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KINETICS OF NITROGEN DIOXIDE FLUORESCENCEl

D

Stephen E. Schwartz and Harold thnston fj?«j;.°

Inorganic Materials Research D1v1s1on, Lawrence Radiation Laboratory,
. = and Department of Chemistry, o .
- Univers1ty of" Californla, Berkeley, California

' ABSTRACT

The fluorescence lifetime and intensity of gas phase nitrogen -

:iﬁtf’idiox1de ( B ) have been measured as-a function of excltation wavelength,‘
'IiﬁIfluorescence wavelength, and pressure (0.5 to 50 mtorr). The phase- shlft
" method was used this technique allows llfetime measurements to be ob- '
Ttained Wlth signal intens1t1es of 100 counts per second and_lower. The .
‘Icfrexcitation source, tunable throughout the visible region,'had a half-
vfg'lIwidth bandpass as low as 15 A. Fluorescence wavelength separation was 1;*?{:‘¢5IT‘
'.yrfﬂ'accomplished with 15 interference filters between 4000 and 8000 A. The }f;;ifﬁf?xtfii
I”hradiative lifetimes range from 55.to .90 usec for excitation.from'3980 | |
l'rto 6000- A, and tend to increase with excitation'wavelength? however,vtheff
ﬂIpllfetlmes exh1b1t considerable varlatlon within a narrow exc1tat10n regionfar‘;;féfff
The fluorescence sample was contained in a. 33 cm diameter spherical "
: ;f:bulb; apparent fluorescenceAlifetimes in smaller cells were reduced‘be-
. cause of migration of excited molecules (under'collision-free cOnditions)ﬁ
:thﬁand_wall queriching, . In order that the measuredslifetime exhibit no more g
IiV;thhan 5%.error, observationvmust be‘eXtended»beyond the excitation regionlu'ﬁ
5552to»a distance 5 times the product.of the lifetime by thé most probable

* . s

'Zjﬁvelocity{

| Lf* Present address: Department of Physical Chemistry, Cambridge England.
e R NSF Graduate Student Fellowship, l96h-l968 -




7;__mechénism yields the product of energy-transfer rate constants times

: ﬁf‘fThé Sferh;Volmeffanainis.of fldofescenée'kiﬁeticé ha§*b¢én genefalized_; o
| tbia:mulfi-leyel.SyStem,under'éQnditions_df'modulated ékéitaéion.and phaéef

',sensitivé:detection; 'Ahaiysis;of-fluorescénce data in terms of fhisr o ";,-iﬂ'

"7“efficiencies.(amount.of energy lost by the éxcited polyafomic molecule
. pervefféctive éollisioh)._ This analyéis implies the logé of at least
>.one_vibrational squantum (averﬁge Qalue 1250‘cmfl) per gas-kinetic cgiii;’f{i°; '
" sion -over the entire réhge from 12500 to.250dO cm-lnénergy above the gro;ﬁdl;f  ?;%
C}State,"ihis result -indicates that mOlecules‘in'the ?Bl excited elecﬁronié.fjkh

“.state are rapidly interconverted to the high vibrational levels of the

B ground electronic state.




INTRODUCTION

h‘Fluorescence has becn w1dely used as an analytical tech-
“f;xtnique in thc study of energy transfer processes of molecules 2.;
i;This technique is capable of prov1d1ng detailed information o
Et;about the nature of energy transfer processes which are undereﬁ;vﬁl
‘:ff”gone by exc1ted molecules since 1t allows for direct spectraldffy

>M{observation of the populations of: the various quantum states. 35

’fﬂ In additJon; time resolved fluorescence studies allow direct

7i:measurement of»radiative and energy transfer processes 4

: The present study is a time resolved 1nvestlgation of theff
;_kinetics of Noz\fluorescence exc1ted by v1sible radiation

‘3n(x A Rl Al Bl) and of the energy transfer process of the

v l 3
rfexcited molecules .Nitrogen dioxide was selected as the_sub-’hrﬁﬁybg@f

'Wf}iraect of such -a. study because: ’ ‘ P
l) Very little. quantitative information exists about theasf;'A’“

'*ffrates and efficien01es of energy transfer processes in highly

‘2*iﬁexcited small polyatom1c molecules, and there are no direct

. measurements of ‘these processes in triatomic molecules Previ—iﬁfﬁ}?w

'«rous studies of fluorescence quenching have 1ndicated that energyﬁf'ifi
 transfer processes involv1ng NOz_é Bl) take place w1th high prOJffffj;
:lsf;ﬁ‘bablLity, and that such processes may take place by a stepwise |

" mechanism.

2)"There havc been recent doubts concernlng the validity

Tfuvof the ex1st1ng Va]uc of the radiative lifetjmc of Noz (2 ),_pwiffig?
,

"*-44 mnsec,. which JS anomalously long for an. dl]owed electron:c

'Jﬁ,transition}i No dependcnce of the lifetlme upon- ‘the energy of

f;]itherexcited molecule has previously been‘reported, although-suchﬂfﬁﬁ”



el case, ‘as. an upper atmosphere reaction

i
Vs

h7tfﬂ 8 dependence may be expected from the 33 factorlinftheinnstein;?i

: A coefficient and from the existence of" strong perturbations o

in the upper state.?ﬂ” S

3) Radiation of NO2 is an elementary process in the‘
NO + 0 and NO + 03 chemiluminescence reactions, which have -
a-"received considerab]e study in the 1aboratory and in the former
16,17 Any understanding

',ff‘of the rates of'radlative and non*radlatiye processes that»is
understanding of the chemical processes responSible for the -

these SpeCJflC reactions

-

hav1ng an electronlc transition 1n a spectral region well suited

“}to 1nvest1gat10n The upper state of this tranSltion»is pre-

ﬁkf\/sumed to be the lowest excited clectronic state on the ba51s of o
| theoretical considerations18 and of & partial rotational analy—nih
‘1‘-sis of the absorption spectrum 9 Consequently, re]axation
studies are probably not complicated by the presence of other BT

vlfvi_:electronic states.,

*=ft‘A,: Linear one-state mechanism R

S The theory of the phase—shift technique of Tifetime measurc-~‘_ﬁ-

ments has becn devclopod by previou inveutigators 4 19 2]

Tho .1mplcst 1inear ‘mechanism involv1ng a single excited species

4) NO is advantageous from an experimental p01nt of view, .

obtalned from fluorescence studies can be used to increase our SR

‘population and depopulation~ofvthe excited electronic state in .- ..



“th;is:n:ff

vv"*}'where & is the absorptlon cross section,'G represents ground

“t7f7state molecu]es, V3 1s the frequchy of excitation, and k is£§7

- eson
fﬂthe first order rate constant for disappearance of the excitedf

;“f“species | If the 1nten51ty of excitlng radiation, I‘ 1is modu—%

.'1{?;lated slnu801dally W1th angular frequency w -"“

fx‘=]30exp (i a_,_@) SR | ; _, ( 2)
‘QQ,ffthe concentration of excited species varies as ﬂ
ZE k- ie) o (8)

: b:lm

+_i wv T

Lli&fwhere a is the ccmblned optica] collectlon and detection effl—fhiillif

'ldtﬁfciency, and f is the rate constant for fluore cence (__g k)

‘The modulated concentration E and detected signal S may
vtﬁftnbe forma]ly expressed in terms of components in—pha e ahd_—SO_;ffff7'

v?ﬁfydegrees out—of—phasc-w1th the excitrng.radiation

{

L E FO" i 1'..90 ,, : Co I R ( 5)
S=8md8e - e

'it In thc expcrjmcnte rcported herc, the directly obaerved quantl-,rr5

hi{}ties are S, ‘and S §O’> We define, meas ure, and tabu]ate ‘two



V':f.gfunctions of the observed signal Componentszr,;if”35:m~

.!l .

o .13 /—QO/S

. in ! '
: 2/ . 2

'77;;]lfor the fluorescing system..

Lo~

-fiT“ential equatJon for the excited spe01es is E

o acI,-kE r;i_g;'s:l;gﬁff}'"’ﬂfu(gygf*

;r;?These composite, observable functions R and I have definite';[fff“f

,;?physical 5nterpretations in terms of various molecular models ;f:qﬁ v

: In the general 1inear mechanlsm giVen by (l) the;differ;fiﬂﬁ_ff

mj;For steady—state illumination at intensity Iw, the concentratlonnifa 3

..:l'Of the excited. Species is a G I'\/ k and the observed fluores—_-a"

:erQ cence intensity is a f_g ¢ I / k For a8’ flash—decay experlment :lr

" the exeited species disappears (after the flash is quenched)

o as Eméi exp'(75 t). A comparlson ofv(3),.(5),_(6), (7), and -

7;55f55w*}_ﬁ;(8) with these relations shows that the observed function R is =~

f@frigﬁxfkf;fclosely related to the 1lifetime 7 of the exc1ted species as itlrif”'

dﬁfg;”would be mcasured in a flash- decay experiment
o R s T () B

;fﬁ_and the obverved function I is the fJuorescence intensity that‘r"#

f"f-would bc mcasured in a steady or dc illuminatlon

g ol I S om el By mlyg o (Jl)7fr"




ifff[?ﬂf.ﬂyf'It is convenient to normalize the intens:ty I by the concen—,f"'“
1iftration of ground state molecules and to define the normalizedi}ff]ﬁ”

- intenSlty J

s I,’=',: /e

ﬁft;B Stern—Volmer Mechanism of Fluorescence Quenching

22 23

Acc01ding to the Stern-Volmer mechanism, the exicted %

}}SpeCleS ‘are removed by - collisional deactivation in addition tof;

'_iufluorescence

E '+iG. '_: f-i:l,i:.'eV’cbl}';ffv,i_t : ,(13)i;?ﬁf?fﬂ

Y1
A

"*feIn this case the goncral first-order rate constent k is f +.g M R

“*fifand this relation may be substituted into the lifetime expres-fiigt;f.

.ﬁTfSion (10) and-the intensity~expressions (ll) and (12) With f1:£q3fir

“\f}the Stern-Volmer model there are four different plots that
ifshould be linear. Two are useful for extrapolation to zero.'°

= quenching pressure ';_ i SRR

'fd/Ré+sMr*7f*iaiifff:;*unii§7

.’f pressure

-ogeawd’ ey

o
o

-h



intensity plots give Only the I‘d.tlo .g / f Lo

"JVJVThe Jifetlme plots give the separate terms, q and f butﬁthei“‘iffl?n';

;}fC3 “General Model24 of Energy Transfer in Excited NO2

The interpretatlon of the results of the pressure—dependent H-};?Q

w{*rstudles is developed in terms of & mechanism 1n which certaln

Zttquantum states of the molecule are initially populated optically

ﬁ”3jand additlonal states are subsequently populated as energy isv f"'l’

;'”Jﬁiremoved from the excnted molecule upon c011131ohs w:th heat—

-"55bath molecules ' ThlS mechan:sm is expressed w1th full generality

'“f5ﬁbjn terms of a set of linear dlfferentlal equatlons for the

; sitl,;;.PODulation in each quantum state J.

aEs s
i = I e . ,
w0 -%:{J .J J * MYQJE (B, ‘18)

= b

”v:fi};where'aﬁ 1s the absorption cross section into statecl,;tl,is thegrate

‘{ijconstant for fluorescence from state_g,

‘-,J

g is the microscopic
- energy-trans fer rate constant from state p into state_i,.and.

}: %Q the total rate constant for collisional removal _

A from state j , Neglecting transient terms, we obtain for sinu-

s01da1 excitataon at the angular frequency @ the set of algebraicit""

~ equations

o el L1\ o ose g 2TsG. (he)
| (_qJ + “+ M) EJ %3412 E,'Q: __9_M,,q_i | »1‘(19)_. e

'”lffThese_equations may be written in compact matrix notation:



A (z0)

;e;;ji;

vhere E 1is the'column vector of the populations,“'

'is ‘the column vcctor of absor tion coefficients

),fé 3> }@§:;L

. 4and.
,i{ is “the matrix of quenchingirate constents
ok '-qlz i3 v
| '”-921 S m8e3 - -
. C = L
—_— e
s 331»-:, dze. 3. ,,

We may use (20) to demonstrate the existence of high
pressure limits in fluorescence kinetics The matrix of,the
populations may be written as the sum of real (1n—phase) and-

":[: imaginary (quadrature)_components.‘
E = &Ea ’.E‘E 90 P ' R :"(21)_':‘
" From (20) and- (21) we obtain
(M C fig) m?o +‘a>E_90 f"'¥5G?éV": o (e2)
A ’ : v o

N S

O ) l‘*-\
At high pressures the in—phase and quadrature components become -

L6 g e

is the diagonal matrix of fluorescence rate codstants,'_fn'



‘ﬂ‘@dence on the total pressure The populations in the various:

”;;-‘quantum states reach a limiting, relative distribution, which

'*wshape that is the same for all hngh pressures ‘ From (23) it -

@

: ThusVit'is shoun‘thatttne uectors of both»tne‘inépnase and
quadrature populations reach constant limits which have res—;'fn7"

, pectively inverse first order and inverse second order depen—’il“'

is dependent on the energy of  excitation and the microscopic p7‘

'rate‘constants connecting the various states but_is,independent:'

o of the total'preSsure. As a consequence of this constant dis-

tribution function, the spectra'of'the observed signals, §6\and?p

i _S/QB‘, become vind.epend.ent of pressure except for a Consta.nt fac-v-“j"',""' .

. tor, that is,'the'spectra~of'log 84 OF log S 90 will attain a

3 may be seen that the linear-kinetics quantities, (10), (11),

-'andl(lz),'for each quantum,state_l reach high—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

ST lim M B of' - , -
N o= lim [ AU a) ) ; (24)
AW MRy o
M= w Jim M= QQJ

7\,;andfto¥definefthe limiting highfpfessure intensity,-.

xS = um oMIL L T es)
—4—:& ‘.‘._'v‘. o ._;s]-r.‘ i . . o ) . S . ( ) K
S Meme s '
'SpeCtra‘of the'quantities,'(24) and (25) in arbitrary resolu-' -

,_tion, attain at hngh pressurcs a shapc that is Jndependent of

pressure.

\ P et e s i s ws S A At amtkeds o oo v o e o

oyt e = et i e
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D.v StepeladderlMedei bfvgsberéyfTrensfer iﬁsExeitedaNOé
The geseral modei discﬁssed above is very useful in‘pfeving '
A - general tﬁeorems;-sdch as the existence of the high-pressure
limits (23-25). A simplified Qersion; thch can be solved 3n
| terms‘of'obServable data, is the step~1addef model as used by
Rabinovitch and coworkers,25 expressed here in the terms of :
the the-Ramsperger-Kassel (RRK) theory of unimolcular reactions.zgl_
}r'm'“ - In this case the energy step-size € is appropriately taken as the
| - average of the normal-mode frequencies, and the multiplicity of
- an energy level is given by a simple closed formula 37

(J ¥;§ - 1) | . | o
B\ TTE-TT e (26)

e aal

 J € = total vibrational energy "

8 = number of normal modes of vibration

" .We may index the vibrational energy 1evels of .the moleeuie;es
0 ;..~Jﬁ;.; P where'glis the index of the optically,popuiated
state, and'j is a running index between zero and P+ The set

" of differential equations in terms of energy levels is

TE e Gueguen)s 61

| - o B ME, - (bl M 4 gl s
- dt —B ,Enx L Xy {%e‘- Iv -fE - { ;



‘?,energy level n

'flwhere f isAthe fluorescence rate}constant b is the vibratlonal
"‘f,lquenching constant, and.g is the electronlc quenchlng constant

r-(This mechanism omits the possibiljty of "back up" collisions).
. For sinusoidal excitation (2) this set.of equations can be |

“;'solved for the population of exc1ted molecule° in a partjcular Sfri°

- At the high—pressure Jimit where (_ M +‘g M) >> f s thegff'

W

expression for the populatjon is'

"fv In terms of this mechanism the observable high—pressure quenching

'constant.g '(24) is given by

- .tz' B ‘,' e

—

"ﬁThe high-pressure llmlting popu]ation (1n pure NO2 whcre M is G)
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N (31)

g ap

In these multistate syétems the'relaiice of inteﬁsity'tb pop-
ulation is more'coﬁplicated then (4), and it.ﬁill be discussed
later. o | -

"In tﬁe 1ﬁterpreﬁation.of the data on Ngg_fluerescence, we

have made heavy use of the relations (14-17), (24,25), and
(30, 31). '

'EXPERIMENTAL - .
§

An apparatus was designed to excite and " detect fluorescence
~in the visible region and to measure - fluorescence lifetimes in
the range 10 - 200-usec at extremely low light intensities.

- 8ince it was desifed fhat.the'excitation bendupass be narrow

and conﬁinuously tunable throughout the region, a continuum
source With double monochromator was employed rather than an
atomic line source.

The phase-shift method is especially suitable to lifetime
measurements at low fluorescence intensities as it makes effi-
cient use of the available exciﬁation light (50% in the.present
case) and readily allows for long integration periods‘necessafy

to overcome shot noise in the optical signal. Under the con- -

£




o)

'ditions of the experiment at ‘a pressure of 1 mtorr, or 3 X 151

‘ﬁ:molecules/c 3/in the ground state, there were typically lO3

;Tmolecules/cms'in the excited state Signal inten81t1ee were
_ "-of the order of 100 counts/sec, Jifetime measurements may be.f'
" “made at intens:ties we]l below this (e g 10 counts/sec) if

' the integrating time is sufficiently long for the desired ac-"g»”*“*

"‘curacy 'The present apparatus measures the fluorescence phase

lag as the ratio of the quadrature component of the optical signa]?f?7

tﬁzlto the in—phase component ThlS technique enables 1ntegration

tFtJmes to be extended arbitrarily by analog or digital means . 4,21 !ﬁ.[

" A block diagram of the apparatus is given in Figure 1;

i the indiv1dual components are discussed briefly below A75'~a

' f.complete description of the apparatus,is-glven in Ref. .-

.‘The light source was a"léOO w de, high pressure xenon arc |

”*'-f(oSram model XBO), which emits a continuum from 2400 to 7600

.;JA. According-to the manufacturer~there isssome structure to"f

. the emission.spectrum of the lamp in the region 4400- 5000 A,

f;probably pressure broadened 1ines, however, no indncatlon of this : o

‘]ﬂstructure was observed in the output radlation of the sourcebu
monochromators The stability of’ the lamp was normally w1thin :
2% during the course of an experiment possible long term :

' erfts in the lamp intensity or detector sensitivity vere |
compensated by the use of a reproducib]e f]uoresccnce intensity
‘standard. As an additional precaution echriments were conducted‘ -
" 4n random ordcr .' | '
| The exciting light was sent through a.double monochromator; o
s_ﬁBausch and Lomb 66 86- oz (compaot) and 33- 86 45 (oOO mm) grating

monochromators in scries The former, _ucd as a pre-monochromator.

t



.':'tlarger instrument so that the entrance slit of the second mono-

| L nominal. full w1dth at half max1mum intensity was 11.5 A Theuiﬁ;g;:‘“
“'flff'double grating monochromator. In order to obtain a represen—?j?df

“*'fwas'made’to fall on a frosted glass plate,'and thelscatteredujy 5

'-VFQ-was less than 30 A and the 1% width less ‘than 40 A.

<. 3800 Hz, corresponding to a tuned lifetime (45° phase Shlft)

s The imaee of‘the.source monochromator exit sJit on the b]ade

"xito reduce scattered light was mounted at the side slit of the
_]Qchromator servcd as. the exit slit of the flrst Under the usualyn?;&

-fconditlons of measurement ~the s11t widths were 1. 3 mm for’the'

" entrance slit of the compact monochromator and:0.9 mm for the-,'""“

'_ &,

. slits of the 500 mn monochromator At these slit widths the'“

,t:slit functlon was observed w1th a Spex Industries model 1400.{3€'¥1ff31‘

tative sampling of the excitation radiation ‘the entire.beam jffu;

it;light from this plate was observed in transmission The slit;;i"ﬁﬁlf"'
' function was approx1mately symmetric ' Under the usual condi—dgﬁif=*;aj;

" tions the full width at half'intenSity was 15A; the 10% width

The opt1ca1 modu]ator ‘was a 60-bladed chopper wheel rotatedj'}?*‘

at 60 revolutions/sec to prov1de a modulation frequency of -

'llof 4@.21 psec, The’ modulation frequency,was confirmed by dlrect_BB{
‘hcount:and was'chsidered to be maintained to the precision of |
'i-‘theVGO cycie ac iine‘freduency, which is generally better than
e Oal%t‘,Tne‘widtn of the.blades was- equal to.thatuof the'slotsr

- was approximate]y l MM wide compared to 5. 2 nm Tor tne blades .. lii{}géﬁ
It wa,,dc yired to havc the image of the s]it focused as small as}ilg
.PrdCtLCa1 in order to minim17e phase spread in the excitation i':’:w

1r radiation.
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.Because of the effect on the'measurements of the fluores—, R
.cence geometry 1t is desired to keep the observation regionv;:r:'F“h
S :'iularge.f The geometrlcal arrancement is shown - in Figure 2. _ThedAv
-;rﬁ};s;jj:lpexcitation bemn B was approximately parallel throughout the Cell ffffi'
v '.ﬁ:'The two masks M served to prevent observation of any posstble .
' fjrfluorescence by the walls of the cell and to prevent detection li‘v"
”"'i of  fluorescence’ from molecules excited near the walls whose | h
lfmallfetlme would be shortened by wall quenching The aperture of
ffﬂ3i;f;.;;;the photomultipller housing was designed not to restrlct the-. f?f“

‘fobservation reglon. The ‘most severe Jimitation of the detection_ﬁ.ff

}h’;d; eff1c1ency at large dlstances from the axis was the curvature
e . .of the Spherical fluorescence ce]l, at larger angles from the
iﬁlxjhf-‘if;normal a higher fraction of 1nc1dent light is reflected < Becauseitf"'
' L 3kaiof this effect the estlmated dimens1on of the reglon of goodv- -
e iﬂi"detectlon eff:ciency was + 14 cm about the axis _ _

The optlcal detector was an EMI 9558A photomu]tiplier, whlch??f};_

';} has a sens1tivity extendlng to BOOOA (8- 20 response) The tube o
':%g_was refrigerated by cold N2 gas passing over the~cathode area;; ug“

.?i the teﬁperature'was.456°-i 4°'p, ‘Ahw dependence.of the'Quantum":”l

x'fefflc1ency of the photomultlpller in thns temperature range was

4;"less than 1%. The dark current was approximately 40 counts/sec;jh'

V'I.A stabillzed high voltage power supply (Fluke model 408B) was used
-LWQL:L. ;i, The spectral response of the detector (Jnterference flltersf:ilri
_(;!v. b‘plus photomultiplier) was calibrated by use of a tungsten ribbon hv
e j.filamcnt lamp (General Electric model 6OA/T24/JI) whose temperature.f

vias determlncd with a callbrated optlcal pyrometer From the

-brjghtness tempexatuze thc thermodynam:c tempexature ‘and _\‘pr

spectral emlssiv1ty were determined from the data of



. l_‘described by Akins, Schwartz, ‘and Moore .

T Johnston. |

cos18-.

LT

L eg

ﬁfDe’Vos with a program written by Gabelnick 29

3 filters were obtalned from Baer Atomic Corp

The electronics for handling the 51gnal from the photo—.‘

Zh-multlplier was ‘a hybrld digital—analog c1rcuit similar to. that n 1f?w"

30

"f single—event pulse,from ‘the photomultipller‘triggers a digitalyf

,_The?interferenceu?’;

In this method each .- :L;

T4

- circuit to produce -an output pulse of constant'voltage and durqicbth -

'in the present case a Princeton Applied Research Model JBS:lock;ijfglple

in amplifier. The use of analog'circuitry'allowed'for the

o selection of.the fundamental frequency7component of the modulatedﬂii'

| fluorescence signal and for resolution of the fluorescence into

‘ "3;”in~phase and quadrature components Because of" the single shot

.f.characteristics of the input optical signal 1t was neces ssary

:1 'to operate'the lock-in amplifier at a_low average dc output:volé

'uvﬂ'tion.‘ This pulse is subsequently nandled.by analog circuitry,_fislfy;:

“tage in order.tovavoid'saturating-ac amplifiers by high transient =

voltages. A sharp]y tuned amplifier, such as is in- the 51gnal

'x*;range of analog photon counters The - output of the lock-in am-.

."plifier was integrated digitally by the method of Morris and _»"ffip

27

* The reference signal-to-drive the'lock—in'was taken directly'

L from the motion of the chopper blade by a metal distance detector‘“

' (Bently Nevada COlp , Model D- 352) This signal is Capable °f

driving-the lock—in directly at any given_phase; ‘however, 31nce

rxi'thc lock—Ln us cd dld not have a quadraturc phase shnftcr,,suchi_lffi

a phase_shifter'Was constructed so that rcference uigna1< sepa-

 ‘rated by 909‘could‘be obtained.

'er_channel of the JBS lock~in,’serves to reduce the required dynamic*f; ?_ﬂ




',f The vacuum and gas handling system was ‘a. conventional
"greasele S,. mercury—free ‘metal and g]ass line.' ngh vacuum
:“greaseless stopcocks (Teflon plugu' O-rlng seals) vere used
" The fluorescence.cell was a 33 cm diameter, 22 liter pyrex - -

L spherlcal bulb. The neck was sealed against the. atmosphere ,

‘with a 10 mm- greaseless stopcock the leak rate into the sealed-'pif“'

‘:7Voff cell was less than 5 x lO L torr/h Most experiments were

©7 .. .made within a period of 10 hours after the cell was. filled, buti"

" in a few cases measurements were ‘continued on the next day. A

'cold fnnger ‘was attached to the ccll to allow for frcezing out
" the sample

Pressure measurements were. made with a capacitance pressuref’

ftransducer (Datametrics models 511 10,.1014). The linearity was"V:;;"

;'stated to exceed O 1% over the range 0-10 torr; in the present

-.32 experiment w1th analog read- out (Varian G—lQ recorder) measure-

“ments were precise to #* l%, A finite leak rate in the tramsducer

: produced a zero offset.in the pressure measurementsg'conSequentljf*”*

i measurements were made by difference ’ The impurity in the sample"

""due to this leak was estimated to be less than O. 03 mtorr; this

was probably the most 51gnif1cant source of 1mpurity

Nntrogen dioxide, obtained from Matheson, had a stated

purity of 99.5%. The gas’ was further purified by crystalllzation';,'_r

at -78°C followcd by pumping and bulb to-bulb distillations

V”The crystals were colorless. The purified sample was kept in;
“~the dark at ~196 APrior to filling the cell the sample wasi-:
'rccrystallized vwithin thn torago bulb and‘again pumped on at’fi”

-78°. The cell was fi]led by admlttlng NO2 from thc storagc bulb‘
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. was measured as A¢ = s_...9

B at 78°'unt11 the desired pressure was attained The equili—

3_1._..

- brium with Nzo4 was- of no significance at the pressures used.__,;;”,

. The exper:ments were conducted at 23 3 l 3 C.

For any set of independent variables (excitation wavelength

| «; obServation wavelength, and.pressure) the twovmeasured quanti—

. ties were the intensities of the in-phase and’ quadrature fluo-
rescence. In practice, however, some scattered modulated light
(source light transmitted through the 1nterference filter) i°
detected by the photomultiplier, consequently all measurements

were made as a difference between signal with the fluorescing 1"

gas present and With the gas frozen out. For each of the fourak;xﬂﬁ’g‘
- measurements usually three to six readings were made of the o o
signal intens1ty The length of the integration period ‘and the‘:;;}f'
ifﬂ number of readings made were determined from estimates of the |

S signal-to-nOise

In order to set the phase of the lock—in detector to that'

of the excitation. radiation it. was necessary to observe a repre-.’

'sentative sample of that radiation suitably reduced in - inten81ty

This was accomplished by use of the ground glass scatter plate N

- and neutral density filters. When the lock~1n is correctly
 .phased, the'signalifor in-phase detection is at a maximum; for
! quadrature detection, at a minimum. Measurement of the phase

error 1s.more sensitive in the quadrature channel; this error ,

0- 7o , L
error was lp. After several fluorescence measurements the phase.

error wvas again measured to check for any arift.

/S .. The required tolerance on_phasegfilllx
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"’RESULfS
A, Effect of Size of Fluorescence Ce]l j
In exploratory investlgations it was established that the
measured lifetlme at 1ow pressures was a function of the size
of the fluorescence cell. After the apparatus had been adapted :j
to use with a 3% cm spherical bulb as fluorescence cell, a
.quantltatlve measure of this effect was obtained by using cells j
.,,of dlfferent size. Two cylindrical pyrex cells (4.6 em and 9.6_
cm inner.diametef) were uséd in addition‘to the 33 cm spherical f
-'buib.. As with the sphericél bulb the ends‘of the twolcylindrical

'cells were masked from the view of the photomultlpller The

dimensions are given in Table I. For thls experiment the exci- ‘ ;_”

tation 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 was with

a corning 2-73 filter. Theviifetimes, computed under the assump- -

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

Table I

Effect .of size of fluorescence cell on measured lifetime

Cell Diameter - Overall 1engtﬁA.v ‘Length of cell Apparent 1ifetime»
, ' ' visible to PMT ,

cn B ' em : em usec .

4.6 7.5 3.0 44

9.6 ~12.5 - 5.5 , 68
33, spherical e 19.8 80




;ﬁE"measurements quenching would not shorten ‘the lifetime by more

'thfthan ten or twenty per cent
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'75-B Fluorescence Lifetime as ‘a Function of Excitation Wavelength R

In this study the fluorescence cell was filled to a’ ]ow

pressure (l 3 +3 1 mtorr) and the fluorescence lifetime was-V

'7Q-measured for excitation wavelengths from 3975 A to 6000 A. Theﬁkﬂj‘ﬂtu“

excitation band pass was aporoximately 25 A, full width at half

"'ﬂmax1mum The fluorescence was observed through a Corning 2 73
. filter for exc1tation wavelengths shorter than 5400 A, or the";fff;Tfﬁ
B appropriate ' sharp cut" filter for higher excitation wavelengths i

" The measured lifetimes were 80-90 usec throughout the excitation‘;;};ff;

1-;‘region »The data are given in-FJgure 3 Fiﬂure 3 also shows

~the results of several individual measurements for excitation

~in the region around 5175 A with an excitation band -pass of 12 A.“77°"”

The lifetimes were computed on thc aesumption of a singlo excitedf i

- state (10) and were not corrected for quenching Since an

'Qi_lv} observed. lifetime at finite pressure (14) is’ shorter than the

.'7f¥radiative lifetime these measurements represent a lOWer bound

| to the radiative lifetime. However at the pressure of these

-
-~ -

Cons1derable attention was paid to the possibility that -

& systematic errors might be responsible for observed fluctuations JF
- in the measured lifetime To avoid this pos51bility measurementsi_:i"
. of lifetimes at different excitation wavelendth Within,a.narrow.-ff

- region were made in random order, and the phase of the instrument‘ o

 vas checked frequently and at'different wavelengths..

In’ addition to Jow—prc sure studies, exp]oratory investiga-

" tions were made at a highcr prcssure (36.0 mtorr) to extend thcizc

.. SN P S
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?f fjrange of excitation wavelengths to higher values. The hiéher:i
‘{pressure was necessitated by the decrease 1n fluorescence ) |
signal in the extended-reglon At the higher pressure the life-.t‘tﬂi'
'il(times were of'course shortened signficantly from the radiative~11¥?“'”
f;iifetimes by quenching processest'_AttSG ntorr; it wasﬂp0ssible’difd
| 'to.measure.fluorescence‘lifetimes for‘excitation as far to:the-fpﬁﬂ
g "7 _red as 6800 A, ‘The observed lifetime‘(due;to quenching and-~"i
h_ fluorescence) was relatively constant*asha function of-ekcita?_if

‘tion energy for excitation throughoutfthe'region, (Figure 3).

C. Pressure'DependenCe of Fluorescence Lifetime and intensityrffr"

These studies were conducted over the pressure rangc 0.5

: :;.%‘to 50 mtorr for three excitatjon wavelengths, 4000,_4300 and

"E\4800 A For each set of experimental conditlons (excitat:on

.wavelength observation wavelength and pressure) the raw data‘”ﬁ-'h
~""'-‘-\'were averaged and approprlate differences taken to correct for;f;

’ _scattcred light from the empty cell. The quantities thus ob-’

tained, §O

o phase signal_intensities., These intensities were normalized'byi:tf9ff

dividing by the pressure of the absorbing gas and corrected,

" for the wavelngth response‘of the system,for the interfercnce
filter used. These‘corrected:data'were used to compute.thersr

linear-mechanism (1, 9) quantities,_5”(7, 9, 10) and J (8, ll;ftflsii

12). For each set of measurements with a given excitation and
ob<ervation wave]cngth the quantitles.gﬁuv and 3 M wcre graphed.~jf’

as a function of pressure (14, 15) and iltted by the method of fi“”ﬁ

least squares. Thcse'Quantities were selected to be fitted

and’ S BT ,were the uncorrected in—pha e and out-of_ e



;i:because the Ste1n~Volmer model predicts Jinearity.;vd..
The results of these studies may be briefly sunmarlzed.l_f
| fffThe fluoresccnco was found not to obey Stern Volmer (single_ff
}iexcited state) kinetics.. The measured l:fetimes were different lt”

““ff}at dlfferent observation wavelengths " The quantlties k and

[?} l/exhiblted pressure dependences that were dlfferent from onef{fé}”

'"*i;observatlon wavelength to another ‘and from one: another at the SR

-~ .same observation wavelength.v'Further, the‘graphs,of.these § a

"f?quantities as a function of pressure'were not, in general' linear,;xﬁ'”

Considered as a funct1on of Tluorescence energy the observed
3"5.lifetimes at high-pressures were much shorter at high energies,*?“'

't‘,fclose to the exc1tation energy, -than at lover energies. That

fi@]is, the quenching curves were steeper, the smaller the energy
«?ﬁf'dlfference between excitation and observation. Simllarlycth¢
';“'fluore scence intens1ty Spectra showed.a considerable shift -

% toward lower energy (red shlft) as the pressure was increased.

L o thlS section. | |
We consider first the "lifetime"'data 'In‘Figure 4 are
viigiven examples of conventional Stern Volmer plots of such data. ;?'t'

S The zero-pressure 1ntercept of these graphs . Sh°u1d’ in the

'3¥fsinglc5state as sumption, correspond to the fluorescence rate

'ﬁjis excited both d1rcctly and by a prcs,ure dependent cascade .
:tvprocesl, the zero pressure intercept should nevelthcless be thebb
Tluorescence rate conutant for the state. However, thero is a,;ﬁ

"sjgnjflcant amount of Vuriatjon in these /ero pressure Jntcr—

~eepts (for a glven excitation wavclcnﬁth) tndicating that

: “?’,vThese results will be dlscusscd in more detail in the remainderj'd -

’;constants (inverse radiative 1Lfetlmes) If an obecrved stateif::;:nﬂs
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thldmolecular.States orrconsiderablyIdlfferentalifetimes-are~directlY{;J
t'f populated by the excitatlon 1Jght withln the band pass of the .

monochromator : Since the observations yield an average of the'ibi‘fj

fcpidetected fluorescence rates, the observed'variatlon, which was“j'
. as great as'307, °ets a'lower limit to the variation in the .

- rate constants of the individual quantum states.

For observatlon energles close to the eXCltation energy

- plots of w/R vs. M were linear Interpreted in terms of the_f;s”'"'

-';Stern~Volmer mechanism (14) the slope of . such a graph is.a dﬁf""

quenching rate constant Va]ues for rate constants obtainedvvglm'

in this way are given in Table II. From fitted functions for;i SRR
'a<w/R as a functlon of M at the several observatlon energles, the
‘Stern- Volmer llfetlmes at .various pressures were computed and’ 3.}h
Jr'plotted as a function of fluoresccnce energy (Pig 5). The' |
L’{; points_were connected by interpolatlon,‘ which is'given as merely.ufJ

"suggestiVe.
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Teble II . IR

| Apparent quenching rate constants for fluorescence
' ' at energy close to energy of excitation

Energy of excitation." Energy of obser- . : s@ v :P

A ‘ cmf":L "~ vation cm’l , cm /molecule sec
4000 - 25000 23200 1.2 x10t 0 o.es
4300 23260 22170 . 1.26x10%9 - o.s5
4800 | - 20830 . 19960 . ' 1.60x 10%°  o.70

Quenchlng rate constants were computed from slopes of Stern-

. Volmer lifetime graphs.  Phis 'quenching" probability per gas

| .

",kinetic collision, computed'using-MOleCular dlameter from Ref.

-32. g, 1s the Stern-Volmer quenching constant.
! \ .




The lifetime data were also plotted according to the inverse '

. fStern Volmer relation (16) A finite, non—aero intercept in -
(;l;54such a plot indicated that there is a flrst order dependence of
"fmetthe inverse lieftime upon pressure at the high pressure limlt
”%;?ithis was found to be the case in all instances., Spectra’ of the-ﬁ:"

flinfinite prcssure limit of the. lifetimes, Q"1 (24), are given

- +dn Pigure

The intensity data were graphed according to‘the Stern-

_Volmer theory in the same way as the lifetime data. _These' data
" exhibited finite intercepts in both the c’onv'e,n_ti.onal and inverse':,
7 plots: As with the iifetimelfdata,' the'intensities rroin the

Zéﬂjfitted functions were-graphed as'aifunction of fluorescence
A”ifﬁenergy (Figure 6). In thcse graphs (for the first time in the
' ”9.5¥?”presentation of the data) the’ relative response factors of the'”’

'fiﬂdetector_for the various interference’ filters<have been employedgplf-
“ifﬁiany.error in-the determination of theSe:responSe factorsiwill R
frffienter into the intens1ty spectra as the systematic raising or
1°W9r1ng (by a fixed amount) of the intens1ty at one observation e
energy reJative to that.at another Again, from the high pres- L;ig'

sure slopes of the data. it. was possib]e to calculate infinite |
.w; pressure limlts, Y (25), to the intenSlty spectra These data

"'”f,'are given in Figure 6.

It uhOUJd be pointed out here that thc fluorescence spectra

JR-Jextended in all cases beyond the limit of observation (7000 or_
© . 8000 A). This was true for tho rcsonance fluoroscencc (Aer
fﬁﬂ:pre ,urc) spectra as we]l as tho e at highcr pres surct, Jndi—.-“

c at1nL that a’ broad upectrum is a propcrty of mo]cculcs WJthin f'
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M*ia localized energy region and not merely the consequence of &

-broad distribution functlon of molecular energies.

o DISCUSSION

GhA,s Efrect of Molecular Migrations on Lifetime Measurements.vgsﬂ}f

| The Low pressure lifetimes obtained in the present experi~ f?gzﬁf'°'

-yf ment (oS-QO usec) are s1gnificantly longer than have . been_'f"‘ S

fflreported prev1ously by Neuberger and Duncan5 and by Douglas7

‘ffi(44 usec) It is believed that the longer lifetimes measured

{. are due to the use of a fluorescence cell of suff1c1ently large

"-diamcter that the measured lifetime is not govcrned by wall

- _collislons, or by collision~free migration of excited molecules‘pwfi

H”*routs1de the reglon of observation This’ interpretation is.

U;tlbased on the follow1ng con81derations

l) A calculation was made of the effect of molecular mi-

'R:f'gration on measured lifetlmes and quantum yields of fluorescence;‘

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

Boltzman velocity distrlbution and exponential decay, and was L

- ;performed for Cylindrical geometry with ex01tation taklng place ;“"'“'

- along an infinitely narrow line. The results are given in'

- Figure 7, as a function of the radius of observation measured f‘l? |

"?,in units of the product of the lertime times the most probable N o

e veloclty. For N?z at 295 K, asswning a llfetime of 80 usec, |

~ this distance, r, is 2 7 cm. The radius of observation used ine”
- the present experiment was l4 cm or. br ':Thu° the error in thepy'-
1ifetime from ‘molecules leav1ng the reglon of observation

- would be no more,thanva Tew percent. The previous investigatorsd<"




'did not state the dimensions of their fJuorescence éeometry,cp"

o that a direct evaluation from Figure 7 of possible shortening'i[i'
lof their measured ]1fet1mes is not possible.;u |

2) The- measurements of fluorescence lifetimes made wnth

e ?it;Vcells of smaller dimens1ons were signifncantly reduced from the‘

'"”'féaalifetlmes with. the 33 cm cell and were consistent with the pre- }‘fﬁ_f:

dlctions of Figure 7. This may be taken as direct evidence of
- the effect of molecu]ar migration of the order of 5 cm and of

- quenching upon collisions of excited molecules W1th the - walls IR

va‘of the cell. _ _ ,
3) The measured lifetimes in the . 33 cm cell showed a_

" . significant (50%) dependence upon the excitation wavelength, 1l‘f; 8

ﬁr?;:such a denendence Was not observed previously 5. While the
'El:existence of such a dependence does not demonstrate that the~;7tﬁ;

"Q{tzdimenSions of the observation region have been extended suffi-Aﬁ"l'

" .v:.clently, it~doesvsuggest that the measured lifetimes are at,:"(
least approaching the true values. |
2
(

B. The Radiative Lifetime of NO2 Bli and Low-pressure Data"j"

'-'coefficient and the radiative rate constant to molecular transi-

—and of a ¢onstant electronic transition moment was made by

Mulliken.63' The appllcability of this relation has been extended F;wj

by Strickler and Berg,8 who have e>p13c3tly considered the

‘effect of any shift in the Iluore cence energy from that af .
5rabsorption,'-The Einstein relation as applied to molecular_Gr,

~ transitions may bc wrltten

The extension of the Einstein relation between the absorptionip‘:*

:rtions,. under the assumptions of the Born—Oppenhoimer &Pproxlmationf":



gt e = 8 e = o Wnar S e ) av L i(s)
N '\f”.' ; :_' 5 , S t'T_’ - ’ ‘.."_‘_" . -y o - ‘o . S )

V‘.’: ; ) N . - P . 3 !
Kfﬁ~j: where A is the radiative rate constant

g' and g are.. reSPeCtively the numbers of 1eve1s in the ff7-¥" B

v'*fm upper and lower states to which trans:tions can take F:?iigpé

piace, Lo
' \o/

g is-thevabsorption coefficient in units en®’; the integrar<fwf°ff‘ 

tion is to be performed over the entire elctronic -
’5515}f»; ﬂ_ absorption spectzum, and
SR 43

‘fi< > 1s the Franck Condon average of the emission energy~ftg:f}'

cubed
_<"- v | ». ~ < ' E(‘v:\‘ S .
i f I..\dv-'/’f — dV

Sy

,%ffiHé}é Ic; 1s the emission intensity (Quanta/cm b sec)‘and'thé?t;;L -
;i'f;integrations are to be performed over the emission spectrum. ’ '
"h;‘The quantity < 03 >F c'\ .might be expected to depend on the.éifi’
'itv1brational level of the upper state, and: consequcntly the _'h
kvjlifetnme as well with more highly energetic states expected to

" have a shorter lifetime

~ For application of the radiation relation to predict the ff,thff

"lifetime of a molecule in any given quantum state ‘not only the e

‘ﬁritabsorption spectrum, but aJso the emission spectrum of that SRR

d7p*particular state must be measured ‘The entire resonance fiuores—'i R

,%'tcence spectrum of any VJbrational Jevel of No2 has never’ been{_-‘:"" i

'Tt measured, consequent]y the va]uc of the average quantity
/

is not_known., However this quantity'muy be estimated‘Lﬂ;f.
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¥B,absorption continues well beyond the predlssociat;on limit

:.'fluoreSCence is entirely at lower energtes,

’{ approach to the value of < 08 P

4""

;_fby various means First from the absorption spectrum the 1

y )

Javeraue~frequency-of absorption may be determineds'(Table III)
‘and used as an- estimate of the fluoreocence frequency 4 However K

~this quantlty would be expected to be too large because, while"

9

5,35 ' :
’ .and because -

“..much fluorescence takes place to high vibratnonal levels of the

' ground state, with a reduction in the Vé/factor. A sccond

‘o | '
F dﬁ can be made through the

"use of the lumlnescence spectra of chemical reactlons that yield

W55excited NO , if it may be assumed that the electronic state

.‘;III; The two values given mlght be taken to represent the -

average fluorescence energy for the -two molecular energles pop— .

- and consequently the spectra are shifted to lower energies than .

'~ -the resonance spectra.’ ~ Thus the values obtained should only be

3

v consioered as rough estlmates of the € v~ >F C factor to be

used in applying the radiation relation. Certainly tbe spread

T2

- in the values “obtained for <' -'>-“w"‘ indicates tne'degree of_;

F—C-

.7;caution that must be exerc1sed in applying this relatlon to a

'Altransltion that extends over as wide a region as the prosent one.

" The. results of the plesent measuremcntc were at variance
from the pzcdictjons in sevolal Ways

1) The ab olute. maﬂnltudos of the fluore cence lifetimes

«'j.'

'Vo,here is the same as that populatedaoptically. Values. obtained;ﬁ_;“.'”

- Vfrom the NO + 0 and NO + Oé,spectra are glven as well in Table7'i\57'5

.~ ulated by the reactions; however,VSince the spectra are obtained":“

T at high presSure, energy transfer processes will have taken'plaoe,.fgl
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.. Table III

1.
'

5; Fluorescence lifetlme of NO2 calculated
"; from radlation relations -

4

-Integrated Quantity. Value Calc.. Source of

s Ref.

Lifetime, ~ Data
| . nsec N
' f'(o/V) av’ o 2.99 Xllétlgfcﬁzj ' - . absorption | 34,35"'
| : O - | o
[ od¥ [ (o/¥) ¥ 25880 cn* .~ 0.256 . absorption . 34,35
W/ s B | |
(< 03‘>F_C]~ 12500 em™ 1" . 0.38 NO + 0O 13,36
< gY% 0 ess e’ . l1sis om0+ oy 14,15

[

-Results of numerical 1ntegrations of absorption and fluorescence

- spectra. Fluorescence lifetimes were calculated from integrated.

absorption:coefflcient, [ (o/¥) d¥, using three estimates of the mean

frequency of fluorescence.

Lo




'were greater than predicted by a factor of 3 to 40, depending

'r”don the value of < >F o used

2) The ratio in observed lifetimes at the extremes of

.excitation energies useo (4000 to 6000 A) was only 1.6, whereas,qafgﬂz"
' other things being equal, the energy difference would lead to _Q_5'

";_a prediction closer to (6000/400053]~ 3. 4. '

3) D1st1nct fluctuations were observed in the radiative

:'*f{_;lifetimes as a function of excitation energy and also for the
32;narrow spread -in exc1tation energy in the monochromator band

L \-
<. pass (60 cm l/ful] width: at half maximum)

The_inadequacies of .the simple radiation relation may be .

‘chonsidered in terms of the two assumptions'upon-Which it was”
””"'Q‘based ‘namely the Born—Oppenheimer approximation and the as-
"3.sumption that the tran31tion moment -is- constant for the molecular~rf{l

' }'geometricq invo]ved in the transitlon.'

“The possible dependence of the transition momcnt on the |
37

f,}molecu]ar geometry has been propsed by Mulliken™" as a-cause- N
b‘;,of the anomalously 1ong 11fet1me of NO2 , From molecular- orbital 1el
| fcorrelation diacrams18 it is expected that the~2Bl state'of |
“':’NOZ would be more nearJy linear than the ground state, and this
:5fiexpectatlon has been confirmed by the ana]y51s ‘of the absorption'ifg'"“
fspectrum 9 Thus a decreaue in the transition moment as the . .
Ei‘molecule becomes more nearly linear ‘would be expected to increaseg-f'ff
the radiative lifetime.v However, if such a mechanism»were re~.:'h;"
-ﬂ'Sponsible for the long 1ifetime,.the 1ifetime would be expected..f.f'
‘.ito'decreaSe'rather_strongly withvincreasing quantum number in o

. .“the bending vibration, and correspondingly with the energy ofi

v

“e




° ">.' "':..7 i-v. '

f;}the upper state.f Since the ob ervcd low~pressure lifetimes were o

; Qmore constant as a function of excitation energy than erectcd

" . this mechanism does not appcar "to be the reason for the’ increased 5"237

v'f»_radiatlve 1ifetime.

Jortner and- coworkers have recently considered the validity ,
1 38-40
of. the Born—Oppenheimor approximation in molecular transitions , _0 L

If there ex1st perturbations between the upper electronic state ”‘_;f;”

"7,and ‘any other electronic state hav1ng an’ appreciable level

o density in the absorptlon region, then the Born—Oppenheimer wave: ifti;

'f functions Will not adequate]y describe the upper state Under

'q:‘?'these circumstances the transitionvmoment to the ground state -

of a single Borncoppenheimer vibronic level will be-diStributedi :

,5i5among several true vibronic levels, the number of which is

: “dt3f<determined by the density of the manifold of states whlch are .

. not connected to the ground state. in the Born- Oppenheimer ap- -

’Tf“rprox1mation The total tran31tion moment, as measured by the

”}'absorption coefficient integrated over the electronic trans1tion,,jfff
L is conserved; however, the transition moment to the ground state
“from a given true vibronic level which. determines the radiative
: 7
lifetime, 1is reduced by the factorl< wtrue\le-0> f
Por NO2 the Renner effect 1is a posuible mcchanism which is

| :available to connect the levels of the B state with the dense:f
o -

'v'igf“fnvmanifold of hngh vnbrational levcls of the ground state. _.A:“ AR

'“ffioonscquence of the perturbatlve mechani.sm of lengthening the

©"lifetime would ‘be the possibility of significant fluctuations;"

~dn the'molecular=lifetime'within a narrow energy region.7 Suchl.%f‘77‘
'.fluctuations have been observed. in the present experiment .. A.‘jfh S

.- mechanism based on the Renner effect coupling would require
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”»f‘that level which are, for symmetry reasons unperturbed exhibit
~-/;much shorter Jifetimes than the perturbed levels - However, in

© . an experimenu such as, “the present one such short Jived: states 3

K“ﬁportion to their absorption, and would not be detected in the.:

‘x” presence of a much greater signal from states having a ]ong
;fito the total signal intensity, their presence would Jead to

'_vsure, no such behavior was observed

Related- to the theory of. intra—molecular lengthenlng of ;

;:Agt-lifetlmes that.has been outlined is an.inter—molecular process o

" fold of staces which ar-%ot optically connected to the ground.
V.}state is collis1onally populated at finite pressures, and the
";;3fapparent lifetime of fluorescence 1s'consequent1y lengthened.

Jortner and Berry do not 1ndicate the magnitudes of collision '"
'fﬁHowever, such a mechanism would imply that at sufficiently .

question is thus raised whether the.present experiments hayefv--fi“

- _been conducted at pressures sufficiently low to observe

resonance fluorescence and to allow a confident-extrapolationﬁa“

o eXperlmentatlon either at lower pressures.or in collision-free .

average molecule at the assumed_long lifetime suffcred as few

. would contribute to the tota] fluorescent intensity only in pro- .. 1f

'A'?lnfetime. If such short lived states contributed significantly :

) *é}Steran01mer plots_whose (pos1tive) slope decreased thh.presﬁlljif_*f

”"1?that has been proposed by Jortner and Berry _“ The . dense mani~~f:

"cross-sections that might be expected for this type of process._.-v»j

- low pressures, the fluorescence lifetime would be short _The,4733A5“

S

. to zero pressure. This question is, of course, open to further. - -

' molecular beans . - Howiever, we. should like to point'out that'the’~7la

. present measuvrenments wcrc performcd at pres sures ‘such that the



=365 vl

.ffas 0.2. gas kinetic collisions, if the resonant" lifetime were

51gnificantly shorter than 60 psec, the number of co]lisions of R

" -the average molecule would be correspondingly reduced In no.tp B

o case‘, for_either intensity or lifetime data, was there any'
indication of a dis¢ontinuity in the;pressure dependence,of'thel
data which would cause us to question the extrapolation to the

limit of zero'pressuref

,5Lc} Interpretation of High Pressure Data

The observed 1im1ting high—pressure quenching constantsf e

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

+1isted 1n Table IV for each.observation energy<ﬂ.. The observe- -

. tions for excitation at 25000 cm™*

'i_:at other.eRCitation'energies; and for-these'date the reletive

. _reciprocal quenching constants”Qw;, are listed in Table-IV; As -

can be seen from Figure 6a the intensity at zero pressure 1is

?.'roughly (overlooking what appears to be some real structure)

-1

y and 24000 cm-l.'h

the same at all frequencies between 12500 cm

'ﬂveven thouah all molecules were at the excitatlon energy, 25000

L /
4ycﬁt}. The actual fluorescence at -energy W 1s given not only

are more extensive than those .

by molecules with energy i but also by all molecules with energy R

‘ greater than W. Thus the population (31) is more nearly given
':.by the derivative of ‘the intensity (25) w1th respect to energy

_'rather thdn to the intens1ty itself

(w) dYy (W) /daw ‘;i .i_ o N '(33) o

—

1 /

The inton,jty data Y of Table IV at 25000 cm were found to

-~

vary as (w - W)] 30 -and ‘thus the population P varies as




(W w)6 39: which is. entered as the 1aut column in Table. 1v

k ergy states 'has less éffect on the observed Q

I

foThe overlapping of the fluorescence spectra from different en-lp’”

~1-than on the.

npintensities, since both the population and Q increase with
- decreasing energy. Even so, the relative.gm as a function of °

' .mo1ecular energy must increase with decreasinglenergy somewhat

'"'ftmore strongly than given in TabWe IV. R ‘»f A =

' The three normal-mode vibrationa] frequencies

The high—pressure data are. interpreted in terms of RRK L

25,26

v “stepladder ' models (26), one for- the excited electronic 3{}f~ﬂfvaf

'7f7state E and a similar one for the ground electronic state G

41 of G are 1320, _
) -
' l/

L \--
_(50, and 1618 cmsl; Aand the convenlent round number 1250 cm-.

~'”fufis very'close to the average. Thus the RRK-model of G is

" o lgﬁ""' .
'9/5,11{,':‘:';\‘ B

..§=3‘".,

€

ll

1250 cﬁ“l S L -(34)”;

e

"”?f'where € 1s the level spacing and s is the number of norma]

r[fmodes. The molecule dissociates at 25000 cm

l-;/so this model i

'“:xhas 0s4+20 energy levels. with multiplic1ty given by (26)
The properties of the upper electronic species: E are not '_?jfh'.
precisely known.. The observed fluorescence may involve one orj~ﬂ1tf

hg'more_electronic stetes}l ‘The excited molecule may be linear

(s = 4) or’bentv(_ = The origin of the upper state has

'ivbeen placed ‘between’ lloOO and 15 SOO cm 151 For purposes of

model calculations we ‘assume the’ excited SpecJes to be a 81ngle;~-

'5fveJectronic state with the propert1cs
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..B.:S' .
\.1./

= 1250 cm" (35)

1)
- origin above origin of G = 12 SOO cm o

Between 12500 and 25000 cﬁ~; there are eleven energy levels,
0 LI N ] 100

The reciprocal quenching constant.gn -1/ (24) may ‘be regarded p

as an observed (Table 1v), continuous function of energy W.
‘From the stepladder model (30) the ‘slope of the reciprocal
quenching constent ve energy is simply -

/

N
agY ew. . 1 .
dW  dn T g (m)+ Db (W)

-y

,..where dtﬂ / d él is the energylrenoved pe},ébiiisian for whicn
~the.tota1 quenching constatn is g + b. | Although'the Stern-
Volmer plots are curved when observed over a wide range of

. pressure (especially for observation energiee W far. removed from
the excitation energy W ), these plots are very nearly linear
over a moderate range of\pressure when W is close. to w Thus

' ffor a narrow range of energy just below the excitation energy

a Stern—Volmer plot gives the total quenching constant g + Db,
(Table II) A separate plot of_g'~';e;ﬂ gives the‘slope

d_g l/d w and from (36) we may calcnlate the averege energy ‘.
removed per collision d W/d n for energies close to the exci-

tation energy. The results of these computations are given in

Table V. The magnitude of column (b) indicates a very great

B s A o w2 s

(5651' -
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frate of fluorescence quenching 'Using the'Sternevolmeriqueneh- A

w'ing constants from Table II, we find that the energy ‘removed -

\ .-
per collision is very large, between 2000 and 4000 cm . 1"/are

indicated Alternathely, using the RRK-model where the energy

-1,

removed per collision is taken to be 1250 cm '{the total

i quenching constant is about 4 x 10 - cc/partic]e sec, almost

, \e
twice the hard spheres collision constant for Noz, 2.28 x 10 - l

“ece / partlcle sec. Thus the separate results of Table II and

Table V 1ndicate that per hard spheres colllsion, highly

vibrationally excited NOQ are de-activated Lhe order—of magnitude

of a thousand wave numbers Thus to complete the step- ladder

model as given by (35), we identlfy the ladder spacing € with

| -the energy removed per collision (36)

€=aW/dn = 1250 cw 3 N €10 BERETE




Observed high pressure Jimiting quenching .
constants (24) and intensities {25) .

S -40--

~Tab1é v

=~
~an
]

o  !:"“ | ‘ _gg;atlve Relat¢v
' O%JQ, cc/sec Relativeqx : Q’ s P.

ET T

W exc.

25000

23256 -

20833

25000

23256 -

20833

2aOOO'

25000

W cm-?
abs
25000
23200
22170
© 21460
20790

20370
19950 . .
£ 19350

18950

117880

- 16960
15850

15130 -

14270
13320
112480

..l/

6 .49 ‘j!:
e
5.06
4.46 -
4.12°
3.85
3.70

19.2;;1.H.
13.0 -
11.7
9.39

8.63.

8.20
7.95 .

12;6-"
9;49jt;;x;flﬁt”ﬂ
. 8.74.

e

6.06

' 5.29

4.70

4.31

9.51 .

'.lé,dﬁﬁ}fif

9.64 .
.11 1"
6.69 -
6.06. "

5.47 .

.89

o n v ;o

SR R
1,02
31.82.@ ,._

:'2.20~ ;

3.38
.75

44
32
| .06
o102

© 82T

11.8

1 15.9

30.6

T 2.60 -

:7337 R

.14']'-' -:
213
29.4 .

.3506

RPECL- R
821

:1 9.70'n..
"17.9
18.5

C o192
25.6

1.00 .
2.4
S 4050

L 4,507

" 5.61 .

6.11-
B2
“6.61

. 8.10° "
9.35.

' 10.4

12 .8

[

B 2
Tl

1.00

1.19.

46

.58
.62
.68

|

1.99

. 2.05
- 2.09

2.13

e wrrwr A o — e

.54 |

.80 |
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rable 'v

;Quantities derived from fluorescence observed
close to exc1tation energy

@ . ®m e @) (e)

| g N e M0 e
125000 4.8 x 1077 . 1.9 x 107307 2500 3.9 x.
23260 . 5l x ib°7ﬁ'f 13'x 207 =207 - 4000 - " 4.1 x 10°%

7/ g " lO’

© 20830 :7f 4.9 x 10 To1.ex 102K ;"'Sooo B9 k 107

. 10, Lo

"~ (a) Excitation energy, ch’ R
- (b) _Q\l/in unlts of particle sec/cc and w in cﬁ lJ'- o
R (e) Total quenching constant from limited Stern—Volmer plot

_:Table II,‘units of cc/partlcle sec. -
li(d):‘Energy removed per c011131on, cm ;, calculated from (b)’y
"~ (e) and (66) | | |

"S(e)"From (b) and (36) where d W/ d n is taken to be 1250 emn2S




‘~.:coﬁéidef5a5éét of”threeiadjacent"decreaSlng;'vibrationaL

B energy levels,!i + l j, and J - l W1th multiplicitles %ﬁ + l(ftE
| ;*.qgfx and'g ~x\,: T T - )
L. L _’ . o 8

"The relative rate. of vibrational deactivation is given by the:ini;fr

(f product of an appropriate trans 1tnon moment times the

. mult1p1i01ty of the f1nal state

4z For highly excjted vi—

" brational states, the tran51t10n moments may vary slowly with _i'f'l

, energy, leaving the mult1plic1ty factors as the dominant term

It is reasonable to assume that the vibratlonal quenching con--f -

7., stants between . succe831ve energy levels vary as the multiplicity

-~ of the flnal state

B &g . (39) EREI

. (39 L
b, SN : . .
.;"ll 1 ‘ %’-J- - 1\\ ’ s

e Thus'eXcept for'an=undetermineo constant°lthef3et“of'vibrational-

"’quenching constants, Db J’ can be calculated from (26) and (39)

-The - electronic quenchlng constants » refer to. the

-%Q .
' phys:cal act of collisional transfer from the Q_v:bratlonal
l~1evel of E to any v1brationa1 state of G. For these model

o calculations it is assumed tnat'the electronic quenching'confbl
"stant_is thc same for all vibrational states, that'is,_%iz=_g,g'

"a constant. Various values of g, relative to the vibrational

quenching constant of the top vibrational state, 32, are

assumed. In this way all paramcters are fixed to;calculate the -
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| .;""relative populations P (31) for a direct comparison with the L

A?dexperimental quantities

v?tronlc state G and the ex01ted electronic state E the vibrational@iﬁ'

Based on the model developed above for the ground elec—'f‘*”'

'“'.'energy level_l, the multipli01ty gﬁ, the relative reciprocal

”Ltlﬁ';quenChing constant Q

sf"E varlous values of the electronic quenching constant between ”‘5Tlfi
1)'

t’Vlﬁf.Q_’ 0 075 bl6 and q = 0.30 blO were assumed and ‘the terms Q

/
l; and the relative population P are listed

”“*f,-in Table VI for the special case of g = ',_ For the excited state ﬁ;ff

fiafand P were calculated and plotted in Figure 8 which also shows

.:'the experimental points from Table IV. The observed reciprocal

‘ : o N-1) :
'quenching'constants_g vary much more slowly with energy than ..

'3t}ithe calculated'Ones for.q = 0. The calculated.é 2] curve is' ff35'..

"VQZbrounght closer to the’ observed.g L

- the electronic quenchlng constant are‘assumed ' However; the ref]:::t:'

1)

points if large values of, inﬁnm

| 'f-ilative population is an extremely sensitive function of the

o assumed value of g« For all exc1tation wavelengths the popula-?”
'jv tion inferred from the fluorescence increases with decreaSJng |

energy over the entire range of observations. ‘As can be seen L

“from- (31), this'l result imp‘lies the following inequality for a‘lll."jf"_.:

-f_To satisfy (40) at all energles above 14000 cm '

-—_.1+1 > 0_, +_q) _ :, S ._4,(40)';‘..';_"“.;
lf‘g cannot'be .

, *'7greater than 0. 05 b10~ With a value of_g equal to or less than

. os b

lO’ therc is very poor agreement between calculated and.



“h.Significance as. electronic quenching,

that_g be zero.

observed reciprocal quenching constants.i Thus the step*ladder i gg]j.l
model for the excited state E (35 57) fails to agree with the‘ft:_

eXperimental data, and any adjustment of parameters designed to'Wiilis,

imorove the fit to the reciprocal quenching constants gives_'

‘b"*_,totally fa]se predictlons for the populations. S

These calculations wer e applied to the’ top vibrational

levels of the ground electronic state G. With the assumption

. that the electronic quenching cons tant.g 1s zero, the ca]cu-

lated curves for.é and P are given in FJgure 9. In this. :"

case there is excellent (in view of the simp11c1ty of the model)ifﬁﬁff%
n&-agreement between calculated and observed quantitles for both '
o the reciprocal quenching constants and the relative populations
: .~ Thus . these experlmental data.on high—pressure quenching k:neticst's-3”
'ﬂﬁt‘ 1ndicate that optical eXCitation and fluorescence occur to- and
from the excited electronic state E but Vlbrational deactivation:f:fh~
occurs primarlly in the high vibrational levels of the ground vf?ﬁ“i'A:

.‘electronlc state G. This result imp]ies a rapid spontaneous

interchange at constant total energy,between high vibrational
state 'of E and very high v1brationa1 states of G. In thls

situation the collision induced transfer from E to G loses it3<ffj"

fn

and 1t is appropriate.tffi"'

o exp lain the anomalously long radiative 1ifetime. of .

-

excited NOZ’
/

it has been proposed4é that E and G states inter-ft} ‘
chanve with each other at constant energy. Since the G statelgz'f‘

o _has»a higher multiplicity than the E state,'the molecules WOQldlf&.ﬁ

" spend a correspondingly longer time in the G state. ]The_radiaé‘ix_.;
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" Robert Harris.,

.- Jortner and coworkers

U4

D .

ﬁhtive excitation and fluorescence of the E state is modified by .

fdthe side trip of the energetic molecule into very high vibra— i
.d_‘tional levels of G (This pictorlal, kinetic description is'

';more properlyAexpreseed in.terms of perturbed excited states.d .

.8imilar to the situation in predissociation as described by"

44 “Such a descrlptnon has been worked out by

38~ 40)

These model calculdtione do not pretend to be the true o

| :¥¢theoretical analy51s of these data Rather they show that theﬁr;f
f?dsmal] decrease in quenchlng constant45 over the interval 25000‘{rfu
: ww:;4 to 12500 emt together with the large increase in 1ntensity is‘f:gf"‘
. "'1ncons1stent with an assumption that the v1bratlona1 quenchinv T
"F?lljfoccurs in the 'E state. These kinetic data strongly SupPOI‘t
| '?.the proposal that fhere is an interchange or a perturbation

:'flbetween the states of‘E'end states of G at the same total energy.
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Table VI

Fluorescenée.quaﬁtitiés'calculated‘fr¢m~:

RRK step-ladder model

l

Excited electroric state E

Ground electronic. state G

Relative
il
W : ) - P
= 41 ) .%J\. Q . -
\=1- o -
cm-~

25000 10 66 1.00 1.00

23750 9 85 2.20 © "1.20°
22500 8 45 3.66 1.47
21260 7 36 © 5.50 1.83
20000 6 28 - T7.85 - 2.36
18750 - 5 21 11.0  3.15
17500 © 4 15. 15.4 . 4.40
16250 3 10 '22.0  6.60
15000 2 6 3%.0 11.0
15750 1 3  55.0  22.0

. 12500 O 1 121  66.0

-

@

20
19
18

17
16
15

14
13

32
11

10

N

231
210
190 -

171
153

136
.120
105

91
78

66

é:ij

(a) -
1.00

2.10

3032 >

4.67
. 6.18

7.88

. 9;80

11120
14.5
1 17.5
.21.0

Relative,

P

.

(b)
1.00

2.0
1.21 -

1.35'f

11.51

1.70
1.93
2.20"

2.5

2.96°
3.50

-

a. The value of g is assumed to be zero; based on (30).

b. Based on (31); g = O.
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The results of these energy transfer studles are consnstent :

*E;éwith those of simi]ar fluorescence studies of large polyatomic
: molecules 2 namc]y that energy transfer cross sections are.
'“.comparable to gas klnetic and that large amounts of energy
lj(several hundred of more Wavenumbers) are transferred per

'collision; The preSentlresults are also consistent.with.thef_,

interpretations of energy transfer which'have been made'fromp:j;y«fi”'

chemical activation studies by Rabinovitch and coworkers,25

" 'which, ag ain, the occurrence of highﬁy probabfe, highly efficientpﬁt75
- collisions by strongly -excited polyatomic moJecules has been ’

"'{f dcmonstrated.:

For highly ex01ted diatomlclmolecules, fluorescence studies

have_ shown that the effic1encies{are rather small althouch the

”:il;cross sections are large ~In a study of I2 fluorescence
" Steinfeld and Klemperer3 have found probabilities per collsion _if
of single quantum transitions (80 e’ w) equal to 0. 2; the pro- .5y:

h - babilities for multi-quantum tran51tions were further reduced -

= Thusvit would appear that.Ngzashould-belcharacterized.as Similar;f]i'J
" to large polyatomic moleculestin-its=behavior with respect tofit?fff”

'.]‘energy'tranSferiprocesses, rather than to diatomic molecules;;j'v"

D. Relation. to Other Work:

Since'thi° work was completed we have learned of two other

<,stud3es of NO2 fluorescence In a prelimlnary notc Keyser,.et

46

“al. ‘report a’radlative 1ifetlme-of 55 usec-for exc1tationaat»
'ii,4358, 5461, and 5780 A. ‘These'authorsehave interpreted'd.c{

" quenching studies in terms of an energy transfer mechanism
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A'similar to the step Jadder mode] used here ' The value obtained 73*~-‘.

- /
- for the collisiona] efficiency was 900 300 cm-l in reasonable
| agreement wlth-the present results, consioering the apprOXLu -,Em
"matlons of thc two analyses |

47

Sakurai and Br01da have. studied NOZ fluorescence excited

by several laser lines in the region 4579»5208 A The

k 'Ij.“fluorescence spectrum from such a narrow exc1tation source '

“ consists of sharp lines superimposed upon 2 continuum If it

’:"J:f is assumed that the individual quantum states nopulated by the BRI

" exeitation have radnat:ve lifetimes simllar to those measured S

- in the present work, then Sakurai and Br01da s data for the

quenching of the discrete fluorescence may be interpreted to

: yie]d de- popuTatlon cross- sect:ons vhich are approalmately gas

»"kinetic. The continuum radiatlon is quenched cons:derab]y less

y strongly than the discrete radiation; this continuum_emission

.+ 1s considered to arise from collisional energy transfer from  :uf9k‘

the initially populated statesi The decrease.in the observed

‘ "}Stern—VoJmer constant, which is depehden£ on the observation

: " energy, may be undcrstood in terms of the stepwise de- cxcrtatﬁon
model

In connection with these inVestigatiens vie wish to stress

T an importent advantage of a.c. quenching studies over d.c.

studies. 'Steady—state experiments are capable of yieiding-
kinetic ﬁhformapion only as the ratio of slope to intercept tn .

‘a Stern-Volmer plotl' Yhen the mechenism. of fluorescence is

. more complex than the simple Stern-Volmer mechanism, then the

slope may not be constant, although it does reach a constant
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high—pressure limit. However, any:kinetic information derived
from the ratio of this limiting slope to the zero. pressure

intercept neceésarily mixes high and low pressure data. At the

“two extremes of pressure the relaxation mechanlsm 1s entirely

different, and,.in'a low resolution experiment, different quan-

tum states are responéible for the radiation at & glven

- observation wavelength. Thus; any differences in the radiative

lifetimes or fluorescence spectira will enter in an unknown vay

into the kinetic analysis. In a.c.‘studles kinétic 1nforma£ion

'lmay be obtained at any pressure; in particular, at high pres-

- sures, where the relative populations are constant; apparent

quenching constants may be determined without reference to the - . :
low-pressure fluorescence, and conseQdentIy frée of the additiongl

émbiguities associated with a change in fhe-emittihg species.
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. TITLES TO FIGURES. .

1. Block diagramjof épparatg§~for'phasé~shift~measurements at

low 1light intensity.

- 2. Flubrescence geometryf-,front.énd-side‘viéﬁsaof geometricaif
arfangemeht for excitétibn and:obsérvation of fluoresgence._ A, o
.aperture piatg; 34 mm.»diénmter. The aperﬂure plate defined -
an angle of'acceptance_e (tan 6 = 0.31) such that all light
entrant upon the aperture. plate within this angle was detécted
;vwith‘equal efficiency; B, excitation beam, 26 mm‘x 25 mm; |

C, fluorescence cell, 33 cm diameter; M, masks.-

3. Flgorescence‘lifétiﬁe;of'Noa'as a function of excitatiqn_l
1'wavelength, ébmputed under the_singie-stéte aséumptidn, Cléséé |
'[circles, 1.3 mtéfr; 6£en éirgle, 36 mﬁorr;. Half width of
excitatibn light was approximately 25A. Error bars are'typical
'i and were determined from the scatter of several measurements.

Insetishows individual data pointé'for the region around 5175' 

7 A excited with 12 A half width. Data points for the same run’

'conngcted, points within a'run were taken -in random order.

4. Stern-Volmer graphs of lifetime data. Excitation energy

-1/

 4800 A or 20830 cm . Obsérvation energy: A, 19960; B, 17880;

¢, 14270 e

' Y.
5. a. Excitation energy 4000 A or 25000 cm >

b. Excitation energy 4300 A or 23260 en”

: ' ‘ _ Y
c. Excitation enecrgy 4800 A or 20830 cm‘-1
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.':f Lifetime'spectra as a function of pressure Lifetlmes, oW lR
vwere interpolated at even pressures (the runn:ng indcx in
:f;'mtorr) and extrapolated to zero and- 1nfinite pressure from the B
y Stern—Volmer plots. The relative lifetime distrlbution obtainedfv
f’frdm the-infinite'pressure extrapolation is not scaled with

1.reSpect‘to the ordinete.

-1,

6. a.. Excitation energy 4ooo A or 25000 ‘cm
| b.” Excitatlon energy 4300 A or 23260 cm -1 N
-1

ﬂc}? Exc1tation energy 4800 A or 20830 em

“'Intensnty spectra as a function of pressure Intensities were [i”.‘
~computed from fitted curves of l -1 (8). The running index gives:ﬁ‘
© the pressure‘in mtorr.' lhe spectrel distribution obtained from'>
‘-the infiniteipressure'extrapolation'is not scaled'with respect -

" to the”ordinete.

if.?. Radial distribution of fluorescence intensity and lifetime f
.in cylindrical geometry. R is a dimensionless radius equal to
.~ 'the radius of observation (medsured from a line source) divided
/ . by the product of the lifetime times the most probable veloc1ty; "
R Curve I gives the distribution of fluorescence intensity The .

i integration over 27 azimuthal distribution of'velocities has

been included in the evaluation of I. Curve F gives the error

in measured quantum made only yie]d if mcasuremcnts are madronly.;_5

of fluorescence orieinating in the cylindricaJ volume extending

to R. Curve E gives the corresponding error in the lifetime.

8. Interpretation of+thiph-pressure data in terms of the excitedb.”a‘

. electronic species E. Quenching constants calculated according o

-
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:;to,(SO);‘for:various aééuméd“valuesbofvthe electronic quenching

constant g, and with relative vibrational deactivation constants

-calculated from (39)-andﬂ(26). Relative populations are .cal-
culated from. (31), and observed populations are inferred from
.~"obsérVGd intensities according to (33). Observed data are

from Table IV.

" 9. Interpretation of high-pressure data in terms of highly -
vibrationally excited ground electronic state_G."Calculations |

‘made as in Figure 8.

P~
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, 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 informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission"
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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