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THE AIR AFTERGLOW REVISITED®

A. }NTRODUCTION

To begin with a little squi¥se%}chin§:- the fact that science and-technol-
ogy-are.advancing-at,an ever accelerating rate; while both:the number of inves-
tigators working .in a g1ven field and their 1eve1 -of -support are. at best-level-
1ing off, has put us in a new bind.  Blessed w1th marve]]ous gadgets of all
types, photomultipliers capable of detecting a few light.quanta, tunable lasers
of great power, narrow spectral widtﬁ,_andiu1trashort‘repetitive,f]ash duration,"
with ultrahigh vacuum techniques and u]trafast time resolution, wfth a.bulging
arsenal of analytical methods for measuring neutral or charged specie5‘1n~speci-f
fic quantum states, etc., etc., our-ability to stu¢y.physical and. chemical pro-
cesses evef more hinuteiy.appears,to be without 1imit. This,widens;immense1y.-
the  discrepancy -between what is doable technologica]1y_and-whét»can actually be.
undertaken, particularly when we remember -how expensive most.of our new..'toys'
are.  The bind is, then, the increasing selectivity which we must exercise in
our choice of systems and problems to work on,.since neither the 'Everest'
justification ('because.it is there') nor the 'Part XXIV in a series of.continu-
ing studies" justification is.quite good enough. ,

Serendipitously, it :turns out that the air afterg]qw.- the 0.+ NO
chemi luminescence - is a fine example of a sysggmfwglj-worth:stquing$fgr many

reasons.ranging from environmental and societal to purely scientific. Very

*This work was. supported by .the Department of the Air Force under-Contract No.
F19628-70-C-0255 and by.the Advanced Research Projects Agency of the- Department
of Defense and was monitored by U..S. Army - Research Office- Durham ‘under..contract .
No. DA-31-124-AR0-D-440.




briefly, these are as follows:

(1) The -phenomenon is-observed "in the'norma]-and perturbed upper:atmOSpherei;
where its potential-usefulness in measuring the local or;co]umn'integraﬁed*EO]'[NO]
“product has not yet been fully realized; '

(2) It is an extremely sensitive monitor of either 0- or NO-'concentrations
wherever one or the other is known and has therefore been successfully used in
laboratory O-atom kinetic studies? for about 15 years, but is equa]]y’apricéb1el
to NO measurements in combustion and pollution studies, where it may sometimes be
preferred over its much more weakly emitting sister-reaction, O3 + NO;

(3) . Following the work of Fontijn, Meyer, and Schiff,3 it has become a
secondary actinometric standard for the study of other glows in the visible or
near ultraviolet, a function which -is now being expanded in our laboratories to
the infrared;.ehdw

(4) As a fundamental chemiluminescent system it is one of the best charac-
terized, most thoroughly studied, and represents an opportunity te ana1yze and
resolve in a small system the increasingiy.insoluble problems of larger molecules.
The present review will firet'attempt to bring the reader up to date on the
recent results of direct experimental studies and then to discuss and interpret
these results in the Tight-of supporting work on-the spectrum, fluorescence,

photodissociation, and quantum theoretical calculations of NO,.

B. REVIEW OF EXPERIMENTAL RESULTS
B. 1. The Pressure Dependence
The once. rag1ng battle whether the O + N0 chem11um1nescence is a tru]y
: b1mo1ecu1ar rad1at1ve recomb1nat1on whose rate constant I, = 1/[0] [NO], is
pressure independent or whether it is pr1nc1pa11y;a termolecular process at its

high pressure Timit (even at as low a pressure as 1 Torr because of the long



radiative 1ifetime of N0O,*) which requires I, to fall off with decreasing pres-
sure; ‘this-battle-is now ended. I, does-decrease; but:does not do so indefinitely.
"It apparently levels off again at-very.low pressures (<.107% torr) in what appears
to be a.compromise solution of.the problem, albeit one which requires about 90%-
termo]ecu]ar and only.10% bimolecular character. This experimental -result is

much .more satisfactorily.represented by a-model which involves.the bi%o]eéular
formation of-an unstabilized NOZ*'c011ision complex followed: by -vibrational

energy transfer within Nozf, electronic:.energy transfer to ground-state NOj,

(both of them collisional processes), or spontaneous radiative decay to NOZ,

with the -exact nature of NOZ* to be discusﬁed later.

The experimental basis for this 1ntérpretation is shown in Fig.. 1'which
shqws;an appfoximate summary of-all work oh pressure-dependence.on.a. logarithmic,
pressure~5ca1e,-arbitrqri]y normalized (and extended) to "high" pressure. Its-
chronelogy 'is not wifhout’irony.‘ In 1964, bdth Harteck's“ and Jenathan's> groups
reported pressure independence dewn te 3 millitorr, but this was challenged by
Kelso -and myself® on the basis of experiments in a 2.5-cm diameter flow tube
down to 30 millitorr.. A few additional experiments of Harteck's. group’ seemed.
to confirm the pressure indepeﬁdence; but.Jonathan_and.'Petty's8 measurements in
flow tubes of 2.5, 5.0, and 12 cm diameters clearly showed a fall-off in io.

On the othér hand, our early measurements undoubtedly .overshot the mark, i.e.
showed too large a fall-off due‘to diffusion and surface recombination effects.
A11 other recent studies have shown good'agreemeﬁf on the-decrease of'I0 with -
decreasing pressure. McKenzie and Thrush® stud%ed preésure-and Mfeffec£§.fr0m:
10't6'100 millitorr.and their.points invFig;_1 were obtained from their
Stern-Vo1mer-type”expressiohi(they refer to Ar carrier gas whefeasAa11'others
refer to M=0,), and the extensive work of Becker et al,10,11 first in a 200

Titer and then in a -2x105 liter sphere, and that of Cody!? in my.laboratory




span the much-larger pressure range of 0.1 to 100 millitorr.

Our data were obtained in a 15-cm diameter -flow -tube pumped :by:any suit-
able combination of forepump (15 lit/sec), Roots blower (130 1it/sec), and 6 inch
0il -diffusion pump. (about 700 1it/sec with cooled baff]e); The emission was
viewed by a .cooled photomultipiier through any one of 12 interference filters
from 4050 to 78508, 6 of which could bé mounted on a filterwheel. The:0-atom.
concentration was-measured by resonance absorption near 13003 across the flow -
tube at the same axial position where the chemiluminescence signal was. ebtained
in order to avoid assumptions regarding the catalytic behavior of surfaces over
large pressure ranges. Fig. 2 shows a schematic diagram of- the apparatus.

The points plotted in Fig. 1 should have variable but reasonably large
_error bars (+ 10 to 30%)- attached to them, but it is abundantly clear that a sub-
stantial fall-off exists and that the two most extensive studies, at Bonn and
Pittsburgh, are in exce11ent‘agreement._;§¢?§h0u1dralso be said that enly the
points and curve of Becker, Groth, and Thran!! représent Io values, properly
1ntegrated across the emission spectrum, but since substantially smaller fall-
off ratios only occur at the blue end of the spectrum (see B. §fgpe1ow) which
contributes relatively little to the total emission, the comparigéﬁ‘of;Fig.-l

is valid.

B. 2. The M-Dependence
This-question is complementary to that of the pressure dependence,.
because, in a truly bimolecular recombination, there is, of course, no M-effect,
and in a termolecular one (or in a vibrational energy transfer sequence) it
however, that large M-effects.would be unlikely, since one.really observes the

ratio of -two M-effects, that for- the termolecular formation of an NOZ* (or its



vibrational -relaxation in-the energy transfer mechanism)- to-that for electronic
quenching,of-NOZ*; and~a1thdugh-it~is unlikely -that the relative efficiencies.of
di fferent M-should be;the-same,in»the"two:ptocesses (leading to no effect) it is.
also likely that; for the simple atomsnand molecules investigated, there shouid¢
be some parallelism and partial cancellation leading to.smal] M-effects. ’
Experimental data are-shown_in Table-I which includes .our earlier results
and various other-entries. Surprisingly. good.agreement abounds, when one con-.
siders -the small magnitude of the relative effect, except for-the results of-
ref. 7 which show eo M-effect as well as no pressure-dependence. The entries
for ref. 11 are their.normalized d/q ratios for A=4450k and for.5600 or 63208
where, a second, value ie»given If the truly b1m01ecu1ar part-of I, and the
radiative Tifetime of N02 are cons1dered constant in these experiments, d/q
equals the ratio of: kg, the termo]ecu]ar rate constant. for. the formation of N02
to its ‘quenching rate constant, kg The3resu1ts of McKenz1e and-Thrush9 also
lend qualitative support to the findings of an M-effect as, for example, in the
ratjo 101(green)/lo_(bTue).thch, when -normalized-as p ~ 0, approaches high .-

pressure,vaiues'in the order Ar > 0, > C0y, NO, CHy > SFc.

TABLE I

Relative Emission Eff1c1enc1es, RM = -1 M/I 02

M Ref. 6 Ref..7 Ref: 11 Other-Work
(a) '
He 1.25 1.03 1.28,1.30 1.2513: .
Ne -- - 1.20 |
Ar 1.06 . 1.06 . 1.08 | 1.013
N, o 1.15 - 10 |

Hy -- - 102



: TABLE»I (continued)

ReTat1ve Emission Eff1c1enc1es, RM = 1 My1,02

M - Refi 6 .- Ref.Tois o Refill, . Other Work®
S ’ - (&) |
Coy. 0.79 1.03° © . 0.74, 0:79 0.758 -
N,0 0.8  1.02- .-
CHy 0.7 el e
CFg 0.50 1.02 - . --

SFg . 052 -- o 082, 0.51

Hg0. 0.57 .- e

(a) FirstzvaTue;~<ie44SOK;»second‘va]ue:: A=63203~(He), Aﬁ5600foC02,’SF6)

| 'B.. 3. The‘SpectraT'Dependence on b and‘M-
Recent data .of the pressure sh1ft of - the emiss1on spectrum and- of fairly

monochromat1c fall-off measurements which. prov1de IOA(P) over a wide pressure |
range represent the cTearest proof for the. correctness of the ‘termolecular/,
energy-transfer‘mechanmsm, This was- first: shown qua]itat1ve1y by Freedman and
~KeTsol“-invmy former 1aboratory, then by<McKenz1e'and Thrush % and 1n-much-
greater detail by Becker- et a111 -and by Cody. 12 The overaTT spectrum.shifts -
towards the blue with decreasing pressure, i.er aTthough the spectra] threshon
-rema1ns unchanged the reTative intens1ties 1ncrease at ‘the short wave]ength o
end and decrease at long wave]engths There is a concom1tant change in the. o
fall-off:characteristics of on(p) = .which 1s aTso 3. function of ‘M, such. that-
there;1shnncreas1ng~fa]1-off-as,x is increased. from.its threshold‘near.397ox,
=:xas*predtctedzbyfthe:energy*transfervmechanismiastnceaN@ét*moﬂecu%es~Which-have* o s
Tost some‘of’ their: v1brat1ona1 energy -can not -emit. radiation at the bTue end of

¥ t

"the spectrum. ConverseTy, the emission very cTose to 3970A must -come” main]y

ol ¥ ..:i:..‘."-" g.



from-unstabilizedﬁNOZ*’and should- therefore show na. fall-off. This is supported.
" - by:the-recent-data of Bécker et a111,énd’of-COdy12'as shown in.Table II. Consider-

1ng;the—veryfdifferent;experimentaI‘techniqhes;“the agreement:is very good.

TABLE- 11

Fall-off Ratios, IM(pse)/IM(ps0)
as Function.of -Wavelength for M=0,.

As R ,
3980. 4030. 4050 4360. 4450. 4700 5360. 5600 5660 6320 7250.  Ref.
UTi86. 213 - -- 452 == 9.1 10,5 -- 135 .- 1
o ee 1B 45 e BB == —- 7.9 == 96 12

The data of Becker et al are probably-more.accurate, but the discrepancy at the
long wavelength end is due at least partly to the manner. of extrapolation from
the -highest pressures used in.these exberiments, wh1ch.was-neér 100 millitorr
‘in both. studies, to Iol(paa) which shgujd;be-reached near T“torra This amounted
to 25-30% in Beckér's andﬁ;o=aboutf15%v{n our studies. For the spectrally ‘~
integrated I4- ratio Becker;et-al-rebért:15.2‘which-represents'a-considerab]e.__

' further~increéséfover-a value-of about 12.5 at their lowest measured pressufe ,
of 0.2'mi11itorr.. This leads them fd set 1,0 = 4.2 x 10718 cn® molecule-! sec-!
for the rate constant of theAPUre]y-two-body process by normalization to the |
high pressure Iy of 6:4 x 107!7 by Fontijn et'al3. Although all of our data have .

- not yet been fully analyzed,.we would favbrtan; integrated I5--ratio in the

107f2 range,. - %

A spectral Medepenqenceiwas~f1r5t-seen qualitatively by Freedman.and
Ke1§qis at high‘préssures, and-recently in.much greater detail by Beckér et alil,-
In terms of the energy transfer mech;nism,;such a dependenceé of spectrally

" resolved- fall-off curves on M:is, of course,,abéo]ute1ylrequ1redf1f,a total,




integrated M-effect exists:as the data:in-Table I -seem to indicatef:,Sidce‘the
residual; low pressure; truly bimelecular-emission process can not-depend onM
‘and'must}therefore*be;identical'in all gas mixtures, this high pressure M:effect
suggests ‘different efficiencies for;&ibrationa] énergy:trahsferifor different M
in-such a way that-an-M:for-which-R-in Table I-is greater than 1 (such as He)
should have larger spectrally resolved:.fall-off ratios.in the red, and an M

such asfSF6A5h0u1dihaye sma11er.ones. Thus ; ref. 11 repérts a Iol(p+w)/10x(p+0)“'
of 8.45 for CO, and 5.8 for SFg at 56004 compared.to 10.5 for .02, but-one of

17.2 for He-at 6320R compared with 13.5 for.0z. The mechanistic picture appears

to be entirely consistent with the available experimental data:

"B, 4. The TempefatureiDependenqéf

The temperature. dependence has been experimental]y studied only at high.
pressures, first by Clyne and Thrush!3 between 200 and 300°K who - reported, for
M=0y, I~ =5 x. 10718 exp[(1500. + 400)/RT] cm3 molecule™® sec™! or an analogous
T-N expression of 6.4 x 10717 (T/300)~3%9-8, Hartunian et all® covered the
range 500 - 1200°K~in their glow discharge.shock tube experiments and reported
a,somewhatylesser.negative temperature Gependence of:f'l-ss'in T-N form but a
somewhat?Jargériexponéntial dependence of exp(ZZOQ/RT). Parkes17”studiedlthe, '
temperature dependence for M=0p, He, Ar, CFy, and'SFg at 1.5 .torr from 170 to
370°K"in a simp1e, yet‘acéurate,flowtube experiment with three1matched photo-
mu1tip15er tubes -of which oneﬂviewedathé chemiluminescence at a position whose,
temperature was varied, whi]e‘fhé other two simultaneously measured the in;enafﬂr
sitygat'300°K~up-and downstream of that position. ‘This provided a;curafgvintene
ity ratios as the temperature of the center section was.varied slowly.and con-
tinuously. Neither-a pure "M nor aﬁ exp(E/RT) gave'a fully -satisfactory.fit,

but a two.parameteruexpressionAT‘m'exp(1300/RT) provided a good description with



m=2.50 for 0,, 2.65 for He and Ar,:and 1.90 for CFgq and SFgs which predicts that
in-the900-to 1200°K range'the-emission will have equal ‘intensity for all 5 M-gases.
This effect can be qualitatively ascribed to the.increasing probability of re-exci-
tation of~vibrationallygquenched1N02*’at higher temperatures and to unequal energy -
increments in the vibrational ladder. -

Vanpee et all® recently reported -a new measurement of the integrated rate
constant I of 6.8 x 10717 cm3 molecule™! sec™! + 35%. for M=05. and N, in a free
jet at 367°K-at-pressures near 1-torr. They also reported a greater contribution
of near infrared radiation to the spectrum which is responsible for a 12% increase.
in the spectrally 1ntegrafed Ié”-under otherwise identical conditions.  With
this-correction.and the abeve temperature dependence measured by,Pa}kesl7, a
value of (9.3 + 3.2) x- 10717 is obtained for comparison with -that-of (6.4 +£1.9) x

10717 'of “Fentijn et al3 at 296°K.

B. 5. Infrared Measurements

~ The absolute-intensity measurements of Fontijn et al3 extended to 1.4um
where the signal was. found to be neg]igib]e;;but this was primarily a detect-
ability .preblem. Since then, the infrared chemiluminescence and vibralumines-
cence has been studied by Stair and Kennealyl® who measured the emission spectrum
to 7um using Fourier interferometer spectroscopy and found a considerably stronger
infrared component of the emission than-the egf]ier workers. - Io& decreased about
20 fold frem 1.25 to 3.3um, but-then .increased about 3 fold to a peak at 3.7um
and:fell-sharply to near zero at 4.0um.  Vanpee'sl® spectral measurements to
2.0um’are in qualitative agreement with the more extensive work-of Stair and Kennealy,
but:-they:indicate a somewhat too great intensity decrease between 1.2 and 2.0ﬁm;
Roche-and:Golde?? in my.laboratory:-are now doing absolute.intensity measurements

using Tiquid nitrogen cooled PbS and InSb~ detectors and a-circularly. variable
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filter for spectral dispersion. Preliminary results at.total pressures.from 0.3:
to"3 torr:are in good agreement-with Stair's -results on the spectral distribution
including the ‘peak-at 3.7um-and suggest-a larger absolute rate constant in the -

overlapping 1.0 te 1.5um range than-either-Fontijn or Vanpee.

C. DISCUSSION AND INTERPRETATION

C.. 1. The NQZf;EnergyiTransferfModeT
It is clear from the preceding sections ‘that either simultaneous . two-body.
and three-body recombination»(Mode1.I).or,the t@o-body formation of an unstabil-
ized Nozfrcp1]ision complex followed by vibrational, electronic, and radiative -
processes (Model II) can be used‘in the -interpretation.of experimental data.

Model I can be set down as follows:
1
NO+ O . NOp + hv
. 2¢- *
NO+0O0+M > NOp.. + M
* . 3
NOp™ + M > NOp + M

NO,* B Nop + v

which, with N0, in steady state, yields

k, kp [M] '

1 Mo ke + 2 "Rt (1)

0. 1 kR-+ k3~[M]-
with-1imiting values IOM(p+0),=:k]4 apd‘IOM(p»q) = _k1 + (ksz/k3)vi.é..a
fall-off ratio of .1 + -(kokp/ksky). Although [M] has'cancelled out in this
expression, the fall-off:is, of course, M-dependent, since the rate constants:
kp and ks will be different.for different M, and should perhaps have better been
labelled kZM and k3M. In .this, its simp]est form, Model I is unsatisfactory as

most-Stern-Volmer type models, because it.recognizes only-a single energy level
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in the-excited state’and can.therefore not.explain spectral shifts due:to p or M.

In this form it may be-compared:with Stern-Volmer data on-NO, fluorescence
‘ quenchinQZl, and.the second term of eq.’1'can~betre:wr1tten ko[M3/(1+a[M]):where
a = ky/kg is the quenching constant; on the (unreasqnab1e) assdmption that the
same-single.excited state is reached in both processes. Model I can now-be:
generé]ized-by allowing for a 1arge-hhmber:of-1eve1snin-NOZ*; summing over all
- of their 'steady'state concentraﬁions and-intreducing kZiM and”kégMdas'well.aé’kpiu With
that number of adjustable parameters, one could, of course, explain the-spectral |
p and ‘M-dependence as well as pressure fa]]-off p]ots,as-comp]ex‘as the siTthette-
of ‘a giraffe or the oboe part of. the first'movemént of Beethoven's Seventh. Yet;
some-physical unreasonableness would remain in this comp]icétedgmodel, since it !
would require that a11.1eve1s-of-NOz*’have;to'be.formed and quenched in single
collisions, no matter how large the energy gap between them and the NO + 0
continuum or.the NO; ground state, i.e. it retains the "strong collision" approxi-.
.mation. | |

Model II relies-on-a stepladder process of vibrational energy transfer:.

1
0+ N0 < NOp*®
: .

F M TS
N02*°{+ M B Nop e M



where the collision complex, NOZ*Q, is capable of rapid redissociation, k_j, in
addition to three other modes of transformétion, V (vibrational energy transfer),
E (electronic energy trangfer),»and R-(spontaneous radiation). If now, in the
simplest apprdximation, all Vilare set equal, V; =V, all E; = E, and all R1‘=-R,
the steady state approximatien is applied to all NOz*i, and (very reasonably)

ko »> (V[MD, E[M], R), (to avoid having a flood of subscripted k's, the rate

constants are labelled V, E, and R), one obtains, setting ky/k.7=K,

) o 1\ 1
o(p) = KR [+ gy + (qgep)® + o (g™ (2)

where S=E/V, X=R/(V[M]), and n is the number of vibratienal levels which are able
to radiate at a given emission wavelength, i.e. n=1+(vg-v,)/avy With v5=25,160 cm™
the full 0 + NO bond energy, vj the reciprocal of the emitted wavelength, and
Avy the average vibrational energy.(cm=1) transferred per collision with M. It
must be pointed out that, in addition to all other simplifications, eq. 2 neglects
the spectral difference of the Ioi*contributions,coming from the different'NOz*i
and therefore does not explicitly show the spectral pressure shift. As P X0,
so that the model predicts IOA(p+w)/IoA(p+o) ratios to equal 1 + 1/(S+1) + oo
1/(S+1)" = (1-Bn+])/(1-B) where B = 1/S+1 = V/(E+V), and, for n+= the ratie
approaches 1 + (V/E). ' '

Model II was first proposed by Keyser, Kaufman, and Zipf?2 on the basis
of NO, fluorescence studies in which E and V were fitted to data on monochromatic,
steady excitation of NOp with monochromatic fluorescence intensity measurements,
and R was measured by the phase shift method using modulated excitation23. As.
applied to the 0 + NO chemiluminescence, it -predicted surprisingly. accurately
7”'thethW'expérimentally-obéefved fall-off ratio of about 10 for the speétra]ly

integrated, high pressure emission rate constant, Iom; to its Tow pressure limit,

12

1.
>




Ioo. It was also used by -Becker et alll-to extract information on- the magnitudes

of E, V, and avy from their fall-off data, i.e. E = 2x10712 cm3 molecule~! sec™!,

13

V = 2x10-19 cm3 molecule™® sec™!, and avg ~ 800.cm™!, based on a radiative Tife- |

time of 60usec for NOZ*; Similar ana]ysis-of.Cody?sl2 data appears to give

V=1(11to2) x10710, E ~ 1x10"1! cm3 molecule~! sec™! and.avy ~ 500 to 1000 cm~!.

The model does, of course, correcf]yrpredict fhe decreasing values of the spec-
trally resolved fall-off ratios (see Table II) at lower A, because as A is.
decreased so is n, the number of N02*1 1eve1§ which are able to emit, and thereby
the number of -contributing terms in eq. 2. _

In its above form, Model: Il asﬁigns equal statistical weights to the
vibrational states of NOZ*, which is unreasonab1e,_beqause with three oscillators
there is a higher density of states.at higher energy. Schwartz and Johnston2“
1ntroduced-an-RRK:statistica] weight, g5 = (j+s;1)!/j!(s-1)!, with j = total
number of-average vibrational quanta (set equal to 1250 cm~1l) above the origin 
Of-NOZ*'(set>equa1 to 12,500 cm~1) and s=3, in their study of.N023f1uore5cence.
7 For-NOZ*'states‘near the 0 + NO continuum, j»therefqre equals 10 and‘gj=66,
whereas the'equ{va1ent gj_for ground state NOp (j=20) equals 231, and by -coming
down 5'v1brationa1‘steps (which is equivalent to going from abdut 4000 to 53008
in -emission threshold) 93 would decrease to 21:in NOZ*'and to 105 in the-ground
state. In future calculations this effect, which will tend‘to deplete higher7
energy ‘levels faster than lower ones, shou]d‘be 1hc1uded and Qj calculated more
realistically. A

The experimentally fitted parameters, V, E, and Avyp are in.surprisingly
good agreement with tﬁe results of two fluorescence studigs,?3}2“ although it
is puzzling (a) that for M=02,A“V should be in the range 500.to 1000 cm~! when
v(0o) = 1580 cm™1, and (b) that the energy-tfansfer rate to 0, would still -be

nearly -gas-kinetic. On the whole, however, the.physical picture is remarkably
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consistent, and has-good predictive power with-an-econoemical minimum of assump-
tions . and-adjustibie parameters. 'It"reqnires enly-a single electronically

~ excited state which it-reasonably assumes-to be identical with that reached in
fluorescence, and, using its known. (average) lifetime, interprets all aspects

of the-radiative-recombination in terms of an energy transfer model which has
"had many-successful -applications in simb]e,,nen—radiative processes.. We may.
be- tempted- to-stop here and bask in-its simple glory; but there are promises-to

keep, and miles -to go -before-we-sleep.

.C. - 2. Connections with NO, Spectroscopy
Fluorescence, Photoedissociation and.Quantum Calculations

| Before we 1annch inte this genera1 discussien, a few experimenta] feétsa

(1) The absorption spectnum of NO, in the visible from 4000 to 8000A is
amaiingly complex, and‘has, wixhsthezexéeption~of{a;bandfpnegregs%qnmnean%46005«
wnichADoug]as and Huber25 showed to arise from.a 2B;«2A; transition, resisted
analysis, even at 1.59Ka2é Diécrete %eatures of the resonance fluqreéeence
spectrum Of»NOZ,excited at 5]453'with an argon -ion 1aser»were,ana1yzed-by.

Abe "Myers, McCubbin; and Pal1027 ‘and aséribed to a 282+2A] transition. . Still
more récently, Stevens, Swagel, Wallace, and Zare2® have ana]yzed the
f]uorescence spectrum excited at 5934 to-5940. A by -a narrew band, pulsed,
tunable dye laser and report features due to both ZB1 and 282 states.

(2) The: extensive quantum calculations of- Gang1 and Burne11e29 1nd1cate
that-the- two Towest. exc1ted states of N02, ZB] and 282, lie 1. 75 and 3.33 eV
above the ZA] ground-state 1n:1ts equilibrium configuration and that:their
.radiativei11fetimes,:}R;:are 1.53-and-0. 125uset nespective1y 0f ‘the’ next threez
states; BZ’ “Az, and 2A2, only - the “AZ state has- an appreciable: trans1t1on

probability to the-ground statefcorrespondmng to-a leof‘8usec.- The.2B1;state




has a linear or nearly linear equilibrium configuration and the 282 state is
more strongly bent than the ground state (-110°).

(3) Photodissociation studies of NO, at 34718 by Busch and Wilson3?
have shown- that- the rapidly dissociating (or predissociating) state reached in
the'initialﬁabsorptionAis-predomihant1y of B, symmetry. Their upper 1imit of
~2 x 10713 sec for the dissociation lifetime is in good agreement with the
results of high pressure photolysis: experiments by Gaédtke, Hippler; and Troe.3!

(4) Finally, we must consider the increasing number of partly contradic-
tory. fluorescence 1ifetime studies and their relevance to the air aftergiow.
Ever since Neuberger and Duncan's32 direct measurement of 44usec for TR» the
discrepancy between that value -and 0.26usec calculated from the integrated
absorption coefficient has been under experimental and. theoretical scrutiny..
The experimental search for a second, vefy much faster state gave uniformly
negative results23:24>33 with the exception of recent indications3* that a very
small fraction of the total emitted fluorescence may have a shorter lifetime
(0.5 to 3.7 usec) at a few wavelengths. This observation, even if correct, does,
of course, in no way help to bridge the lifetime anomaly. Surprisingly, then,
at least six studies23,2%,32,33535:36 are in broad agreement that the measured
lifetime is in the 60 to 70 'usec range when viewing geometry corrections are
applied2?3>24s35, although a minor controversy remains whether tp remains
essentially constant?3 over the 4000 to GOOOR excitation range or exhibits
fairly discontinuous variations of 10 to 20% when the exﬁitation band width is
narrowed to 1 to 5 R. Only the recent findings of Zare's.group2?® of .non-
exponential decays in the unresolved fluorescence at 5934.5R, which is:then
spectrally resolved into stronger features coming from a 282 state with fR =
30 +£5 ﬁsec and weaker features believed tp be coming from a 24B1 state with

tp'= 115 £ 10 psec, are in some conflict with the other data, but although such

15
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experiments - are clearly most:important and:desirable, theyawillAhave=to be
repeated: for an:extremely large number.of-1ines in the complex. NO» absorption
‘spectrum-before ‘conclusions. may-be drawn about their importance:in the overall
process. It is significant.to note’that-four of.the above six lifetime stud:
1es23532,33,35 directly or indirectly looked for non-exponential behavior and
found either none or very. 1ittle.33

* The extent to which the lifetime anemaly is explainable in terms of.
well-known-physical processes was characterized very clearly. by-Douglas33 who
;uggested four independent. causes, .the v?_frequenqy~effect, transition moment
variation with<1ntfrnuc]ear Qistance, vibrational level mixing, and interelec-
tronic state mixj&g; of theée;-the~first mdy-contribute.smal].factors, e.g.
excitation (or-reéombinatidn).at.an.effective excitation wavelength of-4000&-
and radiation at 6000R provides .for a factor of .3.4; the second is difficult.
to éssess, but is unlikely to.be large, at-least by‘analoéy;with.the‘behavior
of diatomic molecules; the third, although surely applicable in NOz whose |
vibration frequencies -are Tow and whose excited states have substantially
different equilibrium geometries from the ground state, is more 1likely to help
explain the very complex absorption spectrum, because -each band "is.spread into
overlapping weaker bands, than the 1ifetime anomaly except again through the -
v3 and Re effects; it seems, therefore, that 1ntere]ectronic statefmixiﬁg
must supply the bulk of the total factor of.nearly 300 which needs to be
rationalized, i.e. a factor of 30 to 100: Two-prerequisites must then be

fulfilled: (aj.the states must interact strongly, and (b) their level:density
ratio must be sufficiently large. The second of these requirements., in con-
jﬁnc£ion7WithAthe known- energetics of all possible-states,2? strongly points

to the ground}state as the cause of the perturbat{dn,'i.e. both*in»f1UBre§cence

and chemiluminescence, vibrationally highly excited NO,(X2A1) may.be strongly
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mixed-with- the 2B, and 2B, states . For 2Bi§'the“interactfbn*faﬁﬁﬁﬁttbéﬁvibtonie, as
there: are-no- v1bron1c symmetry spec1es common to -both states, but-may:- be’ due '
“to Coriolis rntenactnon. The_latter:wwl] 1ncrease~strong1y.w1thgincreas1ng-
rotational energy; bgt may not-be sufficient1y strong;tO‘prgviae:theigxtensive
: mixing‘which,is required. For 232,'vibr0nic interactions~arezbossisle.

: Invthe.ahsencejof,detaiIed information on the_v{bration;freqUenc1es<
~of the two excited states, no quantitative estimates of level-density ratios
can be made, but certain limiting approximations provide useful. information.

At the -high..levels -of vibrational excitation,tat least for .the ground-state,
the semiclassical expression of Marcus and Rice3? N(s)=(e+sz)s-¥7fr(5)ﬁhv1]
should be applicable. . Here e, is the total zero-point energyiand-s, the ‘num- .
ber of oscillators,. equals 3,- For-NO,(X)’ €2z=1850.cm-1-and since. ¢ values
ofmis,OOQ»to 25,000 cm™! are-of interest here, ¢; may.be!neg]ected;s Ifit ds
further aSsumedfthat;excited state frequencies are'rpughly equal -to those of .
NO2(X), the level density ratio is:given7by (e/e')% where ¢ and ¢' are the
tota1 vibrational.energies{ofvthe ground and excited states. If the frequen-
cies ane-not~equa1»it wi}]-be;morep1ike1y that-the excited1stateufrequenejes-,
will be lower than those.of the:-ground state, and in that~case; the»N/Neratioi
will be less than (e/e')2. Now,afor:the'zg]:state, both experiment- and- theory -
put its energy minimum at-or he]oW’ab0ut.12,0QO'cm’l”(corresponq1ng,to an.
origin of the 231+2A] band system at.or beyond.ébooﬂ)‘nhjch- at:excitation.
frequencies (or recombination energy) of 20 000 to 25,000 cm™!, will make .
e/e'32 and the Tevel dens1ty ratio k4, i.e. far too small te explain- the 11fe-
time anoma1y< For the h1gher 1y1ng 282 state the situation.is: somewhat*better,
since 1ts energy m1n1mum is: ca'lcu]ated29 to be about 2.2 eV above- that of the

:ground state wh1ch depend1ng on excitation frequency, may give s/e' in the ft_;f[ f

3 to- 10 range and correspond1ng dens1ty rat1os of 10 to 100 The danger and

S A




possible fallacy of this argument is, however, that, part1cu1ar1y in.the. exc1ta-
tion range where-N/N' is large, its magn1tude is pr1mar11y controlled-by .that. .
of:N' which-is. decreas1ng rapidly-as. the or1g1n of the 2Bzr2A1 ‘band system -
is approached and. one wou1d therefore predict a strong dependence of observed.
fluorescence lifetime on excitation frequency, i.e. an increase of rp up to
about GOOOK,ﬂand a sharp-decrease beyond that waveiehgth. Schwartz ‘and John-
ston2* did report-a small increase of tp in the excitation wavelength range
from 4000 to 56008 and a small decrease from there to 6000&, but ouf own
work did not shpport'evenethese minor trends and,;howed_rR to be constant.

Nevertheless, it would be interesting<td,meaeure ré in the 1ow-
pressure 1imit'as far into the red as possibie.} On-the whole, the fluores-
cence lifetime - anomaly seems_less,reso]veq_thangever, even though the great
complexity of the absorption end emission spectrum~¢omes-as no surprise.
The weakness of the level density argumehf has all Bﬁt eliminated one of the:
principal petentia1 explanations, the;pseudq—degeneracy of the upper state
Ey,mixiﬁg with excited ground state. | |

The }mplfcations.of this large body of re1atedfwork for the b + NO
afterglow are unclear.  The 2By is favored as the emitter by .its direct
correlation with 0(3P) + NO(21) whereas . the 2B, state can be reached only:
through an intermediate state in a pre-aseociation fer whichﬂBurne]1e et al29.
have suggested a high-lying 2A; (225)'state as a likely intermediate.
Carrington38 points out that, since the recombination proceeds by way of
highly unsymmetrical configuratjons of NOp, i.e. in Cg rather than C2v
symmetry,;thej?A'4state1cqrresponding to,ZBzmmayfpossib]yebe reachedrdfrect1y{-
The fact' that-the spectral onsetwof*chemi]umineeeence corresponds closely to
‘the*fu1170-N0-bondfenergy»makes it”un]ﬁké]yffhat the curve crossing occurs

appreciably below the CQntihuum=thFesho1d; The’smoothness of the emission
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‘spectrum; on.-the other. hand argues (weakly) against’invoking both excited states
:as does"the success- of the ear11er parametr1c representat1on of -experimental °
.'data. |

The very large vibrational relaxation rate constant suggests that the
role of:rotational excitation in the collision cComplex and subsequent rotational
relaxation-also bé considered: 'In their recent high presSure'photolysis
studies of N0y, Troe and co-workers39 have been able to measure the limiting’
high pressure, secondiorder rate constant for the total 0 + NO reaction,
k“=2x10"11 cm3 molecule’l sec™!, which includes all initial recombination
pathways and is therefore an upper 1imit to ky ‘in Mode1 II. This k* cor-
responds to a maximum impact parameter‘of-Tﬂ_for collisions of sphekica1
particles -and even when allowance*is made for the exclusion of wrong end
collisions of NO, the impact pardmeter is unlikely to be larger than 2R
which means that rotationally highly excited N02* will not -be an important
intermediate. ’

Lastly, the question to what extent recombination to form N02* is
distinct from the known overall three-body recombination pnocess may be exam-
ined semi-quantitatively. 'Assuming R to be constant and equal to 1.6x10"
sec™!, and KR, the Tow pressure 1imit: for I,, to be'5 to 6x10~18 cm3 mole- - -
cule™ sec™!,” K=ky/k.7 equals 3 to 4x10722 molecule~! cm3. 'If, at sufficiently
high pressures (20.1 torr) all N02* are vibrationally relaxed with rate con-
stants in the 1-to 2x10°10 cmsfno]ecuTe"L sec~l range as obtained in section
C.1. above, the effective three-body recombination through NOZ* is of the order -
3 to 6x10732 cmé molecule™2:se¢ ? which is in the range of the reported over-
all rate constants of 6 to 8x10~ 32,‘1 e. the process represents a major part
of the total recomb1nat1on Th1s had been suggested by usé earlier in terms

of the'three-body‘Noz *-mechanism and was® confirmed" recent1y by Becker et alll.’
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The-molecular dissociation rate‘constant=of:unstab11ized-NOQ*Q, k_l,‘1s_then; ‘
- <'5-t0 7x1019 sec™! which ‘s -a reasonable value under-thermal conditions.at’
300°K-compared.with .the-much higher 5x1012 sec~! for.Noszwfth 10 'to 12 keal
of excéss-energy from photodissoc1atioﬁ3°.and;highwppessure“photo1ysis?*;"
The close ‘equality of. the radiative ‘and total rate constants further supports.
the notion of extensive state mixing in the excited state and decreasing
‘meaning :of pure state labels.. . Perhaps, in desperation and exhaustion, we

need not worry, then;,whether3281.or;282.1abe]sm§pp]y'to the air afterglow-
emitter, because both (or more than two) are variably and complicatedly mixed

with the ground state.
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