', 
: 46· . . 
ale 'report a' radiative lifetime, of 55 llsec for exci ta.t:t,on: ;at " 

,,4358, 5461, and 5780 A. These authors have interpreted d.c. 

quench:ingstudies j,n termn of' an energy transfermochanism 

....... 

, " 
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. ' 
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similar. to the. step-ladde r model .used here·... .The . value ob.t~:t.nE!.c1.· ":.:, '. f 

. ....' . . . " ' .' \-J .I . . ! 
, for the colli.sl.onaJ. 'efflciency \oJas 900 :!~ 300. cm·- -.,; l,n 'reasonable' .': ' ., 

, '. . 

a gceement \'11 th' the present resul ts,considering the approxl-. 

mations', of the t\'10 analys,cs. 

Sakurai and Bl'oida 47 have· studied N02 fluorescence excited 

by several laser JJ.nes in the reg:ton ,45'"(9·;5208 A.. Th.e 

! 
I .,. I 

.. ! 
,; , l 

. r 
, f 

. • . ' • 'j 

', .• ,. '. f: 
: , :'.' ! 

' .. -'.,' . :." fluorescence spectrum from such a narro\o] exci tatton sourc'e 

'.:;.'. , .. ,., r' 
. .. ', ..... ~ 

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

". ,I." '.: 
,-" ,.,' '.'," consists' of sharp. lines superimposed upon a continuum. . If it 

.~ ", 

..... 0" 

' .. 

'. ":"_ o· 

',' 

.' " 

, ': ", -

, ~ ,.'; ( 

.' . 
'f " 

.. ,",' 

.', (" 

" 'i ' 

is: assumed that the l.ndi vidual quantum states populated by' the' " 
," .", 

. . 
'excltatlonhave radiative lifetimes similar to those measured 

. . 

. in the present work, then Se.kurai and Broida's. data for the' 

yield de-population cross- sections \,lhi'Ch are approximately 

" kinetic. The continuum radiation is quenched .consl.derably less 

strongly than the' discrete radlationJ this contj.nlluin emissfon 

. is considered to arise from collislonal energy transfer from 

the 1.nitl.ally populated states'- 'rhe decrease in the observed 
. . 

'. . ,. Stern-Volmer 90nstaht, \'Jhich is dependent on the observatlon .' 

.. ~' , 

. , , 

". ': .~l' 

.. ,. ':'i" , 

, , . 

. ' . 
. ,. "'" 

, : energy, may be understood j.n terms of the stcp\,lise' de-exci tat:ton.· 

model . 

In connectlon \,lith these invest:i.gations \'le wish to stress 

an :i.mport·ant a,dvantage of a.c. quenching studl.es over d .c.· . 
. ' 

studies •. Steady- state experiments are capable of yielding· 
'. ' 

". kinetic jnformu.'t;ion 0111y as the ra.t:to of slope to intercept in, 

...,. '" , 

... '.: 

, •..• - t', 

..... 

. , . . 
.a Stern-Volmer plot. ~rhen the mechan:t~m. of fluorescence l.s 

more complex than the simple Stern...:Volmcr mechanism, then the 

slope ma.y not be conf.tant, a.lthouc;h l.t cloer. reach a consta.nt 

, . , .. 

..•. '. 

<t,' 

. I 
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high-pressure lim+ t. HO\'Jever, a.I1Y' kinetic information derived 

from the ratio of this limiting slope to the zero pressure 

intercept necessatily mixes high and low pressure data. At the 

'two e~tremes of pressur:e the relaxation mechan:1.sm j,B entirely 

different, and, in a low resolution experiment, different quan,­

turn states are responsible for the radiation at B. given 

observation wavelength. Thus, any differences in the radiative 

lifetimes or fluorescence spectra will enter in an unkno\'Jn way 

into the kj,netic analysi s . In a.c. ,stUdies kinetic information 

may be obtained at any pressureJ in particular, at high pres-

sures, where the relative populations are constant, apparent 

quenching constants may be determined \,li thout reference to the· 

low-pressure fluorescence, and consequently free of the addi tiona.l 

a.inbigulties associated with a change in the ·emj.ttlng species. 
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'l'ITLES TO FIGURES .' ! 

1. Block diagram. of 'apparatus' for phase- shiftme~surements at . .. 

low light intensity. 

2. Fluorescence geometry: . front and .side views· of geometricai' 

arrangement for excitation and observation of fluorescence. A, 

apertuJ;'e plate, 34 rom . diameter . The apertture plate defined . . . 

an angle of acceptanceB (tan e = 0.31) such that all light 

entrant .upon the aperture. plate wi thin this angle was detected 

wi ~h equal efficj.ency; B, excitation beam, 2·0 rom x 25 

C, fluorescence cell, 33 cm diameter jM', masks.· 

rom' , 

3. FluorElscence lifetime of N02 'as a function of excitation 

wavelength, computed under the. single- state as·sumpt:i.on. Closed 
. . 

.circles, 1.3 mtorr; open circle, 36 mtorr. Half width of 

excitation light was approximately 25A. Error bars are typical 

and \'lere determined from the' scatter of several measurements. 

Inset' shm'1s individual data points for the. region around 5175 

A exc'i ted with 12 A half width. . Data pOints for the same run' 

conn~cted, points \,1i thin a' run were taken ·in random order. 

4. Stern-Volmer graphs of lifetime data. Excitation energy 
\~ 1./ . 

4800 A or' 20830 cm .. Observation energy: A, 19960j B, 17880; 
• 

\-1' 
C, 1427,0. cni _.' '. 

5. a, • Exci tati.on 

b. Exci tat:ion 

c . Exci taU.Orl 

energy 4000 

energy 4300 

energy' 4800 

A or 25000 
', .. -1/ cm -. 

A or 23260 
',.-1/ cm' 

A or 20830 
\.~1! 

cm· 

":. 

I 
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Lifetime spectra, as ,a : function of pressure,." > Lif':etimes, 'orR, 

were int'erpoiated 8.t 'e~eh, pressures (the runnfng ina~x' in' ':,' : 
. ., '.- . "" '. 

" mtorr) and extrapolated to zero and 'lnfini te' pressure froIltthe 

Stern~Volmer plots. T~e' relative lifetimedistr,ibu.tion obtained,' 
, , 

from the ,infini tepressure extrapolation is not scaled with' 

respect to the ordinate.' 

, ' "6 • a. , EXCitation energy 4000 A or 25000, "~m~'l 

cm~l. 
.. 

b. Excitation ene'rgy 4300 A or 23260 

cm- l 
.. , 

Excitation energy 4800 
.. 

,c. ' A, or ,2083,0 " , ; 

Intensj,ty spectra as a function of. pressure. Irttensltieswere" 

computed from fitted curves of 1- 1 (8). 
" 

The runningihdex giv~s 

the pressu.re in mtorr. 'f1he spectral distribution obtai,ned from, 

,the infinite' pressure extrapolation is not scaled with respect 

to the ordinate . 

. .-;,,7. Radial distribution 'of fluorescence 'intensity and lifetime 

.. in cylindrical geometry. ,R is a d;1mensionless radius equal to 

.,'~ the rad'ius of observation, (measu~ed from ,a:l:1ne' source) divided 

~by the product of the lifetime'times the most probable velOCity. 

Curve I'gives the distribution of fluorescence intensity. The 

integration over 27r azimuthal distribution of 'velocities has 

been included in the evaluati6n of I. Curve F gives the,error 

1n measured ,quantum made only yield if measurements are madronly 

of fluorescence originating in the cylindrical volume extending 

to R. Curve E gi v'es the corresponding error in the lifetime. 

8,. Interpretation' of'thigh-pressure data in terms of the excited 

electronic species E. Quenching constants calculated according 

.. , 
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·to. (30), for varfous assuined values of the electronl.c q.uen.ching 

constant..9~ and with relat'ive. vibr.ational .. deactivation 'constants' 

. calculated from (39). and (26) . Relative populations are.cal-· 

culated froni (31), and observed populations are inferred from· 

. observed in:tensi ties' according to (33) ~ Ohserved . data are 

f'r.om Table IV. 

9. lriterIJrctation of high-pressure data':tn terms of highly 

vibrationally excited ground electronic state.G. Calculations 

'made as in Figure 8. 

" 

" 

'. 

. , 
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