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KINETICS OF NITROGEN DICXIDE FLUCRESCENCE
Stephen E. Schwartz

Inorganic Materials Research Division, Lawrence Radiation Laboratory,
Department of Chemistry, University of California,
Berkeley, California

ABSTRACT

The fluorescence lifetime and intensity'of gas.phase: nitrogen
dioxide ( Bl) have been measured as a function of excitation wavelength,
fluorescence wavelength, and pressure, The phase—ehift method was usedj
" this technique allows lifetime measurements to be obtained with signal |
intensities of 100 connts per second and lower. The excitation source,
tunable throughout the visible region, had & half width bandpass as Low
as 15 A, FluoreScence Waveléngthﬂ.separation'wasvaccomplished with |
interference filters. The radiative lifetimes range from 55 to 90 usec
for excitation from 3980 .t0:6000 A, and tend toincrease with excita-ywi;
tion wavelength however, the lifetimes exhibit considerable variation _
within a8 narrow excltetion region. |
- The fluorescence sample was contained in a 55 cm diameter spherical
bulh; apparent fluorescence lifetimes in smeller cells were reduced be-
cause of migration of excited molecules (under collision free conditions)
and wall guenching. 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 prob-
able velocity. | |
The Stern—Volme;,analysis of fluofescence kinetics_has been general-

ized to a multiAIevel system. under conditions of modulated excitation
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ahd phase~-sensitive detectlon. Analyais of;fiﬁofeecence'data.in terme of
this inechanism yields average valﬁes for "e‘nleiféy't.ransfer .ra.‘te' constants
and efficiencies (emount of energy lost by the excited ﬁoljatohic mole-
cule per effective collision). Energy transfer rate constaﬁts for ex-.
cited NO, ( Bi) with a ground state collision partner are approximately

gas kinetic; efficiencies are approximately 2500 cm l.
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' INTRODUCTION

The study éf reiaxation processges is of major importanéé in coming
to an understanding éf‘the chemistry of gas phasé'reactibns. The acti-
vation éf reactant moleéulés in unimolecular reéctions aﬂd fhé stabili=-
zation of products in bimolecular recombination‘reactions take place by
the mechanism of éollisional'energy tranéfer.l’ngurther; fhére is an :
increasing body of expérimental work that indicates that a major fraction
of the enthalpy in certain exothermic bimolecular atom transfer reactions
is localized in the newly formed bondbimmediately.after the reactive
encounter.j-.5 The excited ﬁolecules are subséquently relaxed by colli-
sionél processes.

The use of fluorescence techniques to stud& the energy tfansfer '
processes of molecules dates to the early part of this céntury.6 In -

recent years a wide number of additional experiméntal approaches;,direét"

and indirect, have been applied to the study of these processes: ultra-

9 1

chemical activation;lo shock wave studles,

13

'sonics,a’8 unimolecular reactions,
chemiluminescence,12 and kinetic absorption Specﬁroscopy. Of these,

the techniques that make use of spectral observation of the équantum sfates‘_
participating in the energy transfer proéesses.provide the most detalled
“information, and fluorescence continues to be a valuable techniqde for

these studies.lh, In mrticular, time resolved fluorescence studies

allow a direct measurement of energy trénsfbr rates of energetic mole=
cules.15 Récent reviewszﬁffelaxation processes in'gases and the techniqueé

of their study have been‘given~by:Flygare,%§¢aﬁdpStevens.IT E |

The present study is an investigation of the kinetics of nitrogen

dioxide fluorescence ‘excited by visible radiation and the associated

energy transfer processes of the exclted mélecules. Nitrogen dioxide
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is of inﬁerest as the subject of such a study for a number.of reasons,
which are listed here:

1) ‘There exists.very little direct quantitative information about
the rates and efficiencies of energy transfer'p:ocesses in highly. excited
smali polyatomic molecules and-no direct evidence concerning these pro-
cesses in tri-atomic mblecules._ Previoﬁs experiments have indicated
that energy transfer processes involving NO2 take place with high proba-
bility18 and that such processes may take place by a stepwlse mechanism?g
Hence fhis molecule 1s well sulted to such :a study, "

2) There have been recent doubts cbncerniﬁg the existing value of
the radiativg lifetime of NO2 fluorescence.20-22 The existing value
(hhusec)lB’Qo is anomalously long for:én allowed elecﬁronic_transition;
as inferred froﬁ the magnitude of the absorption coefficient. ﬁo depen-
dence of the radiaﬁive lifetime upon the energy(of the excited molecule
has been reported previbusly, although such a dependence is expected on
the basis of radiation theory from the frequehcy factor in the A coeffil-

20, 23-2l

clent for spontaneous radiation. It has been anticipated on .

spectroscopic grounds fhat the fluorescence lifetime might exhibit fluctua-
tions because of severe perturbations in the upper electronic state.

Theoretical inferpretations of the causes of long fluorescence lifetimes

5, 25-28

in molecules have recently been given by several authors.

3) The fluorescence of NO. is bf interest as an elementary process

2 _
in the NO + 029'36 21, 22, 37, 38

and NO + O3 chemiluminescence reactions,

which have recelved considerable study in the laboratory and, in the

39, b

former casé, as an upper atmosphere reaction. Any understanding

of the rates of radlative dnd non-radiative processes that is obtained
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from fluoreécencelstudies can be used tb_increasa our'uﬁderstaﬁdiﬁg of
the chemical processes responsgible for the population and depopulation
of theﬂéxcitéavéiectronicistate innthésé spécific réactlons. .

_h) Nitrogen dioxide is advantageous from an experimental point of.
view. The molecule has an electronic trénsitioﬁ'in a spectral'regioh
that is well suited to experimental investigation. The upper state
is presumed to be the lowest: excited electronic state of the molecule
on the basgis of theoretiéal 'considerationshl aﬁd'of 8 éartial rotational
analysis of the absorption spectrum.uz Consequently, studies of the
relaxation processes are probably not complicatéd by the presence of other
electronic states. The lowest electronic tfansition of NO2 hes the
additional property of é-pre-dissociafion limit in the absorption reg_ion.h2
By use of excitation. close to.this limit the 5ehavior of(molecules‘iﬁ :
the neighborhood of & digsociatign continuum ﬁay be examined.

In a f;uorescénce stqu such as the present oﬁe)thé-system is dis-
turbed from équilibrium optically;‘fluorescence‘iSiﬁsed:analytically to.
observe the relaxation éf the system back to equilibrium, Optical ex-
citétion is an advantageous‘way_to study the lumineséence and assoclated  .
- processes, as compared to electrlcal or chemical ﬁeans of“excitation, as
- one is able to achieve highly mono-energetic eicitation and good time
‘resolution. Under conditions.of contlinuous, or de, excitation sucﬁ a:
system estgblishes'steady concentrations in all quantum states. For ac
excltation the systemlacts ags a set of‘lineaf circuit elements that
follow the excltatlion at the modulation frequency, But with phase
lag and amplitude characteristics that depend on the transition probabi-

lities connecting the various states. In the limit of zero pressure the
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only mechanism of.relaxation'will be optical, that 1s, flubrescence.
For this to be true we also fequire that other processes, such as pre-
dissociation,ér diffusion to the walls, are negligible, Non-radiative
(collisional) énergy transfer processes begin to compete with radiative:
processes at finite pressures and at sufficiently high pressure become
the dominant mechanlsm for restoring the system to equilibrium. Thus
pressure 1s the significant independent,variable'available to play off
one relaxatlion mechanism against the other,

The remainder of this introduction is diQided into four sections.
In the first a discussion will be given concerning the relation between
the absorption cqefficient and the lifetime in electronic transitions
with specific reference to NOQ. In the-second,and third gsections will
be glven the theory of measurements by the phase shift technique aﬁd:a
resume’bf Sterﬁ-Volmer (quenching) kinetics. Finally, fhe previdus

studies of NO2 fluorescence wiil bevsummarized.

A. Relation Between Absbrption Coefficient and Radiative'Rate Constant

The original relétion between the absorption coefficient and the
redistive rate constant for an optical transition was developed by Ein-.

b3

stein. The basis of the relation is that absorption and spontaneous
emlission are inverse processes and mﬁst satisfy defailed balancing. The
precise matheméticél statement of the relation depends. on the dioice of
units for light intensity and absbrption coefficient. A useful and self-
consistent set of units has been given by Brc-:fwer.lm’u5 Here light in-
tensity I 1s measured in ﬁnits of quanta/(cmngecxunit frequency interval
_1) '

gec . The Einsteln B coefficient 1s used directly in the rate equation:



—%%L [molecuiee/(cm3Xsec)]' ; "B (1)

With these conventlons the electronic transition moment (squared) of

a single atomic line for electric dipole rédiation is given by

rRle _ 3h 1 B, —_— o (é).

. 1 4
€ - 8ﬂ3V &
The A coefficient (radiative rate constant) is related to the electronic

transition moment by

’ A, = _é%%}__ P 8"‘T|Ré‘ o K5)

In these expressions g' and g" are the degeneracies of the;upper-end '
lower states respectively, Vv is the optical frequency between the two -
states in wave numbers (cm” )

At this point we\wish to relate I and B to the usual (for kineticists)
 laboratory quantities I_ (quanta/cm sec) and k= 0, the absorption |

coefficlent in cm?. These relations are given by

=fodv : (4a)
I =fIav o ( (W)
The requirement to satisfy (1) that :r;o = I B is fulfilled,
We wish now to consider'molecular transitions. lUnder the assumptions:
1) fHat the total wave function of the molecule is separable into
the product of electronic and nuclear wave functions, and
2) that the configuration'of the nuclei changes slightly between
the two vibronic states and thet the transition moment varies slowly -

with the nuclear configuration,
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then the_radiatién relatlions may be cérried over to molecular spéctroscopy:.hé
In molecular transitions the electronic moment, rather than being concen-
trated in a single.linej is spread over transitions to a number §f fiﬁal

statess Thus in the evaluatlon of the electronle transition mDment from

the absorption spectrum the contribution to the absorption intensity must

be summed over the electronle fransition-zh
. B
2 3h - 1. viv"
R e i P =
| el 87T5 Gy Vyty”
From (La)
.= 'é— —
e 8715 G V' vavn
. O_n ’ A
he 1 v ~
) ZTé e ()

The integratlon ihdicated in (5) 1s now to be taken over the entire

electronic band, We may deslgnate

o=-[ S av

~ A |
as the integrated absorption coefficient ha#ing'units cm?. G! ahd G"
are the numbers of sultable orbltals to which molecular transitions can
take place. The ratio G"/G' 1s equal to the ratio g"/g' of the electronic
degeneracies.gu_

We nOchonsider the rate of emisslon from the level v's Thié dis;

cussion parallels that of Strickler and Berg.25' The rate constant for

fluorescence into a particular v" level of the lower electronlc state

is given by



=T~

¥

| gt i (B 3
A = S IR G P (g)
where
‘. q ) |<¢ ’ rw.;., )42‘ I'..
viy" = AR AN RO

is'the Franck-Cohdoﬁ factor between the two vibrational ﬁave functiéns;

By normalizatioﬁ'and completenéss, (ige., by the assumbtion that thé
Franck~Condon region of the transition to the lowér electronlc state is"
concentrated entirely in the bound vibrational levals of. the lower staté)'-

we obtain the sum rule for Franck-Conddn factors?
3 , , - :
Qe = 1. & T (7)
v" .

The total fluorescence rate constant from level v* is given'by'the~sum

of rate constants to all v'gs -

v viv
vt v
L :
62""”' ”n :,‘42 ~
= S RS R
v
| g" - | |
= B —— o (P,) o8y
S A S A W e
where
~3 ' s . A -
<VVOF‘_—-C = Vz'v"' Ayryn (?)'

is the average of the fluorescence frequency cubed, taken over Franck-
Condon factors, This average may readily be obtained experimentally

as dgyelopedvby'the following arguments. The Franck-Condon factor is

proportional to the intensity of a given band divided by the frequency
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cubed?

I ) t « v . )
; vt v
Aty « | —53“"‘*“f . '. <lO)
' vt v '
If we define
T, on
E = 3 S (11)
o 52 .
vt ov"
“then
‘ q I vt v"
ty" T ~3
Y Yy E:
SatisfieSw(7) and (10), Consequently, we may write
(~3 ) 3"- ‘IV"V‘" ' : . -fIV' ‘ d.;
v . L= =
v* s I Ny vP) >
Ffp in Iv’v"/vv'v" : I(Iv'/; ) av _
- (12)

where the iﬁfegrals are to be taken over the entire fluorescence gpectrum,
The relation between the (measured) absorption coefficient and the

(predicted) radiative rate constant is now given by
i .
G" ~5

A, = Bme o 9 <V"">Fc (13)

It‘should be stressed that in order to apply this'féldtion both ¢ and '
<;3'>F-C mist be measured in independent experiments. Further (33,)
will be differenf for different v'. Consequently any com_arigon betwe;n
radiative fate constanté for different v! mustvtake into account the
.gmissién spectra of the tw§ vibrational lefels. Thils point has been
gtressed by Rddford and Broida.u7 Without knowledge of the emigsion

spectra, the comparison of measured lifetimes of two v' levels must be

somewhat qualitative., However, a general conclusion that may be inferred
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e that the more energetic levels will tend to fluorésce Qt higﬁér energieg
end consequently will tend‘té have greater fluoreacence rate constantg |
- (shorter lifetimes). |

We wish to turn now to the application of.these.expressions to the
E—X trﬁnsition in nltrogen dioxlde., The red-brown colqr of gas pﬁase
N02 is due_to 8 strong very broad electronic'absorption which extends
from 2500 A in the near ultraviolet to at least 10000 A in the neér infra-
red.. . The gas is in equilibrium with its'dimer, which is transparent
at wavelengths greater than hOOO-A.h8 At the pressures of thg present
fluoreséence experiments this equilibrium_is entirely to the side of the
monomer;hg however, at the pressures required for obtaining absorption
spectra tge proportion of Ngoh is qgite glgnificant. Tﬁe problem wa§
overcome by Hall and Blacetb8 who used spect:a_obtained at two preésures
and the equilibrium datau9 to obtain absorption spectra of the two species
(Fig. 1). A continuafion of the absorption spectrum to 7000 A has been
given by Dixén.5o From the two spectra;’which are in good.agreement in
.the fegion pf overlap, the integrated absorption coefficient g was.ob—
tained by mumerical integration (Table I).

The entire resonance fluorescence spectrum of any vibrationsl level
of N02 ﬁas never been measured. Consequently the average quantity (33,)F ;
which is needed for application of Eq. (13) is not available, However, )
this guantity may be estimated by various means, First, from fhe absorp->
tion spectrum, the average frequency of absorp;ién may be detgrmined;8
(Table I) and used as an estimate of the fluorescence frequency. .However,

this quantity might be expected to be too large for two reasons:

1) The absorption continues well bejond the dissociation limit
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Fig. 1 Absorption spectrum of NOo as determined by Hall and Blacet (Ref. 48)..
From spectra at equilibrium mixtures of NOp and NoOl at 33 and 306 torr
the spectra of the two species were resolved by use of the equilbrium
data. (Figure reproduced by permission of the authors and the copy-
right holder, the American Institute of Physics).
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Table i. Fluorescence lifetime of NO, calculated
from radiation relations

Integrated Quantity Value . Cale, ¢« Source of Ref.

: - Lifetime, iata

Hsec -

g ' .99x10"l9 2 absorption =a,b
fdd?/f(o/V) av - 25880‘cm’l. - 0.256  absorption a,b
[{GB)F_CJl/B | 12300 em™ 238 No+o0 e

=3, 41/3 L | |
[(v Yool , 6233 cm . 18f3 : NO + o3 | d

Results of numerical iﬁtegrations'cf absorption and fluorescence spectra,
Fluorescence lifetimes were calculated from‘ihtegrated absorption coeffi-..

cient, ) uging three‘éstimates_of the mean frequency of fluorescence,

a. Ref. )4'8

b, -Ref. 50
c. Refs 31

d. Refs, 21, 22
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30754, Whileifluofescence is obtained only from molecules with:energles
below that Limit, - | ‘
2) Fluorescence can take place to high levels of the gréund‘state.

5)F_C'can be obtained from chemiecsl

21,22, 31

The second approach to the values of (V

5 If it may be.assumed that the

. electronic state here is the same as that populated optically, then the

‘reactions that yield excited NO..

fluorescence spectra of these chemiluminescence systems can be used to

B)F—Cf ‘These are given as well in Table I. The

two valuer given might be taken to represent the average frequency of

obtain values of (¥

emigsion for the two'molecular'energiés populated by the reactionss -
however, since the spectra dre obtained at high pressurey. energy

transfer processes may have taken place'andﬁconsequently the fluorescence.v
‘spectra may be shifted to lower frequencies than for the resonance spectra. .'
Thése values should only be considered as rough'estimates of the <;§>F—C
factor that should be used in epplying (13) "bm; suggest that a factor

of from 10 to 100 of the'"aﬁomalously long lifetime" of NO, fluorescence
may be due to improper estimation of tﬁis quantity. Certalnly the spread
- in the values of the calculated lifetimes indicates the degree of cautlon
that must be exercised in applying the radiation relation (Eq. 13) to a

trangition that extends over as wide a reglon as the present one.

B, Theory of Measurements

The theory of the phase-shift technique has been developed by
15, 51~58

previous investigators. In general we may write the functional
relation between the modulated concentration E of an exclted state and
the modulated intensity Eo of the excltation radiation in terms of a

dimensionless complex transfer function F which 1s defined by the relation



Wwhere

k is the abgorption cross section,

G is the concentration of molecules in the ground state, ':<

Io = Ioe it is the modulated excitation light,

E =E ejmt is the modulated concentration in the excited state, and

~

o = 2mf is the angular frequency of the modulation.

When the kinetics are first order in a gingle excited state then

. l . ' N . v X .
Pim e (2)
. i .
1+ A .

where k is the total rete constant for firsﬁ'order decay in the absehce'
of excitation radiatien. Expressions.for F for.other,kinetic mechaniems
are glven in Appendix A,

Experimentally, the transgfer function F(m) is. obtained by measure-
ﬁents of the intensity of fluorescence and the phase shift of the fluores~
cent . light with respect fb the excitatlion source, For fiﬁst order kineties
' in a single excited state the amplitude of the modulated signal is |

i
(® + o)

|_§| =- Q’Yk'f. lgl = oYykk Glzolﬁ

iz

(5)

where k, is the fluorescence rate constant (a subset of.k),- where & 18
the fraction of the total fluorescence spectrum that is within the speCtrdl
response of the detector, and ¥ 1s a geemetrical factor equai to the |

frachion of the emitted light which is accept'ed by the detector. The

phase shift is given by
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The désired-fate constant k may be obtained either from the decrease

in modulated amplitude or érom the ﬁhase shift; both methods are ex-
pected to give the same value for'k with the phase method more sensitiﬁe,
This has been confirmed by Birks and Littlé.sl |

In two instruments which have been designed to measure the phase

shift 6 directly, a calibrated phase shifter was elther manually set to

null the observed phase shift?2 or was mechanlcally swept through the null
region.§5 Theée means of measuring the phase suffer from the limitation

of short Integrating times, and in thevformer case pbssible errors of .
Judgment at low signal~to-noise. Presumably these diéadvahtages could
be overcome by the use of a servo-driven phe ge .shifter coupled to an |
integrator. An glternate‘tedhnique,which is employed 1n the present
experiment, is to measure the intensities of the in-phage and out-of-
phase components of the fluorescent signal b& use of a lock-in'detector'  '
_ gated with respect to the modulation signal. In single-state kinétics
the rate constant and the lifetime are obtained frﬁm the ratlo of thé

components?t

kK = ¢ = o SE°/S-90° | (5):

1

The modulation amplitude is obtained in the usual way

sl = (s + F)? - ®

This method has been used by Yardley and Moore15 and Johnston and co-
5l -56 '

workers to enable integratioh'timés to be extended arbitrarily by

analog or digital means.
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The inherent solvu-'c‘e of ‘erroi' in measurements of.' ra.te constants by B
the phase shift 'techhiquei is the propagated error of. the phase, In the |
'pre'sent technique that eiror Aenter.s in setting the i)ha.se*bf the lock-in
detector tio that of the excitation 1ight. If this error is designa.ted

as A ¢, measured in radians, .then from (h) and (5)

R I L (n

where R = S-9O° /SO° . This result hag : been given- by Kloss ‘a.nd, Wendel57 R
" and by Bonch-Bruevich, , |

The quantity (R + B'l) is. at a rather shallow minimum fer the exactly
tuned modulation frequency, ® = k. The error expression (7) sets limits
on the range of lifetimes that may be measured with a given frequency in

order to retain s desired precision.

C. Resume’of Stern-Volmer Kinetilcs

The kinetiec: scheme of excltation to and: fluorescence from 8,

Bingle excited state is known as Stern-Volmer kinetics 59,60 The

" elementary reactions in this mechanism arey

: Ioke : :
G = E : excitation '
k. : ‘ _
E S G+h fluorescence .
E+M % ¢+M  quenching

where
¢ 1s'a molecule in the ground state

E is a molecule in the excited state
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M is a quenching molecule which may or may not be G
Io is the incident intensity of excitation light, aﬁd

ké ig the absorption cross section,

The assumption of a single excited state and the conventional -
steady state assunption lead to the expression for the concentration 6f"

the excited state in a dc experiment:

: 1
E = Ik G sm——rt—s .
oa R FE N
The observed fluorescence signal 1s glven by
Szra«kaE e (2)

.Consequently the observed signaI should obey the Stern-Volmer relatioh!:
(S/G)-l « 1+ (kq/kf) ¥ (3)

where the consﬁant of proportionality equale.thesproduct (Io ka o 7)-1.
Even 1f all these factors are kmown the de . experiment is capable of
y?elding only the rate constant ratio kq/kf. This ratio may be obtained
from the same experiment without knowledge of these factors (which are .
difficult to obtain experimentally) es the ratio of slope te intercept
in a graph of relative values of (S/G)-l ve. total pressure M. Such a
greaph should have finite and positive values for slope and intercept,
Since only a single excited state participates in the fluorescence, the
pressure’ dependence of (S/G)»‘l gshould be independent of the obgervation
wavelength,

In a time resolved (flash-decay) experiment the decay in concentra;

tion of the exclted state from an established cohcentration E (0) at
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o

time & = O in the absence of excitation light 1g given by

E(t) = E(0) A

where : .
T = k *k M | - - (4) |

The inverse lifetiﬁe-f-l is the total first éiderv(in E) rate of depopu-
lation 6fvthe'exc1ted state. Consequently.a graph of T—} vg; thill |
y;eld values for-kf and kq independentlj a8 the Intercept and slope_re-..
spectively. The two quantities (S/G)":L and L are measure¢ independently
in different experiments, }The graphs obtained from each exﬁeriment are
expected to be geometrically similar; i,e., fo have the same slépe to
intercept. rét io. ’ -

An alternate graphicgl reﬁresentatioﬁ of the dﬁta may be obtained

 from the relations. .

v}(g/g)“ljm « 1 + (i:f/i:q) M":L | , o
and - | B )
] o .

-1
+
K M = ky k, M

A graph of either of these qugntities vu.‘the:;ﬁéerse.of the presgure.r"'A
(inverse Stern-Volmer plot) should again be linear, |

We wish now to treat.the'same mechanism in terms of the phaée shift
techniqueﬁ This method introduces no new kiﬁetiés,'but is merely.ah alter-
nate method of perforﬁ!ing the experiment. Fér simple ,Stern-Volmer kinetics
the meagurement of in-phase and out—of-phase signal intensitles as a .
function of pressure, at a single modulatién frequency @ = 2nf, is

equivelent to the indeperident measurement of lilfetime and intensity as a
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'functibn of pressure. This equivalence is developed as follows. _In an

ac experiment the differential equation governing the population E ig

E = - (x  +
o= I, %, 0-F (gptxg ¥

Lot the solution

where I is the incident (ac) intensity. For I = Io e
obtained for the.modittated concentration in the excited state is

y 1

' 1ot
ST T b B
. ‘ ) f.q
whence . |
Sfo= T a vk k - ot
/G = 1, & ¥k Xp K, + kM + 10
_ ‘ q
- _
jkf k, M o

= I, ay k k F The - I X T
o T Ta T ((kf qu) (&, qu) ;
For the lock-in measurement;-technique
§ = Spo =15 oo

In Stern-Volmer kinetics then

- ke + Xy M B
Se=I av kk (7
0 o a f (k_+ M)e 2 :
f'q
and
S s__9oo = I avy kk, 5 (8)

2
+
(kf kq M) + w

¢

the in-~phase and out-of-phase inteHSitieé,'are,the tw6 independently mgasured

quantities-in the experiment,: We now deflne the combinatorial quantities

R o/Sye Which is dimensionless and I = [(8,0)° + (S_9Oo>2] / 8¢

= S—9O
having units of intensity which, under the assumption of Stern-Volmer

kinetics, should obey the relationst



'.;19_

: rL = (x, * ko M)/o  and ’R‘l-/M:; .(k-q-"{k“f ‘lM..l)/cn -
| )
-1

I a:'v:_].+‘(kqv/kf)M and I™/M «v»1+(1‘¢f/kq).M

vhere, as'before,'the constants of proportionalit& tARe' Into accounﬁ_the »fv,
product ( Io ka.a v)e The two quantitites I and R/m; are the phasge shift analogé
to the intensity measured in a ‘dc experiment and the lifetime measured |
in & conventional flash-decay experiment, reﬁpectively.
It ghould be stressed that the two quantities R and T are independent.
The two directly measured quantities Soo,end S_9Oo may be written in terms
of R and I e ' |
| 8,0 = I/(L +8%) R R
. : _ o o (10)
_ ..S-9O° ] IR/(l + R2) S _

i'D, Summary of Previous Studies of‘NQn‘Fluoreseence

The optically excited fluorescence of NO2 wag flirst oﬁserved by
'rNbrrish.sl The fluorescence was found to extendrfrom the wavelength ef

. excitation inte the red, and the Spectrun exhibited a broad, diffuse
structure. The.first‘quantitatine quenching studler of the-fluerescenCe
were n&de by Ba.x‘ter,62 who interpreted-the reeults in terms of the Stern-
B Volmer mechanism, finding that the quenching ratio k /k was very large.
The indication was that either the quenching was super-efficient or that '
'the lifetime of the excited moleeule was quite long. 'This question wag:
‘resolved by Heil63vnhpAshowed, from'the fact tnat>£he.molecules diffuse
the order of O.l cm in their lifetime, that the lifetime was necessariiy.

the order of 10 Msece
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' The first photo-electric measurements of the fluereecence lifetime
and quenching were made by Neuberger and Duncan (ND)}8 who found & life-
time of ﬁh psec, ND found no dependence of the fluorescence lifetime on
the wavelength of excitation for the regions 37504h150, hd50-h700, and
uhoo-sooo A. Attempts were made as well to measure fluorescence life--
times for excitetion in the regions 3300-3900 and 5200-5700 A. In the
former region no fluoreseence was observed; this was attributed to dlsso-
ciation, In the latter reglon fluorescence was observed, but no lifetime
was capable of measurement with their equipment. This wes attributed by
the ‘authors either to lack of sufficient%signal or to insufficient time
resolution of their equipment, ND also obtained a quenching rate constant
(6.0 x 10-11 cm?/moleculevsec) which was independent of the excitation
wavelength. .

Douglaseo has remeasured the fluorescence lifetime for exeitation
near 4300 A, and has extended the measunements to lower pressures of
N02 (Ool.mtorr)f than were used by ND, The fluorescence decay was:
found to be exponential with a lifetime of hh Hsec, and there was no
change in the lifetlme in the pressure region 0.l to 1 mtorr. . —

Recent quenching measurements by Myers, Silver, and Kaufman (MSK)19
have indicated that the lifetime is at least as long for excitation at
wavelengths greater than 5000 A as for excitation at lower wavelengths.
Further, the quenching ratio was found to depend on the exc1tation 0
wavelength, and for a given_excitation wavelength on the observatilon
wavelength, _For excltation at L4358 A the quenching ratio was reduced
threefold as the wavelength.of obsenvation was changed from 4580 A to

6330 A, This observation implies that the Stern-Volmer mechanism of



of a single excited state is not obeyed, dnd'suggeSﬁs that the quenching -
process consigts of the stepwise removal of energy ffom thé exclted

molecule,
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II., EXPERIMENTAL

A! 'Aggaratus

1. General Considerations.

An epparatus was designed to excite and detect fluorescence in theA
vigible region and to measure fluorescence lifetimes in the range 102200
p sec at extremely low light intensities. Since it was desired thet the_
excitation band pass be nerrcw and continuously tunable throughout the
region, & continuum'sourcee—monochromator combination wag employed rather
tﬁan an atomic line source. A block diagram of the apparatus ls given
in Fig. 2;.the components of the apparatus are discussed below.

The phase shlft method is especially suitable to lifetime measure-
ments at low fluorescence intensities as 1t makes efficient use of the
available excitation light (50% in the present case) and readily allows
for long integration periods necessary to overcome shot noise in the
optical signal. Under the conditions of the experiment, at a pressure
of 1 mtorr,. or 3 x 10 D molecules / cm? in the ground state there were
typically 1.03 molecules / cm in the excited state., Signal intensities
were:of the order of 100 counts/sec; lifetime measurements may be made
at iﬁtensities well below this (e.g., 10 counts/sec) if the Integrating
time is sufficlently long for the desired accuracy.

For any particle detector the precision of intensity measurements
is dependent on the total number of particles detected,.For an ideal
detector the signal-to-noise (signal to standard deviation in signal)
is given by |

s - (MR

where I is the average count rate and T is the counting time. Thus
for I = 100 counts/sec, T mugt be 100 sec for a nolse-to-signal equal

to l%l .
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For a real photon detector (photomultiplier and assoclated slgnal
‘ processing équipment):, the signal-to-noise will becdegraded from the ideal,

and the necessary integrating time consequently increased.

2. Tamp.

The lamp used iAnvthese_e;@erimen‘bsatwas a 1600 watt dd, high pressure
Xenon arc (Osram Model XBO 1600) s which emits a c;ontinuum over the spectral
range 24007600 A. ‘According to the manufacturer there is same structurg
to the emissién spectrum of the lemp in the region 4400-5000 A, probably
pressure.broadened lines; however, no indlcation of the exlstence of such
structﬁ.fe was observed in the output radietion of the sourée mohochromators.
The lamp was péwered by a Christie Flectric Corp. (Model MHXM-1600-28) sili-
con rectifier which ran on 208 volt, three phase AC¢ line current. The
ac ripple on the de light output Wa.s'Q.7 _p:ei cent, mostly 120Hz. Although
not stabilized, the lamp supply was rela.t‘ively consgtant. During the |
course of an experiment lasting several hours the curfent was normally
constant of 64.0 * 0,7 amps. The light output 'vari‘ed‘," approximately
as the :square of the current va.rv:i.a,t'ion° The input to the lamp wes normelly
64,0 amps x 25,5 volts or 1630 watts. The lamp house (15 cm diameter) |
wag water cooled.v' | |

According to the ﬁanufacturer the light output of the lamp ism c’on-
stant during its 1500 h ratellife. Any decrease in the light output, if
'uncompensa‘ted, will lead to systematic errors in measurements of relative
intensities. The mee.sureménts of fluorescénce intensities reported herel
were made with a néw la.fnp dui-ing the first 600 h of its 1 fe. No deter-
mination was made of any possible decrease in lamp intensity in this

time, but such a long term decrease would be adequately compensated by
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the use of‘a fluorescence ihfensity standard (Seé.‘lO); Also, for a
éiven ¢xcitatién wavelength experiments at differentjpressures were'made;
in random order. | o

B.IIMonocHromafor;

Monochromation of tﬁe excltation iight wasvéccqmpi;shed by'Bausch'

and Lomb 33-86-02 (compact) and‘33~86;h5 (500 nm) grating monochromators -
in seriess The fofﬁer, used as a preémonochromator‘to reduée.total_
scattered light, was mounted at the side slit of the larger 1nstrument,
suchlthat tﬂe entraﬁce slit of the second’ monochromator served as thebexit‘
slit of the first. Radiation from the lamp was focusecwon the entrance
slit of the compact monochrometor by a quartz_cdndensér éystem supplied -
with the larger monochromator; this iens extended‘into the lamp.house
approximately.3 mn from the bulb. | | |

~ Under the usu;l conditions of measurement the s1it widths were l;5 mm
foflﬁhe entrénce slit of the compact monochiomﬁtor and 0.9 mm for the slits
of the 500 mm monocﬁromator; At these:slit widths‘fhe nominaivfull wildth
at half maximum intensity was 1l1.5 A« The measurea values were 15.0 % O;h A,
Thé slit function was observed by use of a Spex Industries model 1400 double
grating monoéhromator; a profile obtained for excitation at 4300 A is given
in Fig; 3¢ These measurements were not corrected fér variation in the
spectral responée:ofﬂ the monochrometor and photomultiplier in vieﬁ'of the
.harrow spectral reglon involved.v In ofder to obtaln a"representativé
sampling,of the beaﬁ of excifatibn radiation the entire beam waé_made:to
_ fall on a frosted glass platej,_and the scattered light from this plate was
observed in transmisgion. The frostéd plate was located approximately 20 cm
from the entranc§ s8llt of the Spek ﬁqnochfomator and no focuslng was used

- between the plate and the entrance slit, .
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‘Fige 3. Slit funetion of source mondchroma_.tor. Normally the full wldth st half
intensity was 15 A; the 10% width was less than 30 A and 1% width less

-93"
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The waﬁelength calibration of the Spex mohdchromator was détermined'_
to 0.2 A with a low pressure Hg discharge (General Electric ‘Model No, |
GhTh h watt) and the wavelength calibration of the excitation source
'determined in turn from.this. The optimum tracking bf the two. source
monochromators was determined by trial andvérrér; at optimum tracking the
band pass was falrly symmetric:. and the intensity approximately méximum.
The difference in wavelength readingibetﬁéen the fwh monochromators for
‘ optimum tracking‘was.éonstant as s functioh bf wavelenéth.A Repeatabllity .
_inhsetting the source monochromators wes approximately 3 A, |

4, Modulator and Reference

' The optical modulator consisted of aimechanical hlade'chopper whéel
20 cm in diameter having 60 slots recessed 1,9“éﬁ from the circumference.
'.The.width of the slot wa.s equal to that of the blade.' The light was fbcusedv
anto the plane of the blade. The image'of the soufce»mohhchrbmator‘slit wa.s
approximately 1 mm ihbwidth compared to 5.2 mm for the biades. Tt was
desired to have an image of ﬁhe glit focqsed_as small as practlical in order
to minimize ﬁhe phase spread in the excitation iadiation, althohgh this re-
sults in a greater proportion of higher harmonics in the excitation wave form,

The motor used was & l/50 h.p. Bodine hysteresis synchronous motor

(Model No. NCH—lB) having a rotation speed of 60_revolutions/sec., With
the 60 hladed wheel the modulation frequency.produced.was 3600 HzZ; corre-
sponding to a tuned lifetime (45° phase shift) of Lh.,21 p secs This
frequency was confirmed by‘direct count and was considered to be;main-
'tained to.the précision'pf the 60_cyclehac.line frequency, which is
v gengrally better than 0,1 pércent. Any significént»variation in this’
frequencylmanifested itself drastically in-phase shlfts in the tuned ampli-r
fiers in the phase gsensitlve detector. There was a sllght ambunt |

of Jiﬁter in the 3600 Hz signal.compared to line due to the load of the
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blade on the motor; thls did not have any effect on the detectlon systema
The reference signal to drive the lock-in was teken directly from

the motion of the blade by a metal distance detector (Bently Nevada Corp.,
Model D-152). The signal from the distance‘detector wag flltered to
remove unwaﬁted high and iow frequencies., | |

Tﬁe filtered signal is capable of driving the lock-in direcﬁly at
any given phase; hoﬁever, since the lock-in uséd did not have a quadraﬁure
phase shifter, such a phage shifter was construcfed go that reference
signals separated.ﬁy 90° could be obtained. The schematic of the phase

shifter 1s given in Appendix F.

5. TFluorescence Geometry. -

Because of the effect of the geometry of excitation and ob;ervétion
of the fluorescence it was desired to keep thé §bservation fegion a8
large as possible. The geometrical arrangement df optical components
is indicéted in Fig. h; The excitation beam B was approximately
parallel throughout the.cell. The two magsks M served to prevent obser-
vation of any possible fluorescence by the walls themselves, and to prevent
obserfation of molecules excited near the Wallg vwhogse lifetime would be.
shortened by wall quenching, k
In order thatvthe photomultiplier would be able to receive radia-‘
tion from the entiré height of the fluorescence cell the housing was
designed to accept light from a wide angle. This was éccom@lished by
the use of‘an aperture plate A, which, together with the effective
cathode surface dlameter, .defined an angié of acceptance 6 (tan 6 = 0,31)
.such that all light entrant ubon the aperture within this'éngle would be

sccepted., With the geometry shown in Fig. 4 the entire height of the

bulb fell within this angle of acceptance,
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Fig. be Fluorescence geometry: front and side views of geo-

.- metricel arrangement for excitatlion and obsgervation of : -
fluorescence. - A, aperture plate, 34 mm diameter; B,
excitation beam, 20 mm X 25 mm; C, fluorescence cell,

153 cm diam; M, masks,



-30—

The condition fhat was considered the most severe limitation of the
detection efficiency at largé distances from the axisAwas the curvature
of the sphericél;fluofescence-cell; at’ larger anéles:from fhe.normalaa
higher fraction of incident light is reflected. Because of this effect
tﬁe estimated dimension of the region of good detection efficiency was.

+14 cm about the axis.

6. Photomultiplier.

The optical detector used in these experiments was a high‘gain v
photomultiplier having a spectral reSpon;é to 8000 A (EMI 95584, §-20
respoﬁse). In use the tﬁbe was refrigerated 5y cold N2 gas passing over
the cathode areé of the tube; the temperature, meésured by a thermistor .
locafed close to the cathode was held to -56.4°+ L4°C, No dependence of
the quantum efficiency of the photomultiplier was observed in this tem-
perature range to a sensitivity of 1%. At the temperature of operation
the dark current from the tube was approximately hovcounté/séc. However,
this dark current was non-statiétical' a significant fraction occurred in
bursts of 10 or more extending over approximately l msec. "The origin

of such sources of noise has been discugsed prev1ously 6k It is believed
that these bursts may be due to disintegrations of ﬁgK in the tube win-
dow; they were not observed in a model 9558QA -tube,which had a quartz
window, ' Li

The.high voltage power supply used was a Fluke model 408 B having
a ripple less than i mv RMS and a stability of-0.0Q% per day. The
photomultiplier was operated in the usual wa& with the cathode at

negative high voltage (-1400 v) and the anode load resistor (EOK) tied
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to ground. A copper foll shield surrounding the dynode area of the.tube

was held at cathode potential.

T« Spectral Caliﬁratiohu'.”

The spectrical response of thé détector (photomuitipliervplus inter;
fergnce filtérs) wes calibrated in order to obtain.flubrescence intensity_
spectra.. In such a calibration one usef a standa;d liéht s urce whose
relative spectral intensify distribution is known; from the specfrai
distribution observed withfa.given detecfor the relative spectral
response»of the deteétor may be obtained. _At a given obgervation wave~ .

length the detecfor observes a signal

5, (lamp) = .fx I(lamp) T(filteé) R(PMT).dx

-

‘where the integration is taken over the detection region, in the present
cas; over the transmission region of the interference filter. If I(lamp)

is known and is constant ovef the region of integratiqn, then
(TRAA)K = Sx(lamp)/fx(lamp) = fXT(filfer) R(EMT) an
Similarly, for the fluorescence signal
| sx(fluor.)3-=_ fKI(fluor;) T(filter) R(PMT) dr
whence
;x(fluor.) = Sx(fluor.)/(TRAA) : A' ._ -

= 5, (fuor.)/[S, (lamp)/I, (lemp)]

With these assumptions the quantity [Sx(lamp)/Ik(lamp)] may be’
teken ag a measure of the spectral fesponse at wavelength A, Thus a

calibration of the detector could be made in the usual way. The lamp
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used was a tungsten ribbon filament lamé designed for this.purpOSe
(General Elecfric Model 30A/T24/17) powered by a photbfregulated supply.65~
The brightness temperature of the filament ﬁas.measured with a Leeds and
Northrup optical pyrometer (Model No. 8622-0) which had been calibrated

- by the IRL dc¢ standards group. From the brigﬁtness.temperature the
‘thermodynamic temperéture,and spectral emissivify were determined from

the data of De Vos66 with a program written by Gabelnick,65 The results
of the calibration are given in Table iI.,

o An examination of the assumptiohs concerning the constancy of
I(lemp) and.I(fluor.) showed that these assumptions are subject to criti-
clsm for' the band pass of the interference filters used. Representative
data illustrating this effect are given in Table II, The magnitude of
thg ﬁncertainty in the spectral response factors for the various filters
result ing from this effect is probably the order of 20% in the blue
region, less in.the réd.

The interference filters ‘Were supplied by Baird Atomic Corﬁ. Trens-

.mission ¢haracteristics were determined on a Cary 14 Spectrophotometer.

8. Signal Processing Electronics. ' .

Under the conditions of these experimenté the optical signal was of
sufficiently low intensity (< 5x103 counts/sec) that the photomultiplier
signal was observable on gn-oscilloscope (Tektronix Model 545; risé time
20 nsec) as individual voltage pulses, or shots, corresponding to single-
electron cathode events. Under these conditions a consilderable gdvantage
in signal-to-noige may be obtained by treating the signal from the photo-

multiplier as digital information rather than analog.6h A possible tech-
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Table II. Wavelength response of photomultiplier plus filters

Filter Maximum transmission Band-Pass Relative - “'Intensity variation in .-
number frequency em~1 50% 10% response a ' calibration lamp ’ -
, , eml  eml _ $/100 em™t  4/504 B.-P

1 23200 * 50 - 458 807 1.69 ' 5.7 - 26,3
S 2 22170 | 260 W77 - 1.29 5.7 14.8

3 - 21460 , - 253 88 - 0.835 .
b 20790 = 4o - 238 Lsh (1.00)

5 20370, 274 Lol 0.878 .

6 19960 116 239 . 0. 428 5.6 6.5

7 19350 | 183 329 0.724 |

8 18950 . 180 334  0.6L45

9 17880 * 30 189 . 339 o.54 -

10 16960 164 293 S 0.ko5 5.3 8.6

11 15850 2y k52 o33 T

12 15130 * 20 185 3k2 0.371 5.2 12.6

13 14270 ‘ 185 3k 0.23%6 ' -

14 13320 © 195 339 0,063 o

15 12480 177 276 0,018 . k8 RN

Relative response (quanta/cm-l sec), normalized to No. L.

-GG



=34

»

nique, thus, would_be.to use the puise signal from the photomultiplier to
trigger'e pair of reﬁersible counters gated in qoadrature by the reference'
signal (digital lock—in).5h However, this technique suffers from the dis-
advantage‘of requiring a brecise knowledge of the harmonic content in .
the optical excitation waveform. Third, fifth, and higher ha.rmonics .
have different phase shifts from the fcndamental,Aand the contribution
from these can be teken into account only if their maghitude is krown.

Alternatively, an &nélog]IOCK;in.is«capable of-eelecting the.funda-
menfal frequency and rejecting higher harmonics by means: of a tuned
amplifier in the signal channel. It was in large part for this reason
that analog electronic circultry wes used in preference to dlgltal.
However, in order to retain the advantage in signal-to-noise afforded’
by the use of digital equipment a monostable multivibrator (one-shot)
similar to that described by Akins, Schwartz, and Moore6)+ was used to
convert the pulses froﬁ the photomultiplier into unifprm_pﬁlses suitable
for subsequent analog date handling.

The design considerations involved in using this type of circultry
have been discussed previously.6u The one shot used in the oresent work
differs from that previously described in the addition of preamplification
stages and the addition of a separate.oﬁe-shot folloWing the discfiminator.
It is capable of being trlggered by a pulse of 1,0 mV lasting 0.1 psec.
The discriminator level was set by methods discussed previously. ok In .
the present work the output pulse width was 1.0 psecj the recovery time
was 0.5 psec, Thus coincidence loss was less that l% for count ratee
up to 6 x lO5 counts/sec;, The outputvpulse voltage was attenuatedvto
approximately 0.5V, The circuit schematic is given in Appendix F,

In order to keep the circuitry fast artransistOrized current
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amplifier wa.s located at the socket of the photomultiplier tube. .Tne‘l
schematic of this amplifier is given in Appendlx F. |

| The output from the one-shot was fed directly into the. signal '
channel of the 1ock—1n amplifler (Princeton Applied Research Model.JB;5)w
Becanse of the single shot characteristic of the input signal to the . |
lock~in it was ne_ceseary to modify somewhet the usage of tne omplifier;
iepecifically it was necessary to operate at a lowoaverage dc output S
voltage‘in order to avoid‘saturating ac amplifiers by high transient
voltages.' A general discussion of the problem of dynamic range in pulse‘
work and the advantage of using a sharply tuned circuilt is given in
Appendik E. _ | A _

The output from the loekein was 1) recorded directly on & potene”
tiometer recorder (Varian, Model G-10) and 2) uged to drive a voltage
controlled'galerator (Wavetek, Model 111) which, with g’counter and
timer, was used to 1ntegrate the output signa.l.5h The time was con-
trolled by a crystal oscillator and provided integration periods differ~ '
ing by & precise factor of 2, of approximately 25, 50, and 100 sec. At
signal levels_sufficiently high tnat accurate readings ofgthe strip |
chart record could be taken the siénals from the recorder and‘the integra-
tor Were proportional to within l%;;ihe specified linearity of the voltage

controlled generator was 0,1%.-

9. Gasg Handling.

The vacuum and gas . handling system wag & conventional greaseless

* metal and glass line., A 2 in, oll. diffusion pump was water baffled and

ligquid nitrogen trapped; the pumping fluid was Dow Corning 70& silicone

. fluid. The section of the vacuum line used for handling and storage of = .
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the san@le uas largelj glass; other materials present were-stainless.steel;
Kovar, Teflon,. and Viton;A. .High vacuum greaseless stopcocks:(Teflon . |
plugs,'O-ring seals) were used., The residual pressure prior to £filling

the ceil was less than b x 10-6 torr, as measured with an ionization

gauge (Consolidated Vacuum Corporation, Model GIC-lO uncalibrated)

The fluorescence cell was & 33 cm diameter, 22 liter pyrex spherical
bulb; the neck was’Sealed against the atmosphere with a 10 mm greaseless
stopcocks The cell was detachable from the vacuum line and :transported '
to the fluorescence apparatus; the seal to the vacuum line was made with
an O—ring connectors The leak rate into the sealed off fluorescence S
cell was less than 5 x 10 7torr/h most experiments were made within a-
period of 10 h after the.cell was filled, but in & few cases measurements o
were continied on the next day. A cold finger was attached to the necklﬁld
of tne cell to allow for freezing out the sample.

Presgure measurements were madeewith a.capacitance pressure trang-
ducer (Datainetyrics Model 511-10, controller Model‘lOlh). ‘The theory of .

: _ , 67
this type of instrument has been discussed by Rony. 7

According to the
manufacturer the linearity of the present ingtrument was better than

0,1% over the range 0 to 10 Torr; in tﬁe present experiment using

analog read out (Varian GwlO recorder) measurements were precise to 1%.

The finite leak rate of the transducer (approximately 0.5 mtorr cm /sec)
through small diameter tubing to the vacuum gystem produced a zero offset -

in the pressure measurement (0.08 mtorr),. Conseguently, measurements

- of pressure were teken by difference. The impurilty in*the sample due to

‘the leak rate of the transducer was estimated to be less than O O}nmorrg
this was probably the most 81gnificant source of impurity.,

Nitrogen dioxide was obtained from Matheson and had 8 gtated purity
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of 99. 5% ‘The ges was edmitted to the vacuum line to approximately 20
torr and & portion was crystallized in ) cold finger at -78° C. The
residual gas was pumped off and the sample pumped ons The sample was
sublimed,vrecrystailized and pumped on several times. The crystels were
at all times colorless. Foliowing'this the samnle was twice distilled
from ~T8° to _196“, the first and last fra.ctions'being discarded. The
purified sample ;as kept in the dark at -l96°. ‘Prior to fillinghthe
cell the sample was recrystallized within the storage bulb and again
pumped on at ~78°. The fluorescence cell was filled'by admitting NO,
from the storage bulb at —78° into the ceil until the desired pressnre :',
was attained, o

The experiments were conducted at a temperature of 23.3°+ 1,3°C, -

10, Procedure.

For any set of incependent variables (encitation wavelength
observation wavelength and pressure) the two measured quantities Were
the 1nten51ty of in-phase and out-of~phese fluorescence. In practice,s
however, some scattered modula ted llght is detected by the photomultiplier,
consequently all measurements Were made a8 & difference betWeen signal with”'
the fluorescing gas present anq gsignal with the ges frozen out in the
-eold finger:oftthe céll, At the higher pressures, for widély-seperated'
- excltation and obgervation wavelengths,‘thevscattered'in-phase signal was
| less than‘one per cent of the in-phage fluorescence signal; at low pressnres;
for observation close to the excltation waveiength, the scattered In-phasge
signal was as great as ten times the In-phase fluorescence signal.

Scattered out-of-phase signal was in all cases quite small. This scattered

light was due to excitation light transmitted through the wings of the
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filter band pass. Because of the low pressures kiess'than 50 m Toff)'

no more than h% of the total 1ncident radlation was absorbed in a path
length of 33 cm, and correspondingky less at the lower pressures where
scattered light was more important. Consequently it was ccncluded that

-the presence of the gas did nd significantly affect the amount of . scattered
light recelved by the detector.

For each of the four measurements usually three to sii counts were
made of the‘output of the voltage controlled generafor. The léngth of
the integration‘periéd and the mumber of counts.takeﬁ Were'determined
from estimates of the signal-to-ﬁoise.‘ Tt was desired to have the
standard déviaéion of the sighal less than énevor two per cent, -

iﬁ order to set the phase of the lock-in detector to that of the
excitation radiati@n it‘was necessary to obsérve 8 represeﬁtaﬁive'saﬁplé
of that rediation, suitably reduced in intensity, This was accomplished
oy , : | .

1) The use of a ground glass scatter plate as discussed previously.
The entire beam was made to:fall on this piate, which wés.placed Lo em
from the aperture plate of the(photomultipiier. No foéusing‘was used
between the frosted platé.and,the photomultiplier; . _

2) The use of neutral density filters (Oriel Optics Corp. Type G-33)"
in front of the aperture plate of the_photomultipliér; The requiréd o
density was 7 or 8, .

When the lock-in is cbrrectly phased the signal for in;?hase detection is
at a maximum; for out-of-phase detection;“atTé,minimﬁm.w Measurement of:
the phase error &9, is.more gengitive in the out-of-phase channel because
the error signal is lineafly proportional to AP, The phase error was

measured ag &P = S_9Oo / Soo; the required tolerance'bn phase error
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was lipeflcent. After several fluorescenge méaguremenfs_the pﬁéée e¥ror'
was agéinvmeasuredito check for any drift. ‘., |

In order to ru}e out the effect'ofiany driff in the amﬁiitude respénse
of tﬁe system (excifaﬁion intensity or.instrument sensitiﬁity) it was
desired to have & feproduéible fluorescence sféndard; A quning yellow
"sharp cu " Pilter (No. 3=75) was found to emit a weak fluorescence for
" excitation in thé iegion 4000-5000 A3 for a giveﬁ exéitgtion waveléngth
the fluorescence intensity was quilte reproduéible. Corrections resultingf
from the use of this standard were generally no greater than a few per |

cent.
B, Resﬁlts

- 1. Effecﬁ 6f.Size of Fluoréscence Cell

i In exploratbry invéstigatioﬁs it‘was established thatvthé measuxédv.
lifetime at low pfessurés was & mngtion‘of-:-the 's‘ize‘of'tllle ‘fluorescjei.xce“‘v.'."
cell. After the apparatus had been adapted to use with a 33 cm sphericél.5 
bulb as fluorescence cell, ap experiment was.cdndncted to dﬁtain a'quanti;
~ tative measure of this effect by comparing the resultévof measurementé
‘obtained with cells of different size. Two cjlindrical pyrex cells (4.6
cﬁ and 9.6 cm inner diameter) were used in additioh tq the 35.cm spherical “
bulb. ’Aﬂ with the spherical bulb, the ends of the two cylindrical cells
were masked from the view of:the photomultiplier so that éﬁly rediation
from the central part of the éells was‘deﬁected. The dimenslons are glven:
in Table III, |

For this experiment the excitation beam was appréximately rectangu-
lar having dimensions 2,0 x 1.5 cm, All three.cells were filled to a

pressure of 1,3 m Torr. Excltation was at 5175 A and the detectlon was
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with a 2-T3 f£ilter. Each cell was ddapted with a cold finger for fréez-
ing out the sample gas; correction was made for scatteréd source light

2

by subtracting  the signal obtained when the NO' was frozen out. The
lifetimes were computed under the assumption of a single exclted state

ahd‘are'given inATable I1iT.

2. Fluorescence Lifetlime as a Function of.Excitation.Wéveiénémh.v

In this study.the fluorescence cell was’filled-té a low pressure'j
(1.3 * .1 mtorr) end the fluorescence lifetime was measured for exci-
tatiop Waveléngths ﬁrom 3975 A_to 6000 A, The éxcitation baqd—pass wésA'
approximately 25 A,'full wldth at half‘maximum. The fluorescgnce wag |
observed through a.Corning 2-73 filter for excitation wavelehgths shorfer
than 5400 A, or the appropriate "sharphcutﬁ fi;terzfor‘higher exels :
tatlon wavelengths to reduce scattered light from the sburce. At the'.
extremes of the excitation reglon the}flﬁoreseence ﬁaslquite weak, and
congequently the uncertaint& in the measurements is increaged. The
measured lifetimes were 60-90 psec throughout the éxcitatibn region,

The data are given_in Table IV:and'Fig. 5 e Fiéuré'5 elso shows thé
results of several individual measurements for excitation in the regilon
around 5175 A with en excitation band-pass of 12 A.

The lifetimes were computed on the assumptioﬁ of & singlé exclted
state and were’not corrected forlquenching.l Sinceaan observed lifetime
st finlte pressuwe 1Is shorter than the radiative lifetime ﬁhése measﬁre--
ments represent a lower bound to the radiative lifetime, However at the
pressure of.these measgurements qﬁenching wuld not shorten the lifetime
by more than ten or twenty per cent.

Conglderable attentlon was paild to the possibility that systematic
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Table III

Effect.ofusiée,pf.fluorescencehcell_onnmeasuredulifetime

Cell Dismeter  Overall length  Length of cell:
. visible to PMI

em . - em ~em

Apparent lifetime -

- - HUBec

e 75 3.0

9.6 125 R 5.5

35,apherfeal me= 198

6

80




Table IV. Fluorescence lifetimes for No, at L3 mtorr:

for excitation 3975 - 6ooo Al
- Excitation wavelength.: ' Lifetime
‘ A usec
3975 58 /&b
%000 55,7 * 1.2
4100 59.8
4200 604 It
. L300 2.k
~ 4k00 S 59.h
RN 633 -
4500 63.2 £2,2
575 . 65.3
L4675 2.7
Ry ) 169.0
4875 1.7
k975 - T2.9
5075 3.2
5125 T3
5175 o T9.8 k2,2
o osees5 L TS £ 1.5
575 72,8
5325 7943
5375 - 85.3
5450 T3ek
5500 ThoO
5600 90 %3
5700 73,6 £ 1.8
- 5800 80 £33
5900 70 =4
6000

T b
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Table IV v(cOntinuéd) ) _
Excitation*band-péss was approximaﬁely 25 A, full width at half'>
maximﬁm. Observation was with Cbrning 2~73 filter for excitation waves.
lengths shorter than 5400 A and the appropriate "sharp cut’ filter at
higher wavelengthé. Errors given ére typicél and repreéjnt two standard

deviations of the mean as determined from the scatter of the data.
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o Excitation * wavelength  (A)
'Fluc;rescehce lifetime oi; NO2 gas at 1!...‘3:':10"3 turr pressure

ag & functlon of exciltatlon wavelength. Half wldth of ex-
citation light was approximately 25A. Error bars are typical

and were determined from the scatter of several experiments.

Inset shows individual date polnts for the region around SLTHA,
exclted with 12A half wildth. Data points for the same run are
connected; points within a run were taken in random order.
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.errors'mightfte responsitie'for obeerved‘fluctcationssia_the ﬁeaeuredv
| lifetime, chavoid this poesibility ﬁeaeurements'of‘lifetimes at aif-
ferent excitation wavelengths within.a narrow reglon xerz.made}in.randomi f:
order, and the phase of the instrument was checked frequently and‘at
different wavelengths. |
In addition to low pressure studles exploratory investigations
.were made at a higher pressure (36;0 mtorrw) to extend the range of-
excitation wavelecgths to wlder limits, The higher. pressure was neceg- _‘
gitated by the decrease in fluorescence signal in the extended region.
‘At the higher pressure the lifetimes were of course ehortened signficant]y N
fram the radiative 1ifetiaes by quenching processes. At’36;mtorr,;it
' was possible to observe fluorescence with the excitation wavelength set .
as lowvas'3950 A. The fluorescence signal decreased by & factor of
approximately hOOO between excitation at 4050 A and 3950 A. The ab;
gorption coefficient and the lamp intensity are relatively constent in 3
this region, Consequently this decrease in_intensity.represents a decrease?'
in the quantum yleld of fluoréscence., However the observed iifetime _
(with Corning Filter 3-70) remained relatively constant (+ 25%) 1in this-
reglon, These data are given in iacle Ve
At high'wavelengths it was possible to measure fluorescence life-./
timee for excitatlon as far to‘the red as 6800 A, (TableeVI).. The
- observed lifetime was relatively‘constant as a'fanction of excitation'”

energy for excitation extending throughout the reglon,

3+ Pressure Dependence of Fluorescence Lifetime and.IntensitX“
These studies were conducted over the pressure range O 5 to 50 m

Torr for three excitation wavelengths, hOOO, MBOO and 4800 A. For each
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Table:V.'FiuoreScence lifetimes for NO, at 36 mtorf,

excited near the-dissoclation threshold

~ Excitation
wavelength, A

Los0
Looo
3980
3970 
5960 
- 3950

Lifetime,
p sec

1h.i + 1
18.3 1
22,8 £ 1

23.2 £ 1

20,0 £ 1

15.5 & 4

e r2.5x107

Qﬁantum yield,

. relative to 4050 A

1
o3

Ok
9>’<:10“LL
- sxot

i

' Observation was with Corning 3-70 filter,: Errors in lifetimes

are evaluated from Eg. (I~B—5)nandhthenscatter of; the.data and represent

- estimated tolerance limits, Excltation band pass_was'QO A, full width

at half maximum. Quantum ylelds are calculated assuming constant lamp

intensity and absorption coefficilent.



Fluoreacence lifetimes f°r N02 at’ 36 mtorr for“excitation wavelengths o
| | : hooo-68oo A. SR | P

Excitetion . . Filter, ILifetime,
Wavelength, A COrnlng CS No. . Lnsec

400 23 15.6m
%00 e maa

-+ 6000 .; S “:7i3.7t1f31“_””}

'rl’68003fi f i;17ff:27:;§5»”"7;69 iH“f:&. . f12.01h5'f;:‘ﬁ 5
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set of experimental conditions (excitation'wavelength'TObservation” wave—.

"~ length, and pressure) the raw data from the counter were averaged and

appropriate differences teken to correct for scattered light from the" :
empty cell., The quantities tnus obtained, Soo and S-9O° were the uncorrected
in-phage and out-of-phase signal intensities. These intensities were
normalized by dilviding by.the pressure of the absorbing ges and corrected
for the amplitude'responsevof the system‘and for the‘wavelength response

of the system for the interference filter used;j;These corrected data
were used to compute the intensity ratio: R Los o/S 90°? and the inverse

Stern-Volmer intensity, rt

= soo/(sga + s_9oo). (See Sec; I-c)f The
uncertainties<(fractional gample standard deviations) in these quantities
were computed from theispread in the original deta from the counter. All'
of these quantities are given in Table D-I, aB are the apparent lifetimes,
computed by the expression T=0 -1 R.

For each set of neasurements with a given excitetion and obSeryation ;-'
wavelength the quantities Tl enda 7T Were.graphed.es a function of
pressure and fitted_by the method of least squares;i These quantitiesv

were selected to be fitted because of the theoretical prediction of lin-

~earlty for Stern-Volmer kinetlcs, Any deviations ‘from: linearity were

expected to be small and readlly fitted with 8 small number of parameters.
The purposes of least squares fitting were:

1) to obtain values of zero pressure intercepts and high pressure

 glopes by extrapolation and to maeke quantitative estimates of the un-

certaintles in these quantltles and functions of these guantities.
2) to reduce the error in the estimated values of the quantities’

I, R, Sy, o, etc. by using all the data, and to be able to estimate

90

these quantities at arbltrary values of the pressure.
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-3) . to make quantitative estimates of the magnitude of deviations

from linearity in the data. " e -‘iv o E ”~‘*?l

The fitting functions used and the criteria\for selecting the "best" ,

~ fit to the data are given in Appendix D.

The detailed interpretation of these data will be discussed in.
Sec. ITY ~ C. This interpretation is based on the discussion of multi-
state kinetics as developed in Appendices A and B. However; there are a

number of immediate qualitative observations that may be made.

The fluorescence was found not to obey SternAVolmer'(singleneiCited_ f

state) kinetics., - The measured lifetimes were different at different
observation wavelengths. The quantities R and I exhibited pressure

dependences that were different from one observation wavelength to anff

other and from one'another at the same observation wavelength, Further; o

the graphs of these quantities as a function of pressure were, in general,'

'_ not linear, Consmdered as a function of. fluorescence frequency, the .
‘observed lifetimes at high pressures were much shorter at high frequene :
cies, close to the excitation energy, than at low frequencies. lhe 7
fluorescence sPectra showed:avoonsiderable shift toward lower-energy
(red shift) as the pressure was increased. These results_will he dis-
cussed in more.detail in the remainder oflthis section, v |

We consider first the intensity ratioaOr "lifetimeﬁ data. In =
- Fig., 6 are.given'conventional Stern-Volmer‘plots'offsuch'data'for the
three excitation wavelengths. The zero pressure intercepts of these |
graphs should, -in the single state assumption, correspond to the fluores-
cence rate consgtants (inverse radiative lifetimes) If an observed state

is excited both directly and by a pressure dependent cascade process, the:

zero pressure intercept should gtill be the fluorescence rate constant for
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' Pig, 68  Stern~-Volmer grephs of lifetime date, Fxcite-

. tion energyt L4000 A or 25000 em~L, Observa-
tion energy: A, 232003 B, 20370; ¢, 14270 cm~L,
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Fig. 6b. Stern-Volmer graphs of lifetime data. Excita-
tion energyt 4300 A or 23260 cm"l. Chgerva-"_-
tion energy: A, 221703 B, 17880; C, 14270 cm™t
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Fig, 6c. Stern~Volmer graphs of lifetime dats, Excita-

tion energy: 4800 A or 20830 em~L. Observa- -
tion energy: A, 19960; B, 17880; C, 14270 cm-1,
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the initially'populeted stafe.‘ However, as nay_be seen‘frcm ?ébielViI'
there i8 a significanf amounf of variance inithese zero pressurelinter-f.V
ceptsr(for 8 given excitation wavelength)'indicating that molecular states’
of congidersbly different lifetimes are directly populated by the excita~~
tion light within the band-pass of the monochromator. Since the observa-.-
tions yleld an average of the detected fluorescence rates the observed
variance sets a lower. limit tc the variance in the rate constants of
the individual quantum states. |

We now consider the pressure dependencevof the;lifetime'data. zFor',
observaricn close to the excitation wavelength the appparent quenching .
rete constants (slopes of ;va,e‘rn-Volmer graphs) are steeper than when |
ebservation is at lower energles. If we agsume that the interpnétatieni
of Stern-Volmer,kinetics is valid for the fluorescence af tne highest
observed energies, tnen_the slopes_of ﬁhese graphs my be considered
to be eqnivalent to quenching rate ccnstants. 'The rate -constants ob-
tained in this way'for the three excitation warelengths are given'ini‘fxil
Table VIIIL. : |

From fhe fitted functions for observations at each frequency tﬁé'i"*ff'
lifetimes at varieus pressures Were'computed end plotted as a funetionrz'
of frequency (Fig. 7+ The points were connected by means of Iagrangerc
ian interpolafion; these.interpolations-are given as merely sugéestive .
and do not represent actual measurements.

The ilfetime data were elso plotted according t0 the.. inverse Stern- -

' ’Vblmer relation (v~ /M V8. l/M) Examples of such plots are glven in

Fig. 8. Such a graph allows extrapolation of the data to infinite
‘pressure (l/M = 0); the infinite pressure slopes of the conventional

Stern-Volmer plots become intercepts of these inverse plots. A finlte,
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Teble VII, Spread ;n :gdiativ§vlifetimes

Excitation wavelength Radiative lifetime Spread

A - p sec N
4000 | - 586k - - 10
4300 o 62-76 20
4800 ; 60-80 :, . 30

Lifetimes were obtained from extrapolation of Stern~Volmer éurves

. to zero preSSure. Values given indicate extremes measured at different

fluorescence wavelengths.




Table VIII, . Apparent quenching rate constants for'fluorescehce
: ' at energy close to energy of excltation

Energy of excitation ' Energy of obser- - k (apparent) P
A : ém~~ . '  vation om” 3 . -
o cm’ /molecule sec
4000 - 25000 23200 - 1..l.92x107t 0.84
300 2360 22170  neeao™ oss
100 20830 19960 - 1.60x0” . 0.70

Quenching rate constants were computed from slopes of Stern~Volmer
lifetime graphs, P is "quenching" probability per gas kinetic collision,

computed using molecular diameter from Ref, 86.
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Fig. Ta. Lifetime spectra as a function of pressure., Life-
times were computed from fitted curves of R-1 by the
Stern-Volmer relation T = -1 S_go°/Sy°. The running
index gives the pressure :in m torr. The relative lifew
time distribution obtained from the infinite pressure
extrapolation is not scaled with respect to the ordinate,
Excitation energy, 4000 A or 25000 cm-l,
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times were computed from fitted curves of R-l by the Stern-
Volmer relation T = o=l S.90° /SO°. The running index gives
the pressure in m torr. The relative lifetime dlstribution
obtained from the infinite pressure extrapolation lg not
scaled with respect to the ordlnate. Excitation energy
4800 A or 20830 cm-L, |
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Fig.. 8a., Inverse Stern-Volmer graphs of lifetime data.
. Excitation energy: -4000 A or 25000 cm~L. Observa-
‘tion energy: A, 23200; B, 20370; C, 14270 cm~l.
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non-zero intercept in such & plot indicates that there 15 & first order
dependence of the inverse lifetime upon:pfeésuré at the higﬁ'pressure
Limit; this was found to be the case in all instances. " The high pres~
sure slopes (kq appargnt)‘were computed from the fitted functions'and o
are given in Table DI, From the inverse of these slopes the infinite
pressure limif of ™ is obtained. Spectra‘of these limiting lifetimes
are given in Fig. Teo | |

The inverse intensity data were graphed according-to the Stern~Volmef
ﬁheory in thé same.way as the ihverse lifetime data. Since intensity data
. are relative, these graphs were necessarily normalized, and it was chosen
to normalize the zero intercepts to unity. The intensity data exhibited
finité intercépts‘in both the convenfional and inversé Stern-Volmer plots,
indicating that the quenéhing at high pressures was first order in totél
pressiire, (Figs. 9,;1@);5_ .

As with the lifetbne data the intensities from the fitted functions
were graphed as a function of wavelength, (Fig. 11), In these graphs
(for the'first time in the pfesentation of the data) the relative response
factors of the detector for the various interfereﬁce~filters . ve been -
‘employed; consequently any error in the determination of these responge
fa,c’cor;ss,= (Sec., IIHA;7) will enter into the intensify spectra. Suéh error
will appear as the systematic raising or lowering (by a fixed émount) of
the iﬁtensity at one observation frequency relative to that at another,
Again, froﬁ the high pressure slopes of the data it waé possiblefté cal~
culate infinite pressure limits to‘the intensity spectra. These data are
j given in Fig..1l1l..
It should be pointed out here that the.fluorescence spectfa extended

in all cases beyond the limit of observation (7000 to 8000 A). This was
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Fig. 9a. Stern-Vélmer graphs of intensity data, bEn.tcit_:a.-v :
- tlon energy: LOOO A or 25000 em~t, Observation
"energy: A, 23200; B, 203703 C, 14270 cm-L,
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Fig. 9b. Stern-Volmer graphs of intensity;data.; Excita-
tion energy: U300 A or 2%260 cm~t. Observation
energy: A, 22170; B, 17880; C, 14270 cm~l.
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Fig. 10a. Inverse Stern-Volmer graphs of intensity data. -
Excitation energy 4000 A or 25000 cm~l. Observation
energyt A, 23200; B, 20370; C, 14270 em=-l,
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Fig., 10b. Inverse Stern-Volmer graphs of intensity data,
" Excitation energy: 4300 A or 23260 em=L. Observation
energy: A, 22170; B, 17880; C), 14270 cm-1.
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Fig. 10c. Inverse Stern-Volmer graphs of inté,nsity data,
Excitation energy: 4800 A or 20830 em~L:. Observation -
energy: A, 19960; B, 17880; C, 14270 em-1,
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true for the resonance fluorescence (zero pressure) spectra as well as
those at higher pressures, indicating that a broad spectrum 1s a property
of molecules within a localized energy region and not merely the conse-
quence ofla broad distribution function of molecular energles.

The change in the Ehepe of the fluorescence spectra indicates a
changing distribution fUnccion of the excited nolecules. The fact thaf
fluorescence at high energles 1s more strongly‘quenched than at low ener-
gles is suggestive.of energy transfer pﬁoceSees that remove energy step- i
wise;fron the excited molecuies rather than deactlvation of the excited
molecules_in a singie ste?. Thils interpretaﬁion is strengthened by
the observation of fluorescence enhancement at long wavelengths for the
case of excination at 4800 A (Fig. 9c). In this figure enhancement is
evidenced by a negative slope in the Stern-Volmer plot at low pressures,
States fluorescfng at the observation ﬁevelength are collisionelly popu~

lated (as pressure is increased) before overall‘quenching becomes dominant,



TTT. DTISCUSSION -

: A;_ Effect of Molecular Migrations on Lifetime Measurements

The low pressure lifetimes in the present experiment (55-90 usec)
are slgnificantly longer than have been reported previously by Neuberger
and Duncan18 and by Douglas, (hh L sec)y  While the. technique of measurement
is different in the present experiment (phase shift) from that previously |
used (flash decay), it is concluded that the longer lifetimes measured
are due to the use of a fluorescence cell of sufficiently large diameter
that the measured lifetime'is not governed by wall colllsions, or by colli-
gion free migration of excited molecules outside the region.of:observa—'.
tion, This conclusion 1s based on the following consideretions:

1) Avcalculation of the effect of molecular migretion with
- assumed quenching on wall collision (Appendix C) led to the prediction
of considerably shorter apparent lifetimes when the radius of the fluores-
cence cell is less than 5 or 6 times the product r = th.where vbiis‘the
most»probable molecular velocity, For N02 at 295°K, assuming a value for -
the lifetime of 80 psec, the distance r is 2.7'cm. The radius of ob-
servation used in the present experiment was 1& em or 5r., Thus the error
in the lifetime from molecules leaving the region of observation would be
no more than a few percent. The previous investigators did not state
the dimensions of their fluorescence geometry, so that a direct evaluation '
v'from Fig; C~1 of possible shortening of thelr measured lifetimes is'not»
pdssible. |

2) . The measured lifetimes showed a significant (50%) dependence upon

the excitation wavelength, While the existence of such a dependence does

not demonstrate that the dimensions of the observation reglon have been
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extended sufficiently, it does suggest that the.meésuredvlifetimEB are at
least approaching the true valuess ‘
3) The measurements of fluorescence llfetimes made with cells'bf

smaller dimensions were significantly reduced from the lifetimes with

the 33 em cell and were consglstent with the predictions of Fig. C-l., - This

‘may be taken as direct evidence of the effect of molecular migration of

the qrder of 5 en, and’of guenching upon collisions of excited molecules
with the walls of the cell.

With respect to the existing values of the lifetimes of 302 flubr- :
escence it was felt that molecular migratién might be responsible for |
errors in these values as well, Greenough énd'Duncan68"have reported a
value of 44 psec for the lifetime of the ilBl state of SO, excited in the

pl

wavelength region 2700-3100 A. The radius of the fluoreseence cell in

thege experiments was p = 3.8 cm; the dimensions of the excitation beam

and of the region of observation are not expliéitly stated. Assuming fhat
the lifetime of SO, is in fact L4 psee, then R/p = 3; the resulting error }
in the lifetime would be at least 15%. Douglas?o hag reported a meésure-i
ment Qf the SOe,lifetime which is 50% greater tﬁan that of Greenoughv

and Duncan and has indicated the existence of some dependence on the

"excltation wavelength. Again, the dimensions of the fluorescence geometry

are not glven, Méttee69 haé inferred from measurements of quenching of

SO2 fluorescence that the llfetime may change by an order of magnitude

as excitatlon increases from 2650 to 5i30 A, The lifetime of SO2
fluorescence should certainly be remeasured under conditions in which
the observation region 1s sufficlently large that the lifetime 1is not.

governed by molecular migration.



B. - Fluorescence Iifetime of N02

The present experiments yielded values for radiative lifetimes
of 55 to 90 psec for excitation in the region’ 3975 to 6000 A and indicated
_that the lifetime continues to be long to the low energy limit of excita~
tion energies used, 6800 A, and that there 1s: a definite trend in the
1ifetime as a function of excitation energy (longer lifetimes at lower
excitation energies). (Figure'5, Table IV)s :The observations were at
variance from the predictions of molecular radiation theory as developedn‘ )
in Secs I-A in severalzwaysx _ |

1) The absolute magnitudes of the fluorescent lifetimes were
greater than predicted from the absorption and enission spectra by a
factor of 3 to ho, depending on the cholce of the average enissionj
frequency (53)F_C; because of consideratione whlch are developed in_Sec.
G, the latter value is thought to be a fair estimate of the factor by
which the lifetimes are anomalously long. |

2) ‘The ratio in observed 1ifetimes at the extremes of excitation

energies used (4000 to 6000 A) was only 1.6, whereas, other things being::'7 )

equal, the energy difference would lead to a prediction of the order:

of (6000/4000)° ~ 3.k, | -

| 3) Distinct fluctuations were observed.in the radiative lifetimes
as a function of excltation energy and also” for the narrOW‘épread in

excitation energy in the monochromator band pass (60 em™t

full width
at half maximum),
For these ressons .we must consider the radlation relation for mole-

cular transitions (Eq, I~A-13 °) inadequate to predict the radiative

lifetime and the assumﬁtions upon which it was derived inadequate to
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conclusion has‘previously been reached by‘Douglas.ao The inadequacies 

deseribe the molecular dynamics of the exelted state of NO.. Such a

of.the relation may be considered in terms of the assumptions that
were made in the derivation (Sec. I-A)1?

1) The Born—Oppenheimer (B—O) approximatidn.

2) The invariance of transition moment.

Assumption 2) has been the sﬁbject of cohbiderablg'investigation
in diatomlc molecule spectrascopy. Nlicholls and ckoorkeis have iﬁter—
preted the transition moment as a slowly varyiné function of the centroldd.:
(wv;lr]¢¥;) of the vibronic levels. Aé a consequence of the varlance
of the transition moment the lifetime is somewhat dependent upon the
level of the upper state, aslde from the frequency-cubed factor, A
review of the r-centroid approach has been given by Nlcholls and |
Stéwart.7o | | | A _

The same type of approach could in principle be exteﬁded_to poiy~ a
atomic molecules, but the approach until the present timevhas beén
'entirely qualitative, On the basis of correlatioﬁ diagrams between_bent.
(90°) and linear configurations of AB, m.oleculesAWalshhl has predicted"
the energy dependence onvbending angle for trlatomic molecular orbitals;
see also Ref. 46b, In such a molecular orbital plcture N’O2 may be con-
sidered as & CO, "mucleus" plus one additional electron. Thisladditional

2
electron is in a (alanu) m,0. which falls sharply in energy as a function
of bending angle, The low lying electronic transition in NO2 corresponds
to the promotion of this electron to the (bl-ﬂu) m.0. whose energy is

much less strongly a function of bénding angle; consequently the molecule

i1s expected to be in a linear,or more linear, configuration in the upper
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state, and thls expectation 1s confirmed b&_thevanalyéis of the absorption
'spect:r't,tm.h2 Thus a decrease in the transition moment with the bending -
coordinate will decrease the radiative rate constant. This possibility""

1

hés been suggested by Mulliken ™ to aceount for the ldng fluorescence

lifetime of NO,, If such a mechanism were responsible for the long

" 1ifetime, however, the lifetime would be expected to decrease rather étrongl&‘
with ihcreasingﬁvibrational~quantum'number-in,tﬁeabendingsepordinéte,_and
correspondingly with the energy of the upper state. Since the observed
lifetimes were more constant as a functlon of excitation energy than |
expected, this mechanism does nothappear to be the reason for the |
.rincreased radiative lifetime, |
-28

Jortner and coﬁorkerse6 héve recently considered the validity
'of‘the Born~Oppenheimer approximation in moléoular transitioné. If

there exist perturbétions 5etweeq the‘uﬁper electignic state and any
other electronic sfate'having an appreclable level density in the ab-

- gorption region then the B-O wave funetions will not adequately describe
the upper sﬁate. Rather the true molecular wave functions must be

written as s superposifion of B-0 wave functlons, which may be used as

a basis set1
: 1 i
Vi rue ’f Yo <¢B0|wtrue>

The transition moment to the ground state, which in the B-O approximation
would beloné to a single exclted vibronle state is, under these conditlons,
spread out among & number of true vibronie states, The total transition
moment, as measured by the abéorptibn coeffigient_integrated overvthev

electronic transitlion, 1s conserved; however, the transition moment to
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the ground stéte from a.given/£rue;vibronié:lévelyfWhiéhhdeterminesgthé :
radiativevlifétime, is reduced by the factor l<¢bo‘¢%iue>|2 . If the
perturbatioh is small, this factor will be =~1« -The magnitude of such

a factor 1s, lacking an exéct solution of ‘the molecular Haﬁiltonian,
estimated by the'density of the trué molecular'leveis'and the maghitude_
" of the coupling ﬁatrix element. Such estimations have been discussed by
Jortner and Ber'r;y'.'a7 4

In the case of N02 there exisfs a gtfong perturbation of the upper
vibronie levels by Renner effe¢t coupling with the excited vibrational
levels of the ground electronic state.h? The Renner effect isAdue to -
the interactién‘bf the angﬁlar momentum.éf the bending vibration with
the elécfronic éngular momentum, As a consequence of.this interaction
the two electronic states 2Al and 2Bl’ which are non-~degenerate in the
bent configuration but which correlate with the degeneratelel'lu stﬁtes‘
.in the linear configufation, are coupled wlth each othér. A given |
| vibronic level méy thus not be assigned uniquely to either of the two
Born~Oppenheimer potentlal energy surfaces_corresponding to the two
states. This subject 1s discussed in detall in Ref. 46e.

In the upper vibronic levelsipf the B,~-A; transition of NO, thetv.:
magnltude of the perturbation is;such that, aside from a few simpie sSube
bénds for which the perﬁurbation 1s forbidden, no reguiérity of any kind
has been observeds The‘pérturbation is very sensitive to isoﬁopic sub-
stitution, so that aslde from the few bands that were analyzed, the 
spectrum of '”N0, could not be correlated with that of 1MN02. ‘The bands

that were analyzéd accounted for some of the strongest individual lines

in the spectrum, but for only a very small fraction of the total number
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" of lines in the spectrum and for only a small fraction of the total
absorption;' These analyzed lines all.terminateq in K, = O sub levels
~ of the upper electronic state for which there is no Remmer effect inter-.

action with levels of the ground state.ha’k6c

“From this qualitative
.considerdtion of the magnitude of.the perturbafion in'NOa, 1t appears
that the mechanlism ﬁhich has been outlined will{bé very important in
increasing the lifetime of the excited state. .

A conseqﬁenée of thg'above discussgsion is that lifetimés from level
to levél might vary significantly since the mégnitude of the coupling
to the ground state would_not bé expected to be constant, In:particular,
the unperturbed levels might be expected to ekhibit siénificanﬁly shorter
lifetimes in an expériment in which only such levels are exclted, In an
experimenf such as the present one such short lived states would-coﬁ—
tribute to the total fluorescent intensity only in proportion to #heir
absorption, and would not be detected in}the presence of a much greatéf'
signal from states having a long lifetime. If such.short lived states:
confributed significantly to the total signal intensity, their preéénce'
| would leéd to Stern~Volmer plots whose (positive) slope decreased with
pressurej no such beﬁavior wés observed, |

Related to the theory of intra-molecular lengthening qf lifetimes
ﬁhat has been outlined is an inter-molecular process that has been

2 ' ’
7 The dense manifold of states which

'propose& by Jortner and Berry.
are not optically connected to the ground state 1s collislonally populated -
at finlte pressures and the apparent lifetime of fluoreégence is conse-

quently lengthened, Jortner and Berry do not indicate the magnitudes

of collision cross-sections that might be expected for this type of
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process, However, such a mechanismlwould'imply that, at sufficiently
low pressures, the fluorescence lifetime would be shorte Similarly,

Robinsone5 (.

has proposed that measurements of benzene fluorescence
may not have been performed at sufficiently low pressures to observe
resonance fluorescence. This question is, of course, open to further °
experimentation either at'lower pressures or in collision free molecular
beems. waever, we should like to point out that the present measurements
were performed at pressures such that the average molecule at the assumed.'
long lifetime suffered as few;as 0.2 ges kinetic collisionsy if the "reso-
nant" lifetime were significantly shorter than 60 psec, the number of
collisions of the average'molecule would be comrespondingly reduced. ’

~ In no case, for either Ifl or Rfl data,was there any indication of

a discontinuity in the pressure dependence of the data which would

cause us to question the extrapolation to the limit of zero pressure,

C. Energy Transfer in Excited NOa

.In this secpion we wlsh to analyze the results of the pressure
dependent studles in terms of an energy transfer mechanism. The model
- chosen 18 a multi-step, constant energy per step, model as previously
proposed by Rabinovitch and coworkers (step~ladder model), the step
slze is not fixed, but is to be determined from the analysis, Accord-
ing to thls highly simplified model we may index the states of‘phe
molecule 1 ; o « « Ny where 1 is the index of the initially populated

state, The energy of state n is glven by

£ =& - (@1)E, ()
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where ¢f; (the efficieﬁcy)‘is the energy transferred per_effeétive

collision,

We now wilsh to relate this model to the expressibns whilch are
developed for high pressure'limits in Appendix B, Iﬁ Appendix B the
high pressure limitAfdr the ratio of in—phaée té out~of-phase components
of thé population is.shown'(under conditions of serieSapafallel population.

of state k) to approach the limit

e ) »
. 0 =90 - -1 a o =1 % .
E /Ek = © TR T M Ee Ky M (2)
. a/7g :
where \ , .
o ’ kl ‘
: ey Ry Ry N | -
(k_), = + 2k, Tt Sk = S g (3)
o'k "M T Ma kT T e Ky KL T |
and
" ™ e (12 1
(k /i ), = == + % k < + == >
e a’'k ,qu‘ y le ko \ Eqs qu
B k o
I :ki <k1'+kl tg=) ()
Ji aj gl ad ql gk S
+ 4 u e

In these ekpressions

kg 18 the absorption coefficient into state 1, and

_ kij 1s the energy transfer into state 1 from state J, a
gubset of
kqj’ the total rate constant for depopulation of state J.

The swmsatlons are taken over all intermedilate states populating the
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(observed)nState ks, Combining these éxpressions we may wrlte

k. [ k. X, kK N
LR ..k‘_‘i<1+ _EE>+2 K, gt <1+ qu+qu> teas

k). K K - KK )
/ey _ 3 18 kg, qi/ g1 98 Ky Koy 9j__“qi
‘ kK, k.
(g e/ E e km+2kialk:"i+z kjaf—a';'{‘l‘*
: 1 qi  J1 qj “qi o

» | .'(5)

If we now make the assumption that the quenching rate constants are equal

(kqi ='k

q.j = .-olc =. qu)’ then

Kk, +2 3k -k-*‘-i-+3z o

<ka/kq>k _ a 1 la kqi . 41 ja Akq;l kqi v 6. o
) /e . ok + sk Sa+ sk Fiy Fp o4 (6) .
a k/ q_k kka i — 'ja 3 o ‘e e ] »
1 -k Ji k., X, _
' : ql el Tad

The expression on the right hand side of (6) (whicéh has a lower limit of unit
may be interpreted as an average (n) of the number of states leadlng to
the observed state k, where the average 1s taken over paths populating

the state k., Hence for the observed high pressure quenching rate -

constant we have _ ' .
oo R (7)
gk , '
/<ka/kq>k (n) .

the apparent quenphing raté constant is decreased (n) fold from the
microscopic quenching rate constant, Or, for an observed state having

' * ' ' .
8 high pressure limiting slope qu and a microscoplc quenching rate con-

stant k . then the average number of states 1s glven by

gk ,
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If the spectroscopy is ‘not resolved, then the limiting slope may

"‘only be considered to be a qualitative measure of the number of

sequentially populated states prior to the emission of light at the
obsgervation wavelength.

Returning now to the discussion of the.step-ladd