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ABSTRACT

The processes, both physicél and chemical, occurring as a
result‘of the interaction between N02 and light from a high—pbWer,‘
pulsed ruby laser have beeﬁ studiéd.

The absorption of a single quantum of light at a wavelength
of 69h3z.raises the NO, molecule to an excited State'(sz).where it
can fluoresce, be'electfonically qﬁenched to the ground state (2Al),
or vibrationally deactivate within the exéited state manifold prior
to eithef of tﬁe above two processes; These various primary processes
vere séudied by time resolution of ‘the emission using a filter-
photomultiplier combination and storing the data by photographing
the resulting osqiiloscope trace.

At low pressﬁres an eprnential decay was observed and.
Stern-Volmer plots were used to detérmine the radiative lifetime
and electronic self—quenchiné rate constant for NOE’ as well as
the electronic guenching raté constants for a series of added gases,

At higher pressures of NOE‘the decay was markedly non-

exponential, emission maxima actually occurring. The data is

consistent with a consecutive stepwise vibrational deactivation

mechanism wherein the detection system is more gep51t1ve to the

radiation from intermediate states than to the initially formed

excited state, Analysis of the data, using different theoretical

models for vibrational deactivation to relate the rate constants

to one ancther, gave values for the vibrational deactivation rate
. 2 .

-10 3 3
constant in the order of 4 x 10 cm /part—sgc. This efféct vas

ix



observed only for addition of N02 and is probably a result of
enhancement of the V > T transfer rate due to the chemical bond

potential available to the NO%-—NO'2 pair, The vibrational deactivation

rate constants for thg_other added gases must be much less than the
corresponding electronic desctivation rate constants,

The dissociation §f N02 by a two-step consecutive absorptién
process was also observed, The breaking of the ON-0 boﬁd followed

by the reaction of the O atom with NO, leads to the production of

2

molecular O, which was measured mass spectrometrically. An estimate

2

: -1 -
of the second absorption coefficient on the order of 3.3 cm " atm 1
was made. An attempt was made to observe isotope~selective formation

of 02, but results were inconsistent probably due to the temperature
instability of the available ruby laser.

Multiphoton induced emission in the blue spectral region

o ' ‘
(vh,000-k,400A) was observed at high pressures of NO, (vh to 65 torr).

The lifetime of the emission is compatible with an NOE formed below

the dissocistion limit that quenches at an efficiency of about 10%
the gas kinetic collision rate. The dependence of the emission
intensity on laser intensity changes from third order at the lower

pressures to a limiting value of two at the higher pressures. By

considering the~emiséion to be a sum of two and three photon processes

it was shown that the two photon process wWas proportional to the

square of the pressure and the three photon process to be linearly

dependent on pressure.

These processes Were interpreted as beihg-two-photon

consecutive absorptions with a Jeactivating step prior to the sgcond

- X



absorptioh. In the two-photon process the deactivating step is
collisionél; adding another order in the pressure dependence. In
the three-photon process it is pfoposed that the deacfivating step
is an anfi—Stokes Raman scattéring of a laser photon off.the'NOZ
intermediéte. This maintains the pressure linearity and adds

another order in laser intensity.-

xi



PART 1

INTRODUCTION

1.1 Fluorescence and Quenching of NO

2

The fluorescence of NOE.Was first studied by Norrish as

early as 1929 using steady state mercury arc'illumiﬁation.l Subsequent
examination by.Baxter in 1930 of the fluorescence quenching of NO2

by a series of added gases indicated that the excited state, NOS,
possessed either an unusually 1arge collision cross-section or an
unexpectedly long radiative lifetime.2 About the same time, Heil

estimated a 10 microsecond lifetime for the NOS by measurement of the

diffusion of NOS from a narrow exciting beam; this fitting in with

the model of a normal gas kinetic collision cross—section and long
lifetime.3 In 1954 Neuberger and Duncén observed the'HOS decay
directly using bfoadband flashlamp excitation and obtained a value
of 4l microseconds for the radiative lifetime.h An extensive study
of the quenching of NOS fluorescence excited by a series of mercury

(o] .
lines at LolT, 4358, 5461, and 5770 A for a large number of added‘

gases was performéd by Myers, 8ilver, and Kaufman in»1965, apd this

B . ] ) 5
: . # 1 tself,
was the last study of quenching of NO2 by other gases thanrlog itself

Further research into the processes occurring in electronically

excited N02 was motivated by the followin

integrated absorption coefficie

g facts. Firstly, the
nt predicts a rediative lifetime that

is approximately 100 to 200 times shorter than the experimentally

6 -This is anomalous in view of the fact that usually

observed lifetime.

the cglculated lifetimes are longer'than experimental ones due to tge

1



occurrence of such processes as predissociation, intersystem crossing,'
and internal conversion.

Several authors have studied the variation of the NO;

radiative lifetime as a function of excitation waveiengﬁh.T—lO

Kaufman, et al, observed no lifetime variation using a phase-shift
technique, but their}results are suspect due to the small size of
their fluorescence cell, wall deactiVatiop of the Nog,béing a
limiting factor.7 Sackett and Yardley; on the other hand, haﬁe
observed significanf wavelength variation using pulsed dye laser
éxcitation and a large fluoreséence cell designed to minimize wall
quenching effect;.9 The only other research performed on N02 at
69&3& using a ruby laser (which is the longest wavelength used in any
previcus studied) was done by Calvert and co-workers and dealt With
the fluorescence lifetime and self—quenching constant for HOQ but.
did>not include measurement of quenching constants'of other gases.,
Also, the lifetime data showed a large limit of error for\the 69&32
ﬁeasurement, which could potentially be improved.

A second motivation for fhe further reséarch was that the
absorption and fluorescence spectra'of NO2 show remarkable complexity
for such a simple‘molecule; a more complete understanding of them being
of fundamental importance. | |

Recent-spectroscopic studieé by Brand and Herdwick have
established the (0,0,6) levels of 231 and 2B2 excited states as

11,12

; - ‘ . -1 . : .
being at 1k4,7L3 em™t and 11,956 em -, respectively. Since the

, o -1
laser line at 6943A corresponds to 1h,403 em = and the work of



Brand and Hardwick indicates little or no absorption by the 2Bl

state at longer wavelengths, the laser will selectively excite the

2 . . . ' '
B2 state and data on its lifetime and quenching behavior will shed

more light onlthe nature of coupling among the’electronic states of NOQ.

-

A final reason for this type work may be considered due to

the importance of NO% in atmospheric chemistry. The airglow which

results from the NO and O recombination,

HO + 0 + (M) > NO% + (M) _ (1)
NO¥ - NO, + hv, 4 ‘ - (2)
13-16

has been a subject of many kinetic and spectroscopic investigations,
and is due to the eﬁission of light by the chemically formed NOS._

Similar to the NO-O reaction is the bimolecqlar chemiluminescent

reaction,

NO + 0 =+ NoZ * 0y, (3)

which can be used in a technique for the measurement of low ambient

levels of O3 in the atmosphere.17 Furthermore, the photodissociation

by sunlight of NO which is present in the atmosphere to a large

2 ( \
extent as a result of NOX emissions from automotive exhaust),
[0 ’ "
NO, + hv (1 < LOOOA) » NO + O ‘ (L)

18
is the initiating step in the photochemical smog cycle. More

recently, studies have shown that. the reaction,

. 3~ ' 1
(5)
INO% + 02 ( Xg) NOE + 02 ( Ag)
proceeds with a fairly high efficiency. The O, ( Ag) 18 Khown to be

& fairly reactive species and readily oxidizes unsaturated hydrocarbons.

This reaction can extend the potentially smog-forming wavelengths towards

on rate constants for NO} formed at

the red, and accurate deactivati x



lower excitation energies may be important in the.modellingvof the

photochemical smog cyclé.

1.2 Multiphoton Dissociation Reactions

Under the ‘influence of a high intensity radiation field,
nonlinear processes become incréasingly more important. Limiting
ourselves to two;photon interactions, there are two important and’
distinct processes that can occur,

In the first type of ﬁrocess, that of simultaneous two-photon
dissociation, the first photon, hvl, brings the molequ}e not to an
energy level that is an eigenvalue of the time-independent Hamiltonian,
but rather to a "virtual” state that is a superposition of the time-
independeﬁt eigenfunctions., This "virtual" state can then absorb a
second photon, hv2, that brings the molecule to an energy level that
is a time-independent eigenvalue.21 If this energy level happens to
be in the dissociation contihuum, or if‘the level can eventually lead

to predissociation, then the molecule can obviously disscciate,

Examples of this type of process inelude the photo-initiated

polymerization of styrene and of E;lsopropylstyrene reported by

2
Pao and Rentzep18,2 the dissociation of 012 by a ruby laser initiating

2 . ‘s : :
the H —Cl explosion reported by Porter, 3 the dlssoc1at;on of iodoform,

CHBI legding to 12 formatlon reported by Speiser and Kimel, and

more recently the dlssoc1at10n of Hgo vapor leadlng to an OH radical

which is reedily detectable by resonance fluorescence reported by
os -
Wang and Davis. 5

The simultaneous process is characterized by very low primary

product yieids (at the laser intenSitieSAuSEd)’ by the fact that the



product yield should show a squared dependence of the light intensity,
and by the fact that no quenchiﬁg effects should be observed except at
extremely high pressures (since the "virtual" state is so short lived).
The second type of prbcess is that of consecutive absorptiocn
of two photons whereip the initial photon brings the molecule té a
real state of the systenm in,a‘pormal absorption. »The,excited state
thus formed can fluéresce, undergo quenching or reactiony or it can
absorb a second photon which brings thé molecule to a dissociating-
state. The initial absorption step can be made very selective and
this process has imﬁortance as a means of isotope separation.
Examples of this type of proccess include the photbdissociation
of phthalocyanine reported by‘Porter,26 the dissociation of NH3
reported by Letokhov,gT the dissociation of B013 reported by Rockwood,2

and the dissociation of N02 as performed in this laboratory and initially

2
reported by Gerstmayr, et al. 2

Consecutive absorption is characterized by much higher yields

than for simultaneous sbsorption, by a dependence cn light intensity
that varies from first to second order subject to various molecular
parameters and experimental conditions, and by a pressure dependent

quenching since the intermediate excited state has a much longer

. "
lifetime in comparison with the "virtual® state.

1.3 Multiphoton Fluorescence Studies

Multiphoton fluorescence studies have generally dealt with

systems excited by the simultaneous ebsorption process. One example

of such a process is‘the work of Schlag and co-workers in obtaining



the two-photon excitation spectrum of benzene in the gas phase.30 The

excitation was to the first excited.singlet state of benzene. The

one-photon absorption is allowed and the two-photon absorption

forbidden for the Sd -+ Si transition, but Herzberg-Teller coupling

of the vibrational and electronic,;tates will allow certain

vibronically-induced fwo—photon absorptiéns to vibronic levels

not accessible by‘directAone—photon excitation, The collision-

free lifetimes for some of these vibronic levels were élso megsured

and related to non-radiative transitions from the 8, state.sl
In another study Hinsch and co-workers observed Doppler-free

two-photon absorption usiﬁg the 1S5 » 25 ftransition in atomic hydrogén.

The dye laser beam at h860§ was frequency doubled by.use of a lithiun

' o)
formate monohydrate crystal to 2430A, which was focused into the

cell, reflected and refocused to provide a standing wave field to

cancel the Doppler-shift. Collisions induced the 25 - 2P transition

0 . ) .
and the I, line at 1215A served to monitor the two-photon absorption.
o
Absorption from the 25 level was observed simultaneously using the

. (o] . .
dye laser fundamental at 4860A which coincided with the visible

Balmer-B line.

.l.M Intent of This Research

The intent of the research performed was to study the

fluorescence of N02 as excited by the pulsed ruby laser in order to

obtein information on the collision-free lifetime of N02 and to

obtain date on the quenching of NO, by a series of foreigg gases,



as well as on the self—quenchigg of N02 at higher pressures, which-
can be used to study relaxation within the excited state,

The two-photon dissociation of NOE’ obserVed‘by Gerétmayr
was to be studied in greater detail, experiments including laser
intensity variation to study the order of the process with respect
to laser intensity, as well as photolysis of some isotopically

substituted NO, to ascertain if an isotope effect could occur:

2
A search for multiphoton induced fluorgscence in the NO2
was to be carried out, Emiséion from the dissociating state reached
by the consecutive two-photon absorption ﬁas_possible, although
unlikely due to its very shqrt lifetime.
The data obtainea from such a study are oprotential

importance and interest to atmospheric chemistry and physics,

photochemical isotope separatioﬂ processes, and the fundamental

dynamics of excited states.



PART 2

EXPERIMENTAT

2.1 Preparation of Samples and Materials

For most -of the experiments performed the gases used were
obtained from the Matheson,Company, Bast Rutherford, New Jersey,
and generally used without further purificafion.

Clean nitrogen dioxide was prepared by'the three body
reaction of nitrie oxide with oxygen,

NO + NO + O, » 20O, k = .10’37(cm6/part3sec)

2 2’

(6)

where O, was present in excess. Passage of the‘reaction-mixture through

2
a liquid nitrogen trap (-196°C) froze down the NO, as solid N0,

while the majority of the excess O2 was pumped away. Successive
freeze—pump-?haw cycles.(two to four) further removed any O2 or N2

entrained in the NOQ. A final cycle using a dry ice-~acetone bath

(=T7°C) removed any trace COQ. Mass spectral analysis of’NO2 or NOQ/Ar

mixtures typically showed small background amounts of Ng, 02, and H2O.

Partial pressures of Noz_and Ngoh were calculated using the

vs (PNO + PN Oh) is

, 33 '
data of Harris and Churney. A graph of PNOQ ) 2

shown in Figure 1.

2.2 Experimental Apparatus

2.2.1 Laser System

The laser system used in these studies was a Korad K-1

' " -switched
flashlamp~pumped ruby laser. The 9/16" by 4" ruby rod was Q-switc

using an electro-opticai‘Pﬁckels cell to obtain a single giant pulse.

8 .



Figure 1 Graph of the 21O, At N0, Equilibrium
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i0

The pulse duration as observed.using either pﬁotomultiplier or
photodiode detection systems was about 15 to 20 nanoseconds. The
‘linewidth of the laser was specified as being 0.062 by the ﬁahufacturer.
Laser specifications are summarized in Table I,

The pulse energy was about 2 joules as measured using the |
Korad KJ-2 calorimetey. The energy measurements are performed as in
a typiéal calorimefric experiment, The entire energy of the laser
pulse was absorbed by>a liquid of known volqme and heat capacity.
A thermocouple measured the‘temperatufe rise and the output was
calibrated by the manufacture? aslbeing 15 microvolts perAjoule
of incident enefgy; Five pulseé were run an@ the average of these

taken., The individual points never varied by more than 3% from

the average.

The laser was fired no faster than once every two minutes to

prevent damage to the ruby rod from overheating.
The temporal distribution of the laser pulse could be most

easily monitored by using a filtered (CS~2-60) RCA 1P21 photomultiplier

which was looking at the reflection of the scattered laser light off

the ceiling, and displaying the output on 2 Tektronix 5454 or T9Ok

oscilloscope,

The laser intensity was varied using attenuation of the beam

by reflection off of flat Pyrex glass plates held at set_angles in

slotted aluminum channeliﬁg mountedvon the optical rail. The plates

were paired off to insure‘that the beam axis was not grossly changed

by refraction, Different numbers of plates were used to obtain

differeht attenuations. The apparatus was calibrated by measurlng_



Pulée Energy
Pulsewidtﬁ
Wavélength
Linewidth
Beam Diameter

Beam Divergence

11

Table I

Laser Specifications

2 joules

15-25 nanosec (P8ckels cell Q-switch)
o ' .

6943A
O

0.06A

9/16 in.

4 milliradians



12

the change in transmission of a Spectra-Physics Helium-Neon laser.

This grrangemeﬁt does not have the flexibility of varying the flashlamp
discharge voltage, but is far more accurate, to within 1 to 2 percent
in the values for the effective trénsmittance of the system.

2.2.2 Mass Spectrometer.

The mass spectrometer usedifor’analyses was a Consolidated
Electrodynamicé Corporatipn 21-130 cycloidal focusing.instrument. The
ionizing voltage was fixed at T0 electron volfs and samples were run
at either a 30 or 90'microamp filament emiésion depending on sample
size, Representative relative and absolute sensitivities for gaées

of interest are given in Table 2.
' For the photodissociation expefiments the sensitivities for

Ar, O0,, and N_. are particularly important, and these were checked

2 2

frequently when the experiments were in progress. An expansion

volume, normally open, was closed off due to the small sample size

when these experiments were run.

For isotopic Work; the resolution of the mass spectrometer,

R = M/AM = 250, is low and precluded direct analysis of molecular ions
' £) _

. | .
at nominally the same mass such as (0 )2.1n thg presence of large

2,2.3 Detection Electronics

For the infra-red studies an RCA C31000F photomultiplier

' . For the
with a Hewlett~Packard power Supply at 2300 V was used

iplier
near ultraviolet-blue studies an RCA 8575 was used. Photomultipli

é 2 and-photomultiplier data are
c 265

response curves are shown in Figur

s n1d n Orte
given in Table 3. - Both photomultlpllers were mounted o
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Table 2

Mass Spectrometer Sensitivities#®

Gas. m/e Absolute Sens. (div/u) Relative Sens,
He L . 10.77 : 0,288

N, 28 | - 36.88 0.987

co 28 35.95 - 0.963

NO | 30 - 3L.718 - 0.851
0, 32 . : 27.86. | 0.746

Ar Lo ' 37.35 1.000

co,, - L - 31.96 0,856
N0 4k ‘ : 23,19 - 0.621
N02 30%* 29.10 0.779

* These were measured at an ionizing voltage of 70 ev and a filament

current of 30 pA.

¥¥%¥ Under the above conditions an extremely small m/e = 46 peak shows up,

the fragmentation peak at m/e = 30 is therefore used for measurement,



Figure 2

Photomultiplier Quantum Efficiencies

1k
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Table 3

Photomultiplier Characteristics

8575 , ¢31000F
: _ o . : o
Maximum Response X 38504 5T50A
Cathode Type " Cs-KiSb | Na~K-Cs-Sb -
Maximum Anocde to Cathode :
DC Supply Voltage 3000V 2500V
' b
Current Amplification - 3.6 x lOT(a) L x 105( )
Maximum Average Anode Current | 0.2mA ImA
Pulse Current (Saturation) 0.75A : 0.5A

(a) For a DC Supply Voltage = 2500V

1500V

(b) For a DC Supply Voltage
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photomultiplier bases.

The phétomultiplier outputs were connécted to 50 Q inputs on
a Tektronix TA19 amplifier of a T90L oscilloscope.

The TB18 time base was triggered externally by a pulse from
a sync output of the P8ckels cell shutter électroﬁics.

| The resﬁlting analog display was photographed using‘the

Taktronix C-51 camera unit, R

2.2.% System Arrangement, -

In the photolysis éxperiments a 9.5 cm 1ong‘optical cell was
aligned with the laser beam axis on the optical rail, After the

photolyses were performed the cell was taken to the mass spectrometer

for analysis.

The fluorescence stﬁdies, both in the infrared and blue
spectral regions, used the same general experimental arrangement.
A 21.5 cm diameter spherical Pyrex bulb with Pyrex windows mounted
on cylindrical glasé sleeves was used as the fluorescence cell.

The laser beam passed through these windows, and light emission was

observed at right angles.

The primary or excitation filter used in the experiments was

a Corning C8-2-64, The secondary or fluorescence filter combination

used in the infrared studies consisted of two Corning filters CS5-5T

and a Kodak Wratten 8T filtér.< The second filter combination used

in the blue studies vas two Corning CSk-T2 filters, a Corning CS85-57

filter and a Kodak Wratten 384 filter. The trensmission data for the

appropriate filters is shown in Pigure 3.



Figure 3

Filter Spectral Transmission Data
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The photomultiplierAwas located at a right angle to thezlaser
beam and a mask limited the observation region in a manner that was

designed to minimize the effects of NO¥ deactivating by wall collision.

2
A schematic of the fluorescence arrangement is shown in Figure kL,
Pressures in the flask were meésured using a Decker Corporation
differential pressure sensox with a full scale sensitivity of 10 volts
corresponding to a pressure difference of 550 millitorr. - The
manufacturer's stated sensitivity agreed with that of a calibration
by expansion using known volumes to witﬁin 1%,
The vacuum system was all glass with Teflon ahd/or silicone
grease stopcocks used té handle N02; all other stopcocks were greased
with Apiezon N-grease. With the liguid N2 cold trap, mercury

diffusion pump, and mechanical oil pump, the system would routinely

pump to less than lO-u torr, as measured by an NRC Alphatron

pressure gauge.

2.3 Experimental Procedure

2.3.1 Fluorescence and Quenching Studies

The radiative lifetime and self-quenching constant for N02

i inc ' ted
was determined by adding the l\TO2 1ncrementally:to the evacua

fluorescence cell. The laser was fired, and the resulting oscilloscope

trace was photographed., The oscllloscope trace was triggered using

a timing outﬁut signal from the shutter control for the Pdckel

cell Q-switch. The RCA C31000F photomultiplier was drlven by a

Hewlett-Packard hlgh—voltage pover supply with the PUT base anode

held at -2300 V with respect to the photocathode. A trace of intensity

: . ulse,
versus time was obtained for each laser p ‘



Figure b

Fluorescence Observation Arrangement
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The fluorescence data on pure NOQ was taken gt various
pressures over a 3 to 500 millitorr range. From the low pressure
data, values for - the colli;ion-free radiative lifetime and self-
quenching rate constant could be extracted, as will bé discﬁssed
later. The higher pressures give‘information on the collisional
removal of energy from the electronically excited‘NOa.

For the quenching studies of foreign gases a fixed pressure
of NO2 of about 70 millitorr was pléced in the evacuated fluorescence

cell and the foreign gas being studied was added incrementally, the

emission intensity being monitored as for the pure N02 experiments,

2.3.2 Multinﬂoton Photolysis Studies
| The photblysis cell was 9.5 em long with a volume of
approximately LO cm3. The laser was fired five.times, once every
two minutes, to obtain a data point. The low repetition rate is

necessary to insure.that the ruby rod cools sufficiently, after the

flashlamp firing, in order to avoid cracking of the rod.
The 02 formed was analyzed using the CEC 21-130 mass
spectrometer., The sample was flowed through a Uftube at liquid

nitrogen temperature before entering the mass spectrometer. All

" the NO_. was frozen out on the walls., A known amount of argon was

2

added to the NO, used in these experiments to provide a non-reactive,

2

quantitativé mas s-spectrometer standard, The gas mixture was

1h 18 + . I
interference at m/e = 32 from the N 0 peak which ordinarily

) ) | in NO
would make: impossible the measurement of small amounts of O2 in 5

: i f 05 with
using a low resclution mass spectrometer.  Back reactlon ? o Mt
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either NO or solid N O3 was estimated to be negllglble under the
experimental conditions durlng the time period from the start of
the photolysis to the end of the analysis (20 minutes).

Laser intensity was varied by firing the ruby laser through
flat Pyrex plates held at set angles in slottedialuminum channeling
mounted on an.uptical rail, The‘plates were paired off at opposing
but equal angles from vertical to maintain the ueam direction and
correct for offsets due to refraction on passing through a plate.
This apparatus was calibrated using a Spectra—Physics.uontinuous
mode He-Ne laser, monitoring the transmitted intensity witu a
filtered RCA 1P21 photomultiplief.  This arrangement aliows one to
make a log {(product) versus log (laser intensity) plot and obtain

the order of the process with respect to laser intensity from the

slope.
Also attempted were some isotope effect experiments. A
2 .16 1 16 18
mixture of 51.3% argon and u48, 77 ( N0, + 3 N0 0) was made up.

The O2 production experiments were carried out as usual but a test

photolysis using suhlight for 25 minutes was also performed. This

was done to insure a continuum photolysié to compare the calculated

16 18

and experimental O /O ratios for random, nou-selective

excitation with the results obtained frqm laser excitation.
The results obtalned will be discussed later, but it can be

mentioned now that they were not reproducible to any great accuracy.

Since it is known that the lasing wavelength can be changed’ from 69h3A7‘

. ' [} .dN
to 693h3 on cooling the ruby rod from room temperature to liqui 5

temperature, it was suspected that excess heat from the flashlamp was
>
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shifting the laser wavelength, This was .checked by placing a constantan-
copper thermocouple in the water coolant reser;oir and an‘identical.
reference thermocouple in an»ice-water'bath. The %oltage differencés
were measured using either a Fluke digital multimeter or Rubicon‘-
Instruments potentiometer. During the course of the five lasgr pulses
that make up one 02 data point, the water reservoir temperature was
found to vary by as much as 0,5°C., The temperaturé from one 02 data
point to the next varied by as much as 1 to 2°C. ‘In the neighborhood
of 20°C, the 1aser.ﬁavelength'as a function of temperaturé is given by;

A(T) = 6943.25 + 0.068(T ~ 20) (7)

. (o} 3h
for A in A and T in °C.

A change in‘temperature from 20 to 22°C
therefore corresponds to a wavelength shift of 0.1362 or approximately
twice the laser spectral bandwidth., To determine the effect of such a
shift on O2 formation,'NO2 of normal isotopic,cpmposition-was photolyzed
at laser temperatures 21.2 (*0.5) °C and at 25.3 (£0.5) °C. The ratio
of 02 formed at these respeqtive temperatures was .found to be about

3.5 to 1.0, That such a change in the 02 production occurs is evidence
of fine structure in the N02 gbso;ption spectrum in the.neighborhood

of 6943n.

2.3.3 Multiphoton Fluorescence Studies

The experimental procedure for the multiphoton emission studies

was similar to that of the normal fluorescence studies, The photomultiplier

output was displayed on a time-swept oscilloscope and the resulting trace

photographed. The laser intensity was varied using the apparatus mentioned

previously in section 2.3.2. From these experiments the fluorescent

intensity dependence on laser intensity could be deduced.
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Also measured was the observed decay time for the emission as
a function of N02‘pressure'as well as fhe peak intensity as a function

of NO, pressure,

2
The gas pressures used in these studies were considerably
higher than in the normalAfluorescence studies and a Decker Corporation
differential pressure sensor with aileés sensitive detector was used

to measure the pressures,
The RCA 8575 PMT was used at 2300 V, and the Tektronix 790L

oscilloscope was used as mentioned earlier, making use of a trigger

pulse from the P8ckels cell unit to initiate the oscilloscope sweep.



PART 3

RESULTS

3.1 Fluorescence and Qﬁenehing of NQ2

-In all cases, the signal from thé photomultiplier tube was
applied to the vertical axis of the oscilloscope and the time base
swept at the desired speed. The resulting trace was photographed on
Polaroid Type 47 black and white film using the Tekfronix C-51 o
camera unit., The intensity versus time traces could be analyzed
by selecting points and measuring the trace height, at a given time,
using a Bausch and iomb precision comparator, or élfernatively, the
traces could be projeﬁted, expanded, and traced on gfaph paper. Both
methods weré used, but the‘accuracy was limited in both cases by the
finite width of the trace.' Most of fhe data were taken directly off
of the photographs using the precision comparator. |

3.1.1 Self-Quenching of NO, at Low Pressures

An example of the 19w pressure NOS fluorescence decay is shown

in Figure 5. As can be seen from the £0gI versus time plot for this

decay, shown in Figure 6, the decay 1s very close to a simple exponential

decay and is assumed to be such.

For NO2 at low pressures and for the quenching of NO2 by foreign

gaées a simple single excited state mechanism was used to analyze the
]

data, This mechanism is given below:

No, + hvy > NO§ Y,

NOZ > N02 + th ’ .F



Figure 5

Typical Decay Curve
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Figure 6

Typical Semilog Plot to Obtain Lifetime
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o7

NOE + M + NO, + M g (8c)

Here Y, is the effective excitation rate, kn (= 1/10) is the
fluorescence rate constant or the reciprocal of the collisioﬁ-free
radiative lifetime, Tyo and in is the quenchingnrate constant for
the collision paftner species, Mi'

Assuming the laser exc;tation to be rapid in compérison to
subsequent relaxation prpcéssés ailows one to express the rate equation

of interest as being,

a(nog) N S
= el + 21 Kog (M, ;) 1(10%) | ~ | (9)

which has the solution

(NO%), = (NO%) exp-[k, + Z k

£), 2 (1, ) ]t. | (10)

Ql

Here (Nog)0 is the initial concentration of excited NO, formed by the

essentially instantaneous laser excitation pulse. Since we have the

relation,

I, (t) = I (N03), ()

then a plot of LnI(t) versus time will be linear with & slope equal to

(—l/TObS), where
1 ‘ N
— = . (M
- kF + .Z le(
‘obs i=l

i) | | (12)

’ . 3 i f an
For the low pressure self-quenching of NOZ the only (Mi) spec1e§ o y

i 9 ) lecules become
consequence will be NO2 since at most m3ﬂ40f the N 5 mg

excited, Equation (12) can be rewrittgn in this case. to be,
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1

T
obs

) | |
=T-+k, (NO,) S (13)
o QNo2 2 . 3

A plot of the experimentally measured value of ZL/'EO.bS versus the
NO2 pressure should yield‘a‘straight line of intercept, l/TO, and

slope, kQN . This is a modification of the Stern-Volmer plot .and
0 | |

2 ‘
the data are displayed in this manner as shown in Figure 7.

3.1.2 Quenching by Foreign Gases

To study the effect of foreign gas quenching on NO2 fluorescence,
a fixed amount of NO, was added to the sample cell and then the foreign

gas was added, increasing the pressure at increments. The Stern-Volmer

plot now can be written as follows:

1 1 o
= [=—+%. (N0.)] +k. (M) (11)
Tobs ‘O QN02 2 &Y |

The term in brackets is a constant for any given experiment since (N02)

is fixed and a 1/t . Vversus (M) plot should be a straight line of slope
obs ; A

kQM. The data for the foreign gases studied in this manner are shown

in Figure 8 and 9. The values obtained for l/TO, k , and the k
| ‘ %, y

are summarized in Table k.

3.1.3 Self-Quenching of NO, at High Pressures

The time-resolved emissions from NOS at higher (> 50 mtorr)

Pressures were markedly non-exponential and Stern~-Volmer modele were

inapplicable., In fact, an increase in emission intensity followed Dby

a decay could be observed. Some'selected traces are shewn in Figure 10

for illustration. They show not only the appearance of one maximum in

the intensity-time curve, but also the appearance of a second maximum



Figure T

Stern-Volmer Plot for‘Pure,NO2
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Figure 8

Stern-Volmer Plot for He, Ar, 02, 002

30



O
10
O
S
O
b=
L0 &
S
L
OO
—4 Oul
NoYed
D
w
9%
-
.
O
19
—_— N N O B | |
(1085 _ o1%) 1%



Figure 9

Stern-Volmer Plot for N,, CO, WO, N0
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Table L
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Quénching Rate Constants of NO* for a Series of Added Gases
[

Mol., Wt.

!
1o
28
28
30
32
Lk
L
46

The collision free radiative 1i
41 + 4 microseconds.

Due to rapid simultaneous Yib
is difficult to interpret 1in

Quenching Constant (cﬁB/part—sec)

2.5
3.2
3.9
4.8
6.7
3.6
7.1
8.6

5.7

X

X

X

-11:

10

107

lo—ll

fetime was determined‘to be

rational deactivation this number
terms of solely electronic quenching.



Figure 10

Sample Traces of Non-Exponential Decays
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occurring at higher pressures and peaking at longef times than the first.
A plot of the peak intensity of the first maximum versus,pressure.is'
given in Figure 11, This shows a linear dependeﬁce of peak height on
NO, pressure at low NO, pressure, and a leveling off at higher NQ2
pressures, The break in behavipr occurs at approximately the same
pressure that the second maxima begins to océur.

The general appearance éf these émission curves is reminiscent
of a éonsecuﬁive process wherein an intermediate is observed with

greater sensitivity than other spécies. With the consecutive mechanism

given below, :
Moo M |

. A ) B ——— C > s e . o (15

one can readily calculate the time for species B to reach maximum

concentration as heing,

= -1 | ‘(16
e = Oy =)0 ‘

Assuming the pseudo-first order rate constants, X, to be proportional

to pressure, A = k(M), one can write the following;

(k, - k,) |
1 12 | (17
= [ 1(M) .
Toax En(klfk 5, |

The reciprocal of the measured time to maximum,was.plotted versus the

N02 pressure and a linear relationship was found, as is shown 1in

Figure 12, The rise-time to makimum'and decay time after maximum can

and k. independently. These

serve to give rough estimatespf kl 2

=10 .3
estimates show k. to be about 6 to 4 x 10 cm”/part-sec and k, to

l .
be about 5 to 3 x 10—10 cm3/part~sec. The interpretation of these

results will be given later in the discussion.



Figure 11

First Maximum Peak Intensity Versus Pressure of N02
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Figure 12

Inverse Time to First Maximum Versus Pressure of NO
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3.2 Two-Photon Induced Dissociation of NO2

The amount of O2 formed as a result of five laser pulses was
~measured as a function of NO2 pressﬁre. These daté are presénted in
Figure 13. These experiments were essentially a repeat of earlier work
by Gerstmayr, et al, but using the PSckels cell Q;switch instead of
the cryptocyanihe dyg cell Q-switch, The result of this ié‘é bréader
spectral width, a longer pulse duration, but a much moré reproducible -
pulse energy. The comparison of results is-therefﬁre of interest and
will be discussed later.

The variation of O ‘production'with laser intensity was also

2
measured, using the apparatus mentioned earlier., The results of these

measuremenfs are given in Figure 14 in the form of a 20902 versus EogIL

graph. If the dependence of O2 on laser intensity can be expressed as

follows;

) = %I - -~ (18)

then s 309(02) versus KOQIL plot should give a straight line of
slope = n., The least squafe value for the slope obtained from the

data was 2.00 (+ 0,053), indicating the occurrence of at least a -

two photon process.

The isotope effect experimental resulis are best presented
o . 16,18+
as the ratio of the m/e = 34 peak resulting from (0-0"") and the
164 y* Th ratios are shown in
m/e = 32 peak resulting from (7 0,) . ese
Table 5 for several laser experiments as well as for ﬁhe sunlight

photolysis experiment.



Figure 13

Formation of O2 Versus Pressure of‘NO2
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Figure 1k

Log of O

2

Formed Versus Log of Relative Laser Intensity
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Table 5

Isotope Effect on O, Production

Experiment R (m/e = 34/m/e = 32)% Commenté
1 0.546 : ' o Laser 5x
2 | 0.471 | | Laser 5x
3 1,10 - Laser 5#
L ' 0.398 . Sunlight

(25 minutes)

¥ The calculated theoretical R value assuming a random, non-selective
photolysis for the specific mixture composition used is R = 0.Lkoo,
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2

Attempts at observing a multiphoton induced emission in NO

3.3 Multiphoton Induced Fluorescence of NO_ -

2

were successful, but the results were not easy to interpret nor were
- they like anything.that might be expected from comparison with other
studies.

The variation of emission intensity with NO, pressure is shown

2

~in Figure 15. The low pressure‘intensity’dependence could be first or
second with respect to pressure or some intermediate value, the data are
not accurate enough to decide. The dropping off of intensity at higher
pressures is most likely due to self-absorption by thg NO2 since it
absorbs strongly in the 1000 to 4400 i région, the absorption coefficient
being about a‘factor of 100 times greate? than in the‘69h3K region,

The Stern-Volmer plot of obsgrved lifgtime versus pressure was
linear to~ab6ut 30 torr, above which the lifetime was comparable to the

laser pulse duration and could not be separated out readily, The

emission was observable only at higher pressures so a low pressure

extrapolation to obtain a value for T, in this region was very dlfflCUlt»

with the presént arraﬁgement. However, from the Stern-Volmer plot of

the emission. as shown in Figure 16, a value for the effective quenching
: s .

constant of kQ = 2.5 X 10-11 cm3/part—sec could be obtained.

The variation of fluorescence intensity with laser intensity
was measured using the apparatus pentioned in section 2.3.2 at a series

s and the results are presented in Figure 1T in the

of different pfessure

' | ' i h the interesting result
form of g KogIF versus KOQIL g?aph. This shows

that the order with respect to laser intensity veries from 3.0 at low

-pPressure to a limiting value of 2.0 at high pressure gs shown in Flguré 18.



Figure 15

Blue Fluorescence Intenéity Versus Pressure of N02
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Figure 16

Stern-Volmer Plot for the Blue Emission

L3
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Figure 17

Log of the Blue Fluorescence Intensity Versus Log of the

Relative Laser Intensity for Various Pressures of NO2

Ly
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Figure 18 Order of the Blue Fmission Intensity with Respect to Laser

Intensity Versus the Inverse of the NO, Pressure
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If we consider the fluorescent intensity to be due to the

sum of a three photon and a two photon process as follows;

= o 1° 3
Ip = ClIL +CI ’ | . (19)

‘ -
then a plot of IF/IL versus I, will give a slope equal to C, and

intercept Cl.

The ratio (02/01) will be a measure of the relative
importance of the three photon to two photon process at any given
pressure. These data are presented in Table 6 and show that the
ratio (Cg/Cl) is inversely proportional to pressure, or that the two

photon process depends on pressure to one order higher than the three

photon process,



Table 6

Ratio (cz/cl)‘

6,19
3.12
1.07

0.51

2 25,2
C P (in torr)

P (t&rr)

4,3
10.8
20.6

65.1

b7



PART 4

DISCUSSION

4,1 Fluorescence of NO

2

Recent spectroscopic studies on the fluorescence and ébsorption
spectra of NO, ‘excited by several cw laser lines have placed the (0,0,0)

level of the electronically excited 2y state at 14,743 em™ and the

1

, i .
(0,0,0) level of the "B state at 11,956 em 1 for th1602_11512 The

2

< |
ruby laser line .at 6943A corresponds to 14,403 em™ and can excite the

2 .
B, state only via a hot band transition. The (0,0,0) level of the ?Bl

state was obtained by extrapolation from shorter wavelengths since the

2Bl state is apparently not responsible for any but a small percentage

of absorptién in the 6,000 to 11,500 X rggion;ll Very weak absorption
is observed at wavelengths l&nger than 8365K (11,956 cm"l)'and,is
attributed to hot band transitions to the 2B2 state.12 On the basis
of these other works it will bé'assumed here that the 2B2 state is
selectively p0pﬁ1atéd by absorption of the ruby léser lipe. This

differentiates results obtained with a ruby laser from all o?her

previously used excitation sources in that other sources will excite

- both the 231 and 232 states simultaneously to some degree.
Observations on the fluorescence spectra and lifetime of NO2

as excited by a variety of pulsed and continuous wave lasers have led

to the following conclusions:

2 .

to b

(1) The Fluorescence spectra of thel Bl state tend to be
11,35

-continuous, at least under the spectral resolutions used.

2 ]
' ds to show a higher
(2) The fluorescence from- the B2 state tends g

2B tate 3
degree of banded structure than the B2, SLatC.

48
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-(3) The continuum emission (2B + eAl) tends to be of longer

| 1

lifetime (up to 110 microseconds) than that of the more discrete emission
2 2 . ' L

( 32 - Al)’ which has shown lifetimes in the 0.5 to 3.7 microsecond

37,38

range as well as 30 to 60 microsecond 1ifetimes.
)y : 2 20N e '
(4) The continuum ('Bl > Al) emission is not quenched by the

presence of a magnetic field, whereas the more discrete emission

2 2 . . -

( B, - Al) is quenched by a magnetic fleld.38’39 This implies that
the 2Bl state is already highly mixed with the 2Al state, but that
the magnetic field perturbation induces a greater amount of
2 > . . |

B2 - Al 1nteraqt10n.

pressures, the presence of collision

(5) At higher NO
| 40,41

2

induced lines has not been observed. That fairly rgpid

vibrational deactivation occurs in NOS has been previously established,

The collision, therefore, must distribute the deactivated molecule
over many rotational levels giving rise to no sharp new lines in the

fluorescence spectrum, but only a rise in the continuum level (which

may not be readily detected)., Figure 19 shows an approximate potential

energy diagram for NO, locking along the ON-0 bond coordinate.

Naturally a polyatomic is much more complex than this diagram implies,

but it may aid in a visualization of processes that will be discussed.

4.1.1 Radiative Lifetime

The radiative lifetime obtained experimentally in this work

for excitation at 69h3§ was b1 (#l4) microseconds, which is substantially

longer than the 0.25 microsecbﬁd 1ifetime estimated from_the integrated

A -
absorption coefficient calculations made by Neube;ger and Duncan althoug

: ' b | kurai and
they obtained an experimental Ty of Lh psec. However, Sakura
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Figure 19  Approximate Potential Fnergy Diagram for the ON-O Bond
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Broida's measurements on scme selected line absorption coefficients
lead them to believe that the earlier measurements may have been
performed incorrectly, and that a lifetime on the order of several
tens of microseconds could beiexpeéted;hl |

- Douglas, in a theoretical discussion, attempted to explain
the lifetime lengthening effect as béing due to isoenergetic transitions
between the vibronic levels of the upper electroﬂic state and high
vibrational levels of the lower electronic_state.hg Since to a
first-order approximation the Fermi~dolden Rule gives the transition

L
probability as being, 3

SEpTRE | | (20)
0y, = o <IE g (B) (20,

where H' isg the'perturbation and pf(E) is the energy density of final

states, the equilibrium constant for the intramoleculgr transition,

4=

o2 ‘ o . |
NO¥ ( B, or B2) NO, ( Al) | (e1),

» * 2
. will be the ratio of the density of energy levels of the Al state to

that of fhe excited state. In general, the ground state will have a

gy and the NO¥ will therefore

higher energy level density at a given ener 5

spend more of its time in upper vibrational levels of the ground statg

due to the higher density of states where it cannot readily radiate.

L
As a result the radiative llfetlme is increased by the factor, (K + 1).

nal
The perturbing Hamiltonian, H', that 1nduces interna

' ; i taken to be
conversion and intersystem crossing processes 18 usually

the nuclear kinetic energy operator and any spin—qrbita; interaction

Operators. It is the separétion of nuclear and electronic kinetic
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energies that forms the basis of the Born-Oppenheimer approximation,
and it is the breakdown of this assumption that sllows the zero—order
Born-Oppenheimer states to undergo these ’z:ransitions.l'l5

. 5 . .
The degenerate Hu state of the linear N02 nolecule

2 .
1 and Al’ in the bent

molecule. The Renner-Teller effect has been invoked to explaiﬁ the

correlates to the C2v symmetry species, 2B

and A states with resulting

1

apparently effective mixing of the B 1

lengthening of the apparent radiative lifetime in both N0, and SOQ.L!6
The»experimental data of Schwartz and Senum of 1\102 fluorescence
excited by a He-Cd lsser at thOE gives a lifetime of 36 microseconds
for a 2Bl vibronic level and supports this mechanism.hT.

The Renner-Teller éffect cannot be used as an explanation for
the lifetime lengthening of fhe 2B2_state, but the-Herzberg-Teller
effect wheréin the uéper vibronic levels of the ground state interact
with and thereby perturb the vibronic lévels of the upper electronlc
state was suggested as aﬁ explanation for the irregularity of
vibrational structure in the. longer Wévelength absorpticns to the
2B state.12 Such perturbations can act not only to shift energy

2 .
levels but also. to léngthen the 1ifetime agcbrding to the mechanism of

2 ) ) .
Douglas. However, the mixing of B, and Al states Wogld not be

: 2 2
expected to be as strong or as regular as between the Bl and Al

states,
ve lifetime of a molecule can be expressed. as

The radiati

follows:

1 6hr =z 12 T
= """glRel % !

(22),
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where ﬁe 1s the eleCtTOﬁiC transition moment when the molecule is in ité
equilibrium configuration, vv,v"'is the frequency of the transition
vt > v, qv'v" is the Franck-Condon factor (square of the vibrational
wavefuhctioﬁ overlap integralj for the transition v' > v", v' is the
vibronic state that is %adiatiﬁg, and the v" are the vibronic stafes
to which it may fadiate;h8 | |

The fact that the absorption for Noe_drops off in the red
spectral region is indicative of £he‘lower Franck—Condon‘factors‘as
compared: to the viéible‘absorption-toﬁards the,biue, The radiative
lifetime for levels excited near the bottom of the 2B2 state will be
lower due to the smaller Franck—Condoanactors and due to the fact
that the transition probability is proportional‘tq.the third powef
of the frequency.v If the Franck-Condon factor for a transition to a
higher vibrational level in the'ground state-is largér than that for
a trénsition to a lower level, the v3 féctor may nevertheless force
the molecule‘to radiate from the levels with small Franck-Condon
factors. All of the above qualitative arguments aré to illustrate
that the iifetime of the NO formed by the ruby laser may be longer
than that obtained from the integrated absorption megsurements without
invoking a mixing of states argument. However; iff for example, we

000A xcited by a
take a mean frequency of 5000A for the fluorescence exclte ¥y

: o]
h358.?\ line and a mean frequency of 15,000A for the fluorescence

excited by a 69h3z line then the v3 factor‘introduces a factor of

' ’ - - + L] L " _t
27 into the relative transition probabilities. This alone 1s no

‘ i in comparing the
enough to explain the factor of n160 difference 1 p

by microsecond with the 0.26 micrqsecond lifetime,



A combination of all these factors, the mixing of states, |
the v3 effect, and inaccuracies in the integrated absorption
coefficient measurements, may all contribute to explaining £he
discrepancy. The important result is that the ﬁog-(ng) which
should not mix strongly.with the 2A1 grouna state shows a radiative
lifetime in the order of‘ho microseconds using excitetion at 69h3§
and that this lifetime differs b& a factor of two or so from most
other measurements of the excited state lifetime for any Wavelengtﬂ
excitation, |

h.1.2 Qﬁenehingfof NO. Fluorescence
o

The electronic quenching rate constants for a series of added
gases were determined experimentally and tabulated above. Many of the
gases studied here were alsoc studied by Myers, Silver, and Kaufman in

_ , o )
8 steady-state irradiafion of N02 at 4358A, and a comparison of results
may be approPriate.5 No other study of foreign gas quenching of‘NOS

has been performed.

The early theory of R8ssler stated that the probablllty of

quenching per. colllSlon was proportional to o, the polarlzablllty of the

1/2

quencher and the collisional duration, which is proportional to ,

hg

the square root of the reduced mass of the collision pair.

More recently Steinfeld and Selwyn have examined the quenching

Phenomena as being radiationless transitions induced by van der waalsl

interactions between the collision pair. Y  More specifically, a

- ion:
rarametric dependence is found for the quenching cross sectl

/2, | . (23,

Q 3
..RO
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where GQ is the quenching cross-section, u is the reduced mass, I is the
ionization potential Qf the quencher, o is the poiarizability of the
quencher, and RO is the gas-kinetic distance of closest approach.50

The quenching constants and cross sections, obtained in this
work given in Table T along with the ratio of these cross—seetions to
those of Myers, Silver, and Kaﬁfman.5 Some of these cross-sections for
the data obtained here and the‘data obtained by Myers, Silver, and

1/2
Ia]

o
o Versus Log[ 3
c

Kaufman are plotted in Figure 20 in the form of Logo

Although log-log plots tend to make almost anyfhing look like a
reasonable correlation, a ;imiiar piot of the data using a ZagoQ versus
Eag(aul/e) plot which has been used as a correlation for Ig quenching
gives terrible results in comparison. Steinfeld's theory gives, at

least in the case of NOE, a reasonable correlative. agreement with

experiment,

The study of NOS quenching by Sakurai and Broida indicated

that the cross-sections for self-guenching of narrow-band discrete

o .
2 . .
emission features were about 15 to 20A7, whereas the self-quenching

: oo
of apparently continuous emission was about 0.9A°, and that the
overall quenching of emission was closer to the smaller value.

This would indicate a rapid‘fedistribution of molecules that‘are in |

the discretely emitting levels over many different levels. The

2
i i und state
continuum emitting levels are strongly mixed with the Al gro

already by Douglas's mechanism, and it is unlikely that another ground

' 0% 4 therefore
state NO2 will remove many quanta of energy from the NO¥, an

the o. for NO. is less than might have been expected otherwise,

Q 2 |
i 111 appear to be quenched
However, the rate at which Nog molecules wi PP



Gas

He

(2)
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Table T
kQ x 1077 (cm3/part-séc)‘ oQ'(Xe)(l) | §§§;9_§}2
2.5 1.93 1.25
3.2 5.96 | i.sei
3.9 - 6.55 | 1.25
4.8 8.06 -
6.1 11.50 1.15
3.6 6.30 1.06
7.7 WL 0.96
8.6 16,k 1.3k
5.7 11.01 0.803

The cross-sections OQ were calculated by using the relation

k

g = (1)

8kTy1/2
T

where (ﬂdie) Y the quenching cross-section.

The ratio B is the ra :
in this work to those of Myers,

tio of quenching cross—sectioﬁs obtqined

" Silver, and Kaufman.



o7

Figure 20 Parametric Dependence of the Quenching Cross-Section Using

the Theory of Steinfeld and Selwyn
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will be determined ﬁo a large extent'by the rate at which they
vibrationally relax to energy levels not detectable by the experimental
apparatus. Care must be taken in the interpretétion of the self-
quenching constants for N02 obtained by various studies due to the
simultaneous electronic and vibrational relakatiﬁn. Nofmally this
problem would not be encounteréd, but the fairly 16ng radiative
lifetime and fairly largé vibrational deactivation rates allow the'
two processes to bccur on comparable time scales at the pressures

used,

4,1.3 Self-Quenching of N02 at High Pressures

Under the experimental‘conditions used in this study an
interesting phenomena was observed at higher pressures of NOE' The
emission intensity did not simply decrease with time, but actually
increased to a maximum before decaying. At even higher pressures a

second maximum could be observed that peaked at longer times than

the first maximum. The addition of other gases to_NOe did not show.

this effect.

The genefal appearance of the time resolved emission was

reminescent of a consecutive reaction process wherein the secondary

species are detected with a greater‘sénsitivity than the initial

species. The time to the first maximum decreas§d with increasing

; s NO,.) was eésenﬁially
N02 pressure, and a plot of 1/TmaX versus | 2) ‘

linear, but did show a fairly large non-zero intercept. .The slope

1Ocm3/part-sec. Using the consecutive

of the plot was about 4 x 10~

versus (MO,,) .
nmechanism mentioned earlier, the slope of the l/Tmax 2

ants; but that leaves

plot can be related to the bimolecular rate const
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us with one equation in two uﬁknowns, SO some means of relating the
two rate constants is necessary to obtain estimates on their values,
A consecutive stepwise &ibrational deactivation of NOX has
been used in the analysis of other experiments performed at fairly
high NO2 pressures using phase shift techniques.7’8* The phase shift
between the excitation'light‘modulation frequency and the fluorescence
intenéity frequency caﬁ be related to the lifetime of the excited
state. However, in practice tﬁis method suffers from the fact that
the data analysis requires assumption of a decay form (usually |
exponentiél), and that one does not obserfe directly the dgcay
process itself, Tﬁe results of Kaufman did, however, give gn
estimaté of the vibrational deactivaﬁion fate constant‘of about

b x lO_lOcms/part—sec.T

A similar consecutive, stepwise deactivation scheme will be

used here to explain the observed results and is given below:

NO, + hvp | e NO¥ (v=n) Y1 (2k)
Nog (ven) »Noy +hvp K (25)
No; (v=n) + M > NOZ (v=n-1) + M kn,n—l

0% (v=n-1) rhO, Ky (27
NO; (v=n—l) +.M  +4NO2‘(v=n—2) + M ' kn-l,n—? -
NOX + M + N0, + M “ . kq | (29)

. . . . 4
ete, This mechanism ignores vibrational activation by collision an

- . t
assumes that the radiative rate constant and electronic guenching rate

i i 1. The’
constant are approximately independent of V1bratlogal leve

' i i of the
quantum number v represents a general vibration (vis Voo V3) |
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2 . ) .
B2 state. When a vibrational quantum is lost by collision it is not

being specified which pafticular Vvibrational mode loses the quantum,
In order to even obsgrve the maximum it must be true that
kn,n—l z-kn—l;ﬁ-Z' If tﬁe vibration§l relaxation'occursvmuch faster
than the electronic relaxation,_which seems to be the case (otheririse
the phenomena would be very diffiecult to observe), then we can neglect
the effect‘of-electronic guenching and write the reciprocal of thé

time to the first maximum as being:

k -k o
o [l LB () | (30).
"max n,n-1
ﬂn(——-’—-———.—.)
n-1,n-2
In orderrto extract values for kn,n—l and knml,n—E from the

slope of the l/Tmax versus (Noz) plot, which has a value of

b x 1O_locm3/pért—sec, a relationship between them must be assumed.
There are two simple theoretical models that will be used, a

harmonic oscillator model and a stepladder model.

In the harmonic oscillator model we are 1ooking at the
deactivation process as occurring in a single vibrational manifold.

The levels are non-degenerate and the deactivation rate constant

51

increases linearly with vibrational quantum number.

In the stepladder model (used in the Rice-Rgmsperger-Kassel

‘ to bt ive
theory of unimolecular reactions) there are assumed to be S effecti

modes of vibrétion which are strongly coupled and can transfer energy

freely among these modes. For‘a given total vibrational energy there

| i on stants
is an associated degeneracy factor. The deactivation rate con
' | £ tate
- are assumed to be proportional %O the degeneracy o?'the final s
52
to which the deactivation occurs.’
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The harmonic oscillator model is most -valid near the bottom
of an electronic potential well where the vibrational modes do act as
normal modes and do not inferact freely., The stepladder model is more
valid as we go to higher vibrational levels and the anharmonicity'
becomes more pronounced allowing free flow of energy amoﬁg the
vibrational modes, - |

Table 8 shows the relatiqnships émong the relevant deacfivation
rate constants in termg of kl,0,>the value for the v=1 +'Vé0~collisional
deactivation, for both the harmonic oscillator and steplgdder model,
In Table 9 are presented the resuits of the calculations using these
models, The Pl,O vglue can be régar@ed as the»probability per
collision of inducing the v=1 - v=0 transition. The reciprocal -of
this is 2 -

1,0
required to deactivate 1/e of the molecules.in the v=1 level., The

the collision number, which is the number of collisions

other rate constants listed are the kn;n—l and kn—l,n—2 values

estimated using different values for n. In one case the n=11 value

corresponds to the average number of quanta as counted from thg

and 2Al states

e 2A vibrational '

; i th 2B
ground state. This would be of importance 1f e B,

are mixed, Wlth the rapid deactivation occurring in th

manifold., The n = 3 value is the average number of quanta from the

bottom of the 232 state and this would be of importance 1f there was

little or no mixing of states.

As cen be seen from this table, no matter which theory one

s ough estimates of
USGS, similar values are obtained. The roug

s nated from the rise tinme
6 to 4 x 107 lO 3 part-sec for k ,n-l estimate

- ~10 | from the
to maximum and of 5 to 3 X 10 cm /part—sec for kn'lsn“2



‘Table 8

Harmonic Oscillator

n,n-1

n,n-1

:

n-1,n-2

kn,n-l B kn-l,n-2_

Ky o

R
n-1

1,0

62

Stepladder®

1 (n+ts-2)1!

(n-l)!(s-i71]k1,o

n+s-2
( — )

(n+s-3)
[Th—§)7s—2)]kl,o

* Here s is the effective number of vibrational modes participating

in the stepladder model.



Table 9

For n = 11 | (a) o
S.LM. T H.0.1¢, 2 Units
K -16 -10
11,10 4.35 x 10 4.2 x 107 cm3/part;sec
-10 | - ~-10"
k10’9 3.63 x 10 3.8 x 10 cm3/part—sec
=12 =11
kl,O 6.6 x 10 3.8 x 10 cm3/part-sec
(v) - ' -1
pl,O 0.0232 0.133 . collision
2) - L3 TS5 ' collisions
For n = 3
: -10 -~ "
k3,2 11.0 x 10 L.86 x 10 10 »cm3/part—sec
. ’ - -10
K, 4 5.52 x 1070 3,24 x 1077 em> /part-sec
, | ,
k0 1.84 x 10710 1.62 x 10710 ‘cm3/part?Sec
3
p, (P) 0.643 0.566 collision™ .
1,0 , ' ,
z 1.55 o 1.76 | collisions
1,0 -
(a) sIM = Stepladder Mbdel with s = 3
HOM = Harmonic Oscillator Model
(b) The was calculated using the hard-sphere collision rate

P10

=10
constant of 2.86 x 10

cmS/part—sec of Myers, Silver, and:Kaufman.
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decay time frbm-thg maximunm provide independent‘ suppoft that the rate
- constants are of this magnitude. The most important resﬁlt is that
the vibrational relaxation is observed to be very fast, occu.fring at
approximately every collision.

Collision numbers for various gases for vibrational to
" translational (V -+ T) energy transfer range from as low as 1 X lO3

CO0S, and 802.

to as high as 1 x 10° for such gases as €05, W0, CS,,

.0n the other hand when there is a rescnant or near-resonant vibrationsl

to vibrational (V + V) energy transfer in polyatomics the collision

numbers can be in the range of"3 to 122.51 ‘

The experimental result that the emission intensity maxima are
broughf about readiiy by addition of NO2 but not be addition of other
foreign gases implies a specific molecular interaction of NOS with N02.

If the energy transfer were a simple V - T type then such a specific

interaction would not be expected.

However, the V + T energy‘ transfer process can be enhanced by
larger intermolecular pote’ntials". The dipole~-dipole interactions of

polar molecules and other long range interactions are known to increase

the cross—séctions for such inelastic scattering procesSes. For those

gases which can form stable chemiéal compounds the effect of the bond-

forming potenfial should be considered,
i ith a bond strength
Since NO, can form a stable dln?er, H,0y» Wi

g to be
of 12.9 kecal/mole one might expect v - T transfer to ‘
be led to believe that

much more

efficient then by an inert gas, SO one'mlght

i ential
the process is a Vv > T transfer ephanced by the bond forming pot
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of the N2Oh molecule, Nitrie oxide, NO, showed no appreciably greater
effect than any of the other gases used in the quenching studies and it
can form a stable molecule, N203, with an N-]l bond strength of about
9.5 kcal/mole, wae?er, the dependence of relative pl,o values on

potential well depth can vary as exp[Ae/kT), where Ac is the difference

ol

in well depths, This predicts thet at room temperature N0, might

be about 290 times more efficient than O in the vibrational deactivation

of NOS. Recent results obtained by Golde and Kaufman on the quenching

of vibrational chemiluminescence of NO, formed in the N0 + 03 reaction

indicates that NO2 and NO are far more efficient than other gases usecd

in their study, and sttributed this to the chemical bond forming

o
botential availsble to these molecules.53 In thias work at G6943A with
the electronically excited NO2 state, the vibrational effect will not

be readily observed unless it is faster than electronic quenching, and

(10) (10)
would be about 50 times greater than kn,n-l if the kn,n-l

k
Yo (vo,)

290 times smaller than the k 1 value,
n,n-

A near-resonant V + V energy transfer is much more likely in

value o

a tristomic than in the diatomic, but it is impossible to sny if this

8 r
is occurring. At this time, due to the independent results of Golde

and Kaufman, the enhanced V =+ T process Seems more likely, but no

[ ol 5 .u'!deo
differentiation between and V - T and V = V transfer con be &

Versus
The existence of a non-zero intercept in the l/rmax
’ nrerment
pressure plot could indicate that collisionless vibrational rearrang

al axanticon
is occurring simultaneously with fluorescence and collisional rel ticn,

Tikely to
and that one particular vibronic configuration is more 1y

ed state
radiate than others. The vibrational energy in the exclte
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could be redistributed among the vibrational modes such that emission
is more readily seen after the redistribution thaﬁ before. The data
indicate that if this is so then the collisional deactivation rate
equals the collisionless rearrangement rate at & pressure of
160 millitorr. |

The second emission maximum may or may not be due to
consecutive-deactivation of the ﬁOg. If it.is the NOS'(v=n—2) state
then the sensitivity for its detection is larger than that for either
the v=n or v=n-1 states. The second maximum might also be due to a
parallel deactivation of e different vibrational mode than for the
first maximum. The decay time fof the second maximum is pressﬁre
dependent with an apparent bimolecﬁlar decey constant in the
ﬁEighborhood of h X lO—llcm3/part—sec, which is about the value
obtaiﬁed for an apparent electroeic deactivation rate constant
from the low pressure data,

The emitting level of the second maximum may be the bottom

level of the 2B2 electronic state in which case the decay rate would

be the electronic quenching rate. The fact that Sekurai and Broida,

O 3 +*
Saw 15 to 20A23cross sections for discrete emission features and a

o . - - .
0-9A2 cross section for continuum features 1n addition Wlth4the_

1 25 emission i rally more discrete
Previously discussed fact that B2 emission 1s genera Y.

than EBl emission indicates theVPOSSibility that the larger value

: 2
1s indeed the real value for the B, state.

The apparent quenching rate constant obtained in this work

at 69h3z at low pressures was 5.7 x 10 ~ cm Jpart-sec (which may

‘ i : ' t quenchin
Complicated due to the vibrational relaxetlon_). The apparent q g
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constant of the emitting state that comprises the second maximum is

-11 3 ‘ -
about 4 x 10 ~em /part-sec, Since these values are for NOZ (213‘2)
‘ .

and since Sakural and Broida observed 8 cross section corresponding
to a quenching rate constant of T x 10":Ll for the discreﬁe

2 . s | . 2
(supposedly B2) emission features, the conclusion that the B2'

state quenches at a rate about 10 times faster than the 2B1 gtate

is quite reasonable.

4.2 Two Photon Dissociation of NOQ'

The photolysis experiments first performed by Gerstmayr, et al,

\

showed that O2 was produced as a result of the interaction of ruby laser

radiation on N02.29 The experimental results obtained in this work that

deal with O2 formation were that the O2 production as a function of NO2

pPressure was remeasured using a Psckels cell to Q-switch the ruby laser,

that the 309(02 formed) versus £og(laser intensity) showed a slope of

2.0, and the isotopicalljr substituted NO2 did not photolyze randomly,

but rather did show an isotope effect.

The direct dissociation of N02 into NO and C requires
71.8 kecal/mole, which is much greater than the 41,2 kcal/einstein

o ‘I »
~which a ruby laser photon at 6943A provides. By simple energetics,

0 ,l
- the direct dissociation of IIOz'by 1light at 6943A cannot be done w1'th

the energy provided by one photon. The photodissociation reaction,

1
NO, + hv > wo (1) + O_(3P) (31),

(o]
di iation
becomes possible for wavelengths shorter than 39454, Some dissoci

o o A
| ) it 1 osed
s still observed to occur at a wavelength of 4OTOA, and it 1s prop
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that this is due to the availability of the rotational and vibrational

25

| o
energy of the molecule, At wavelengths of U4358A and greater no

dissociation is found.

The reaction of an excited state with a ground state I\TOQ,

NO, + hv - KO, ‘ Y4 | (32)

0¥ + NO (33)

5 +NO»+,NO + 0

2 2
is energetically possible (requiring bnly a photon energy of 26 kcal/molg
or a wavelength of '\le,’OOO.Z), but this has never been observed in
conventiona_.l photolysis (as mentioned above), and furﬁher, the results
of the 4",0902 versus EOQIL plot requires that at least two laser
photons somehow participate in the O2 formaticn proc.ess‘.

Three possible mechanisms chsistent with an order for 02_
production with respect to laser intensity of 2.0 are (1) simultaneous

absorptioh, (2) reaction of two excited states, and (3) consecutive

absorption. These mechanisms are given below:

(1) mo, + 2hvy * NO + O, 8, (34),
(2) NO, + hvp N0, Yy (35)
- . (36)
NO% + NO% NO, + NO + o,‘ k,
' ' =k, +k
L BT (37)
+ N0 + NO + Oy, k2
: k (38)
NO% # M > NO, + M? Ky .
(39)
and () NO, * hvy + NOZX, Y
| (40)
, NO + O , Y
NOS + th -+ )
K (41).

NOX + M - NOQ + M, ‘ Q’M
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In all cases where an O atom is formed the fast reaction,

+ .
0 + N0, > NO + 0,

serves as a secondary step to form the 02.
In mechanism (1), the simultaneous absorption of two photons,

the number of 02 molecules formed will be equal to the number of O

atoms produced,. or half the number of photons absorbed by the

2

simultaneous process. The O formed by such a process can be

estimated from the relation,

- [o] =%  at
pulse
. 2
where, | Ir;bs = 6ILM'

and 8§ is the two-photon absorption cross section in units of

(th—sec/mclec'ule-phbton), Ii, ig the incident laser intensity,

n is the molecular particle density, and % is the absorption

cell lengt‘h.56 At an WO, pressure of 10 torr, and using a large

h9, the estimated 02 formation

15

two-photon cross section of & = 10”

after 5 laser pulses would be about 1.1{ x 10 particles O,

' 1T . :
compared with the measured value of 10T Eyen assuming this

o ; 1
large value for §, this mechanism would contribute only “1% of

the observed Oé formation.

(:(')[I'tr] b‘l}t . ) . ] N

' ' i 1d be
of NO. rather than remaining linear. Thls leveling off wou

2
expected if there was & quenching step

multaneous two photon process,

prior to the second photon

g the
absorption., However, in a Si

(L2)
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lifetime of a "virtual" state is essentially limited by the uncertainty
principle in that the ﬁncertainty in energy of the state is approximately
the energy of the photon creating it, A "virtﬁél" state created by

15

optical region photons will have a lifetime of about 10 seconds and

cannot be collisionally Quenched under fhese conditions,
Examining the kinetics of mechanism (2) we see that the 0,

formed will be given by,
- % ks).
[Qg] kaO(NOE)tdt (45)

The differential equation for the loss of (NOS) is given by,

(10%) (1) + kg (108)°] ().

d(ﬂog)
= - ¥) + k
dt [kF(NOQ)

“u

Solving this equation and substituting into the above equation for 02

allows one to -estimate the value for the rate constant, kp, as being

in the neighborhood of 1_0—9cm3/part-sec or about 10 times t‘he gas

kinetie rate conrstant. This is:the rate at which fast ion-molecule

reactions proceed {Jherein the.polarization of the molecule by the ion

» * L] . n
allows long range electrostatic interactions +to increase the reactio

ceross section. The triplet-triplet annihilation of biacetyl is one

s i ‘o hat oroceeds with
eéxample of an excited-excited interaction © je

i is i s onl
approximately gas-kinetie €ross section, but this involve g

and not chemical bond rearrangement.

changes in electronic states,

| i the O
It would seem unlikely that mechanisn (2) accounts for 5

i i sm ;
II}e c0ons Vv I n ['(H:ess O 08 1

s gtd nine reported
is entirely ana,ldgous to the 'photodissocn.atlon of phtlrlxalocya P
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by Porter prior to the initial work of Gerstmayr on N02, and to

subsequent ﬁwo-step dissociations of NH

and BCl_ reported by

3 3

Letokhov and Rockwodd, respectively,

The equations of interest are the following:

NO, + hv; +'No§, : o | ‘_(MT)
NOE + hvy > HO +0, B Y, (48)
NOE + M - NO, + M, kQM | - (k9)
’NO§A+‘NO + hv | o (50).

2 F
The differential kinetic equations for the above mechanism

are given below:

d(No%) | -
dte = Y1(N02) - [72 + A](Nog) | | (51),
and +d3(0,) 0) , o).
| 'ﬁf =+§ = v,(N0%) | | (5

Here A is a pseudo-Tirst order ratg constant that is the sum

of the fluorescence rate constant and the sum of the products of guenching

rate constants and pressure,

| : (53).

1e in comparison with quenching at the

In the case of NO,, kp is negligid
i1l 1 to the
jecules formed will be equa
r of‘O2 mo

Pressures used, The numbe

‘ di iati i the
number of O atoms formed in the two-step photodissociation since g

: i i i f a
NO. ' 0. The kinetic modeling o
‘Treact rapidly with NO, to form 0, and N
' The solution to this problem

two-step process is given in Appendix I.

ed in this work given the total amount of

for the special conditions us
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02 formed by a laser pulse as being,‘
0.} - Y17, (10, )T
2 (v, + 1)

-(Y2 + \)T

1+ le e o~ 1), 5w,

vhere T is the dﬁration of the iaser pulse, assumed to be a square wave
pulse for purposgs'of palculatign, and Yy and Y, are the first order
excitafion rate constants for the first and second excitations’
respectively. These y's are the products of laser photon flux and
absorption cross section,

Expanding the exponent in the above equation and keeping the

first three terms gives the approximation,
— 2
T
z.‘YlYE(NOQ)

) (55)
2 2

(0

This shows that the Ii dependence for O2 formation is to be expected in

'is not so large that all the

the limit of loW'quenching and when L

excited states, NOS, are further excited and dissociated by the second

bhoton.

Caleulated curves showing (02) as a function of (NO,) for one

. laser pulse using this works measured quenching constants and other knowm

' ~ 0%
parameters are shown in Figure 21. Curves arevshown for (NOE) as a.

function of (Nog) and for (02) as a function of (NOZ) assuning no

' A . . ) . NO
quenching, guenching, and quenching along with dimerization of 5

to N2 e |
As can be seen ‘these theoretical curves are in good agreement
’ ) .
is the value for
with the experimental data. The only unknown parameter is the v

' i leulating the
the second absorption coefficient, The value used in ca g

‘@bove curves is calculated below.



Figure 21

Calculated O2 production Curve for One Laser Pulse Using

the Consecutive Absorption Model

T3
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The second absorption coefficient can be estimated in the

following'way. Knowing the number of NOZ molecules formed during the

course of the laser pulse (without quenching), to be given by,

- yoyr - (s6),

*®
(}NO : ) 5

pulse

where T is the pulse duration, we can derive an expression for the

fraction of NOE that go on to form O2 molecules as a function of Yoo

Using the above equations (5L4) and (56), we can see that this fraction

is given by, |
(wog) » (0,)  (0,) T
o 2/ o’

—r— = =
(0% v, (N0, )T

(e

[1 + =), (57),

Yot

in the 1limit of zero quenching. This is the ratio of the tangent of
the (02) versus (NOQ) curve at zero N02 pressure to the slope of the
(Nog) versus (NOé) curve; this ratio is an experimentally déﬁerminable
quantity. Plotting out equétion (57) as shown in Figure 22 allovws a

graphical estimate to be made for Yoo and therefore for the second

absorption coefficient.

The value for the first absorption coefficient in the

‘ -1, =1 -21
neighborhood of the laser line is about 0.15 cm “atm (=6 x 10

Cme/molecule). Using Beer's Law, the number of NOZ formed during

one pulse throughout the entire photolysis cell volume is about

T x 1016 NOS for a pressure of 7.5 torr of NO,. The number of O,
| ‘ 16
molecules formed {(for zero quenching) would correspond to 2 x 10

particles of O, per pulse. The fraction of NOF that go on %o form

02 is therefore about 28% under the present photolysis conditions.

Graphical analysis using Figure 22 gives an estimate for the second



Figure 22

Log of the Fraction of NOZ Molecules Forming O

the Log of the Second Absorption Coefficient
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: . -1, -1 ~19 2 .
absorption coefficient of 3.3 em ~atm ~ (= 1.3 x 1077 em™/particle).
This estimated yé value was used as the Yo value in the calculated
02 production curves of Figure 21,
The isotope effect experiments performed with a mixture of

normal 0-16 and 0-18 isotopically substituted NO gave gome interesting
| 1k 16
N O2

under sunlight for 25 minutes produced O

2
for 160180/1602 of about 0.4 (see Table 5). This.is to be expected

2
results. . The mixture (2/3 thl6018

- 1/3 0) when photolyzed

which had an isotope ratio

if the photodissociation is random, thet is, isotopically non-selective,

‘ . 8 6
The number of initially formed O atoms will be 1/6-l 0 and 5/6—l 0.

These will then react randomly with the NO2 to form 02. The fractions

of 0, formed will be given by the following:

2
1/6-380 % 1/6-38 (£rom w-661%) = 1/36
1/6-380 x 5/6-1% (£rom N1602 and 100%80) = 5736
'5/6-160 x 1/6-180 (from Nl60180) = 5/36
5/6-160 x 5/6-160 (from N16o2 and Nl60180) = 25/36
| Fractioﬁ Sum Total = 1,000
The randomly photolyzed i xture would give 1/36-18Q2; 1073620080,

16

166 The ratio of m/e = 3h(160180) to m/e = 32( 02) will

and 25/36- x

be (10/25) or 0,400, which was the experimentally observed ratio for

the sunlight photolysis.

With the initial isotope ratios chosen, it can be shown that

the ratio R of m/e = 34 to m/e = 32 is equal to

R = 0.2 + (uelhul+a2) (58),

. , . ' . . » _t
when photolysis is non-random, and a, 1S the absorption coefficient for
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1h 16

the N '02 species and e, is the absorption cocefficient for the

lh 16 18

070 species., From this the relative absorption coefficients

can be seen to be given by the relation,

5 IR - 0.8
EI" (1.2 &) (59).

Values of (ag/al)‘are calculated and given in Table 10, 1In
spite of what should be no ﬁore than a 10 to 20% erfor in the measurement
of R, the (ug/ul) values vary by more than a factor of 10. This
variation can be attributed to the fagt that the NO2 spectrum consists
of very densely packed, but neﬁertheless narrowv absorptibn‘lines.'=As
mentioned in the experimental section, a 2°C shift from room temperature
will cause a 0.1383 shift in the ruby_laser wavelength or about twice |
the spectral breadth of the ruby line, The Width of‘gn NO2 absorption

line can be calculated from the relation- for Doppler-~-broadening as being,

A\ = 7.17 x 10 7//M 0 (60),

Where T is in °K and M is the molecular mass in AMU's., This gives a
Doppler breadth of 0.0125A for NO2 at 293°K and Aq 69h3A Even a
relativély small wavelength shift can cause the laser to overlap

different absorption lines and/or to cease exciting other lines.

The choice of l80 as the isotopic substituent was made

because the scrambling reaction,

iso: iso (61).
02 + N02 > NO2 O2 R
is known to proceed very slowly in the dark and would not interfere with

: o7 .
mass-spectral measurements on the time scale used. The scrambling of

oxygen isotopes within the 02 system (which oceurs very rapidly in the



Table 10

Qalculated (ae/al) Ratios from Isotope Data

Expt. # R¥
1 0,546
2  oam
3 1.10
l 0.398

'(ag/al)
2,11
1.5

36

- 1.00

78

Comments

Laser 5x
Laser 5x
Laser 5x

Sunlight

# The theoretical R value for the isotope mixture used should be
R = 0,400, corresponding to an (ue/al) = 1.000,
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presence of O atoms or 03) would tend to decrease the 160180

/705

ratio since more of the 18O would be in the form of 18O On the

2.

other hand, the reaction

15, + thog > 15N02 e (62),

is known to proceed with extreme rapidity; the time it woﬁld take for

about 1/e of any initially formed 15NO to scramble being 35 microseconds

at an N02 pressure'of 10 torr,57 151\102 is ‘known to

exhibit marked isotope shifts, so a selective excitation would perhaps

The spectrum of

be easier for this s@eéies, but the speed of the scrambling reaction
prohibits the use of the two-step photodissociation as a means of
155 58

separatlon of - Conceivably, 18O could be separated, but a much

higher degree of temperature control and stability than the present

laser system possesses 1s required.

4.3 Multiphoton Induced Fluorescence

The fact that emission is observed in the spectral region
o ‘
observed of 4,000 to 4,400 A necessarily implies the pooling of energy
of more fhan one ruby laser phofon in some manner, either by consecutive

absorptidns, by collisional interactions of excited states, or by some

other type of mechanism.

The "blue" emission is found to increase more or less linearly

with pressure at lower pressures, peak at about (NOQ) of 30 torr and

then decrease with NO2 pressure, This fall-off is probably due to

self absorption of emitted light, since the abscrption coefficient of

NO2 is about 2 orderslof magnitudé higher in this spectral region than

. . [o]
at the 6943A line.
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The lifetime of the emission is found to be collisionally-

limited, with a collisional qﬁenching constant of about 2.5 x 10-ll
cm3/part—sec. ’Thié is in line with ﬁhe quenching constants for Nog
found by Hg—lamp hBSBX exgitation as studied‘by Myers, et al.5
| Nitrogen dioxide does not fluoresce when excited at wavelengths
‘below h;OOOK, but rather predissociates, Busch and Wilson have studied
the photodissociation of N02 usiﬁg a frequency doubled pﬁlsed ruby laser
at A = 3&723 and estimate the 1ifétim¢ of the state excited to be about

2 The angular distribution of products allowed them

2 x 10713 geconids.
to identify it as a 232 state, probably.the same state responsible for
the absorption extending into the infra-red. An independent estimate
of the lifetime of Nog at energies abofe the dissociation limit obtained

by high pressure photolysis measurements of N02 also gave a value of

2 x 10713 seconds.6o Other higher. electronic levels of NO, are not

observed in emission.
| Taking into account the spectral region observed, the
experimentaily observed lifetime (w40 to 140 nanoseconds), and other
known spectroscopic data, 1t must be concluaed that the observed
species is aﬁ NOS formed'below the dissociation limit.

Perhaps the most interesting piece of experimental data is
that slope of the ﬂagIF vergus‘ﬂogIL plot changes from 3.0 for low
pressures to a limiting value of-2.0 at higher pressures, Apparently,'

the emission is due to contributions from a two-photon process that

contributes to a greater extent at high pressures and from a three-photon

process that predominates at lower pressures. Formulating the emission
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intensity as a sum of two and three photon processes,

I, = Clli + 0212 | (63),
and plotting IF/IE as a function of I# should give straight lines of
slope Cg‘and intgrcept Cl' The élope to intercept fatio (CE/Cl) Wili
be a relative measure of the three pho%dn to the two phofon process
for tﬁe given preséure‘of NO,. Calculating (02/01)‘as a furction of
pressure showed it to be invefsely proportional to pressure, The two
rhoton process thérefore depends on bressure to one ofdef higher than
the three photon process.

I thé pféssure'dependénce at low pressures 1s linear, as it
seems to be, then this would mean that the three photon process P and
the two phoﬁon process %Pg. It is necessary to keep tﬁis in mind asl
well as the fact}that‘the emitting NO% must be below the dissociation
1imit when considering gossibie mechanistic interpretations of the
results,

. I . 2
One possible mechanism that would explain 8 IL laser dependence

and a P2 pressure dependence is the following:

mo, + hv, -+ NO%, sy (64),
| + | ¢
NO% + NO, = MO, +‘ o, kn (65),
v, > =Io 66
NOZ + vy~ NOE¥, Yy =1, (66},
and _1\1092** + NO, + hvy, (blue), L3 (67).

It can be seen from this that I < IL(NOQ)_ .
-1
cm and the

' Sipce twice the laser energy corresponds to 28,803

- > 3.671 em
dissociation limit is at 25,132 cm —, some smount of energy AR (> 3,671 em

1y
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must be removed from the NOS prior to the second excitation step.
This would require a multiquanfum‘deactivation, which are generally
of much lower probgbility pef collision fhan single quantum deactivations,
However, this blue emission process does not proceed with a highl
overall efficiencyAanyways, and such a deactivating step seems
entirely reasonable, |

Another possible mechanism is the interaction of two excited

states as shown below:

% ‘
NO, + hv, - NOZ, Y (68),
% % *%
NO¥ + NO% - NOZ¥ + N0, Ky - (69),
. ' %% ' | ' .
and NO.2 + N0, + hvp (blue), ky | (70).
Here IF o« Ii(ﬂog)g and this mechanism would show the same behaviqr as

coilisional deactivation. In looking at the variation of lifetime with
laser intensity at fixed NO, pressure, no T . dependence on I, is
found, This might be expected at low pressures since the NOS—NOE
interaction is less likely to be a major contribution to the emission.
At the high pressures where it might be expected, if that mechanisn

L » ) . L s
were operative, the lifetime measurements become less‘meanlngful a

Tobs T (the laser pulse duration); a small change in T 5 would be

very difficult to observe.

The excited-excited interaction is analogous to the triplet-

triplet of biacetyl observed by Calvert and co-workers,

20, Hg0, () + ¢, H0,(8) + CBg0,(S) (72).

, ] &3
Whereas this type of interaction could not account for the Oe_forma ion

observed in the two-photon dissociation of NOE’ it can account for the
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blue emission since even a small rate constant, k

BT for the energy

transfer process would allow creation of encugh NOS* for observation

of the light emission.
At this time it is difficult to distiﬁguish on the basis of
experimental evidence or thecoretical arguments as to which of the two

proposed mechanisms -accounts for the I2 contribution to the cobserved

L

blue fluorescence.

Another non-linear Ii process that could give rise to a

63

"plue" emission is the hyper-Raman effect. In this process the

first photcn»raises the molecule to a virtuel state, and the second
photon raises the molecule to a second virtual state from which the
third photon emeréeé as a scattered or emitted phofon. This third
photon can conneét with a vibrational level different than the initial.
state giving rise to a shift, so that it is of le;s energy than 2th
but greafer energy than th. However, if this were a substantial
contribution to the Ii process one would expect the Ii pressure
depéndence to be ﬁhe same as for the IE process (which it is not).
Also, since fhe second virtual state (or reél state if one happens

he neighborhood) determines the lifetime of the emission

to be in

' A=l ..
and this is expected to be short (< 10 3 sec) then the emission

would have to follow the time dependence of the laser pulse (which

it does not). On this basis, the hyper-Raman effect is not

considered to be a major contributing process in these experiments.

The only mechanism that seems to satisfactorily account for

the IE dependent term is given below:



N62‘+ hvy =+ NOE(V),. | Y, = Lo ' (12),
Nog(v) + hv, > Nog(v-n) + hv' (Raman), kg = L 0g (13),
Nog(v—n) + th'+‘NO§*, | Yo = ILcr.2 - | (TE),
NOZ® > NO, + hvy, (biue), | kp (75).

This mechanism gives an I3 laser dependence and a first erder NO

L 2

preesure dependence.' The required deactivating step is not a

collision, but rather is an anti-Stokes Raman scattering off of the

2

of the magnitude of the NO2 and NOS vibrational quants indicates that

some combination of at least 3 quanta must be removed in the scattering

NO¥ intermediate removing n effective vibrational guanta. Consideration

process if the fiﬁal NO;* formed by the second excitation step is to

be below the dissociation limit of NO,,.

In one way of looking at the scattering process, the incident
photon of frequency Vg raises the molecule to an intermediate state
from which it rapidly deactlvates by emitting the scattered photon of
frequency vS. If v0'='vs, then we have Bayleigh scattering, if

Vg 7 Vas then we have what is called Stokes scattering, and if

- Vo < vS we have an anti-Stokes scattering. In studying Raman scattering

off of ground state molecules Stokes-shifted lines are generally of

much greater intensity than anti-Stokes lines due to the difference

in level populatlans at thermal equilibrium as requlred by Boltzmann's

energy distribuﬁion law. However, in scattering off of an exelted

state, the molecule can be placed in a high vibrational level and

the probabllltles for elther Stokes or anti-Stokes scattering off of

a given vibrational level are approximately equal
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If the intermediate state to which the molecules is raised is
near an energy level of the molecule, then the crosé section for the
écattering process‘is greatly enhanced, becoming larger as the energy
difference ﬁ-O. This is usually referred to as resonance Raman scattering
even thoughvit is usually a near resonance rather than.a trie resonance,
In the case of-scéttering off of NOZ with ruby laser light there are
predissociating 2B2 levels present at the energy that would corre;pond
to the intermediate state, as has been shown by the experiments of
Busch and Wils;n. Since these vibronic levels have beep smeared out
into a continuum by the predissociation,'it seems likely that there
will be an enhancement of the scatteriné cross sectioﬁ due to resonance
effecté.

Taking inﬁo account the filter combination transmiﬁtance,
photomultiplier gain, a geometric facﬁor (assumingvan inverse square
intensity dimunition along with no éffective diffusion qf the radiators

from the beam path), and the total signal in coulombs (estimated by

integrating a decay curve) an order of magnitude quantum efficiency

for the overall process,

NOY¥ > NO, + hvg, bg | (76),

of ¢F = 5 x 10f10 for an N02 pressure of 11 torr was estimated. This

quantum efficiency can be related to the scattering process as being,

“r

‘ (17),
¢p = A[kF n kQ(NO2)];LUS T

where A is a factor depending on laser pulse duration and intensity and

L=l
i = d a k, of
is estimated to be about 0.25. Using ky = 2.7 % 10 sec ~ and a K,



. a=12 3 " .

4 x 10 cm” /part-sec,. an estimate for the scattering cross-section of
| ~26 2 |

Oy = 5 x 10 “em /part is obtained.

This is a fairly large Raman scattering cross-section and

indicates that a resonance effect may be occurring. Resonance Raman
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scattEring off of ground state NO2 molecules involving discrete levels

near the intgrmediate state has been observed previously, with an

L 25 64,65

estimated o, in the neighborhood of 10_2 to 10~ cmg/part.

S

One consequence of the resonance effect is that some overtones and
combinations (symmetric ones) are of nearly identical intensity with
the fundamental bands.
Since 02 = Cl 5

laser intensity of IL,= 1.0, an estimate of the rate constant value

at an 0, pressure of 25 torr and a relative

2 x lo_chm3/part-sec, or for the

1

for the deactivating step of kD

-16 3 ‘
excited interaction step of kEW = 7 x 10 cm”/part-sec can be made.

Either of these are entirely reasonable rate constants for the

processes proposed. .
The calculated ¢F depends naturally on the second absprptipn

coefficient whose actual value may differ from the one estimated from

the Oé formation studies but it should not differ by many orders of

magnitude,



PART 5
CONCLUSIONS

The studies performed in this work on I\IO2 using the pulsed
ruby laser exciting at a wavelength of 69h3z have yielded information
on the dyﬂamic processes Qccurring in N02 under the influence of high
laser light intensities, These results have been most gasily
discussed in terms of (a) processes occurring as a result of
absorption of oné photon (i,e., fluorescence, quenching, and
vibrational‘deactivatipn), (b). the two-photon induced dissociation
of NOQ occurring via a cppsecﬁtive absorption meghanism, and (c) the
multiphoton‘inducéd emission processes occurring by both the two
and three photon\mechanisms. - A summary:of the conclusions reached
as a result of thié work is given below,

‘A. The fluorescence studies have yielded the following
information:

(L) The radiative.lifefime is similar in magnitude to most
others obtained experimentally, no unusually short-lived decays being
observed. This may be dué‘to the fact that‘TO for the 2B2 state
actuallﬁ is in the order of 40 mieroseconds, or that what would b?

a shorter iived sfate is lengthened by mixing with the ground state.

(2) The quenching constants for gases other than NO, are

)
similar to those cobtained by Myers, Silver, and Kaufman with 43584

excitation. However, if their values are adjusted using a. more
recent lifetime for NOZ formed in this spectral region (their

re the gquenching
experiments measured kQTO not kQ directly) thén y

87
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constants obtained here are about a factor 1.7 higher in general.
‘This is understandable since excitation in their spectral region.

. . 2
will excite both the 32 state and the less readily quenched 2Bl

state,.

(3). The vibrational deactivation of No¥ (2Bé) was directly

observed and occurs at approXimately the gas kinetiC'cdllision rate

for NOQ. The deactivation most likely oécurs via a V - T energy

transfer enhanced by the bond forming potential of NQOM.

(4) The electronic quenching constant for NOS (2B2) formed

below the (0,0,0) level of the 2Bl state may very well be in the order

of 5 x lO-llcm3/pért—sec rather than the 4 x 10-12cm3/part-sec found
by Sakurai and Broida.
(5) These results lead to a clarification of the dynamics

of NOS formed by optical excitation. When one excites NO2 electronically
above the (0,0) level of the 2B2 state but below the (0,0) level of

the 2Bl state the‘quenching‘behavior shows a rate constant approximately
l/lb the gas kinetic rate. The transition 2B2 -+ 2A1 is collisionally

induced and since the 2B2 and gAl states do not mix well there is no

. 2
way for the molecule to easily "wander back" into the B2 state and

‘ ‘ 2
emit light. However, above the (0,0) level of the B, state where

2 2
there is absorption occurring simultaneously ©o both the Bl and B2

states, there are two types of quenching. Apparently, the more

. ‘ re guenched
discrete emission features {occurring from B, levels) are g

at about 1/10 the gas kinetic rate, while the continuum and overall

emission is quenched at about 1/100 the gas kinetic rate. A possible
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. . 2 2 ’
mechanism is that the B2 - Al collision induced transition is

fairly rapid and permanent {(once an N0*2° (QB‘ ) is lost it ‘cann‘ot

2
be reformed), but since the intramolecular transition 2Bl b 2Al

occurs as a result of both collisional and collisionless processes

the excited state, as such, is not lost, but eventually shows up
(?Bl). The observed collisional loss rate is the
rate of deactivation to a level below the (0,0) level of the EB;L

again as an 1\1092e

state. This could occur directly, converting a large pqrtion of
the excitation energy into translational and/cIJr\ vibrational-
rotational energy, or by a stepwise vibrational deactivation. As
shown by the direct observation of the first and second emission
maxima, this vibraﬁional cascading occurs at a very rapld rate.

B. The results of the O2 formation studies show that the

02 is clearly formed by a two-photon pi'ocess and that the consecutive

absorption mechanism is the only one that can consistently explain

all the data. An estimate for the second absorption step (to the

‘ -1, =1 ‘
dissociation continuum) of 3.3 cm ~atm = could be made. The
calculated curves show ﬁhat the quenching of the intermediate

NOZ must be tgken into accAount to explain the observed leveling

i ' lculations
off of 02 produced with increasmg NO2 pressure. The ca.

_performed in Appendix I for a more general two-step photoreaction

show that if \)1 # v, 'then a specific delay time .fbr product optimization
betweén the absorption of the first and second photons exists, and
ctan be estimated gi{reﬁ specific experimental parametérs.
The isotope effect expe,ri'mentS' show promise for application to

| V , : ngement
the Separation of the 18O isotope if a more wavelength stable arr? g '
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is used, but the results obtained to date are not quantitatively
reproducible enough to accurately estimate‘separation factors.

C. The observation of a blué eﬁission indicates the
exiétence of»multiphoton induced phenomena. ' The data is consistent
with twb pathways. The first shows an I§~depéndencé and is a
~consecutive absorption requiring an intermediate collisional

deactivation of the NO¥, The second shows an 13

2 L dependence and

is also a two phoﬁon consecutive absorption, but requires instead‘
" an anti-Stokes Scattering-collision‘to deactivate the NOé inter-
mediate; This scattering step introduces another order in the
laser intensity dependence and an IE dependence results.

The direct‘observation and speétral resolution of such
excited state Raman scattering has the potential of yielding

information on excited state structure presently unobtainable

by other methods.
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APPENDIX

REFINED DISCUSSION OF THE CONSECUTIVE TWO-PHOTON ABSORPTION PROCESS

. The simplified kinetic model adopted for the two-photon

absorption process is as follows:

¥
A+ hvl s A* (first excitation) ' {A1)
e Yo , |
A% + hv2 ——=+ P (second excitation) (A2)
L ——\ | | (A3)
A ‘
—— A
. (deactivating steps)
A
B

Here Yq and Yo are the effective first-order excitation rate

constants which are given by

+00
= | - (AL)
vy = [ Ty(vyog(vy)avy -
and
w ' (AS)
Yo = [ Tplvploplvylavy, | ‘
Where'Il(vl), Ie(ve) are the intensity distributiocns and Ul(vl), 02(v2)

are the absorption cross sections for the first and second photons,

' i ' ~first order
respectively, and the Ai are the first order or pseudo-firs

deactivation rate constants.

The fate equations of interest for the above kinetic scheme

are given below:

CalA%) () - Ty, ‘% A 1(A%) (a6)
a1 2 4= ¢
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g_é;g_)_, = v (A%). , (a7

The amount of product, P, fbrmed in the process is calculated by
solution of equation (A6) for (A*)’ substitution into equation (AT)
and solutien of this for (P). The'difficulty-of.solution depends on
what type of time dependence one chooses for the Yq and Yo terms
and on the éhotolysis geometry,

The above equations will be solved analytically for the

following set of assumptions:

= < <
(a) v (t) =7, 0<t<T
=0 t > T
v(t) =0 0<t<rt
= Y5 T<t<T+r1

=0 t > T+ 71

(This means two square wave pulses of duration, T,
separated by a delay time t),

(b) None 6f the transitions are saturated and Beers

law, in the form of
= xp[-onx
L, = Ie p[-onx]

wvhere n is the absorber particle density and x is the path

length, is valid,

(¢) The photolysis geometry is that of a cylindricgl
cell illuminated by collinear, collimated beams of area A
and uniform flux across that area.

Using the above assumptions, the total amount of product formed

vill be given by
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Y1Yo

Yo t A

s

alertlerst | ‘ (a8)

(P)T = [ In

where n, = particle density of species é
A ="beam area

Teff = effective photolysis t}me

and Leff = effective photolysis length,

The-effectivé—photolysis length is obtained by assuming that
Il decreases over the cell 1ength following Beer's law, but that 12
remains essentiélly constant, and then integrating over the length of

the cell, L, to give the result,
_ 1 - exp(-clnaL)]

eff o (A9)

L n
17a
The effective photolysis time is dependent on the delay time,

T, between pulses, the second excitation rate coefficient, Yoo end the

I b3

deactivation steps (let A = Ai). The solution gives the finel result

o i=L.
for Teff of the follow1ng:‘
by, 0T = )] e+ (T - 1)
T = (T 1) + A8 : =3k Lo e 2 | - 1)
eff Ly, + A) )
' A - + AT - 1
.-..(Y2 + /\.) l)[ 1 (e. (YE )( ) _ l)
+ (e - z;z;f;jry ‘
~(y, + O(T - 1) A - (a10)
- 2 1. |
+ i{e At 1)e .
A .
In applying this model to the two-photon dissociation performed
in this research, the delay time T is zero and I, = 12. Ugder these

conditions the expression for the total amount of product simplifies to



the‘following:

- » ~(y, + AT
(P) - YlYenaLeffATrl N e 2 _ l]
E (y, +4) 7 (v, + )T 7

(A11)

The more general expression has importance‘in application to
photochemical iéotope separatién by the two-photon dissociatioﬁ or
ionization processes.

For any given atom or molecule and laser excitation system,
many variables become fixed, the pressure of the system and the delay
time between pulses remaining the major variables. Oﬁﬁimization df
the system may be desired for some reason, possibly economic
requirements.,

The préssure enters into consideration in the exgifation rate
which is pfoportional to pressure, in the effective length term, Leff’
and in the deactivatién constants, A. The quenching of the excitedv

state (A*) can be described by the relation,

d(A*) o (A12)
= A (A% |

- at XQ( )’/

where AQ = kQ(M) and (M) is the pressure of the quenching gas and kQ is

the bimolecular quenching constant. If (M) remains essentially constant

in time,. then Ay is a pesudo-first order constant.

The fact that the excited state has s finite lifetime and that

the pulses have a finite duration places the optimal delay time somewvhere

between the start (t = 0) and end (t = T) of the first exciting pulse.

Choosing some typical values for the constants involved

(see Table Al) the product formed has been evaluated as a function of

delay time for seven different pressures (see Figure Al). The absorber

is taken to be an igotopic species with an abundance of V1%, so the
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Table Al

Definition of Terms¥

Il = peéak laser intensity 1 = 1.0 x lOQ2 photons/cm?—sec
I, = peak laser intensity 2 = 1.0 x 10?h photons/cmg—sec
o, = “cross section 1 = b x 10-18 cm?/molecule
o, = cross section 2 = b x 10718 cma/molecule
I, = path length = 100 cm
Ty = radiative lifetime = 3.0 x 1078 sec
kg = quenching constant = 1.0 x 10710 cm3/part-sec
o« = -isotopic abundance = 0.01
T = pulse width = 1.0 x 10'8 sec
n, = particle density oflA moleculgs = 2.5 X 1019 part/cm3~atm
T = delay time between pulses
A = beam area = 0O.lcm
Y, = 1,0, (first absorption rate) = L x 10 sec™t
Y, = I.o (seéond absorption rate} = 4 x 10 sec—1
1 -1 s

A, = (=—+kmn,) sec (deactivation rate)

1 T 1 4

-0
ni = isotope particle density = on4

* including assumed parameter values for calculations giving results

presented in giagramn.
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Figure Al Calculated Product per Laser Pulse Versus Deléy Time for

a Series of Absorber Pressures
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absorber density and quencher density will differ by a factor of ~100.

From the graph of these results one can observe qualitativél&
the following trends; .

(1) Neglecting delay time; a ﬁaximum of product is obtained
at intermediate pressures, and pressure considerations aominate.over
delay time,

(2) The optimum delay time goes to zero for high pressures
and tends towardé the width of the pulse (V10 nanoseconds) at low
pressures. At the intermediate pressures where product optimization
due to pressﬁre considerationg occurs, the delay time for optimal
product formation lies between these two limits.

The_optimizations of pressure and delay time will vary from
system to system and must be calculated for each specific one chosen.
However, these donsiderations'poipt out' the necessity of careful
evaluation of all parameteré in designing a separation. scheme for the
greatest efficiency, particula?ly if it is intended fo use the

process for economic reasons.



