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ABSTRACT

The results of several different studi;s involving the
nitrate radical (N03) are reported in this work. The method of
Flash Photolysis/Laser Absorption was used to measure directly
the quantumryield for NO3 production from UV photolysis of NZOS’
Several product channels are possible at UV wavelengths. Al-
though previon indirect studies indicated that the major pro-
ducts were 2 NO2 + 0, this work has shown that NO3 is a primary
product. The quantum yield of NO3 obtained for photolysis at 249
nm was 0.90:0.14 independent of pressure and Nzo5 concentration.
A fast rise in the concentration of N03 was observed which was
debendent on. both pressure and N,0;  concentration. The rate
constants obtafned for the dgact’i vation process NO3(v>0) + M=

(v=0) + M were k(N,0g)=4.0£1.0 x 10712 cmIsec™!

3
1.6 £ 0.3 x 10713 em3sec!.

NO and k(NZ) =

The appearance of NO3 with up to 615 cm-l excess energy was
studied. Instantaneous production (<500 ns) of N03(v=1) was fol-
lowed by a fast initial decay. The rate constant for the deacti-

va@ion process NO3(v=l) + H-a—NOa(v=0) + M was obtained, k(N2)=



14 i

6.3:1.5 x 1014 cm¥sec™!. The average quantum yield of NO, was
found to be greater than unity, indicating an enhanced-poﬁulation
at short times. About 40% of the deactivation was found to occur
through this vibrational mode.

The rate of reaction of O +"N03-—-->-NO2 + O2 .was determined
.using the FP/LA technique. Variation of the oxygen atom concen-
tration under psuedo-first-order conditions gave a rate constant

3 ! (T=298K) which was {ndependent of

k= 6.2£40.5 x 107'2 cm3sec”
pressure (20-100 torr).

The methbd of Laser-Induced Fluorescence was used to deter-
mine the fluorescence ylield of NO3 reiative to NO, after visible
excitation at 623 nm. Although no NO3 fluorescence was observed,
~an upper limit of 4 xlo"3 for the relative yield was obtained.
| The structure of NO3 was investigated by ab initio calcula:
tional methods. Geometﬁy optimization gave a 282 ground state of

C symmetry with N-0 bond distances Rl= 1.34%, RZ 3= 1.188 and

2v
unique angle ©8=132°. This structure was found to be 33.6
kcal/mole 1lower in energy than the optimized D3h structure
(R=1.21X). Calculated vibrational frequencies were consistent

with those recently observed experimentaily.

Hoit] e



ACKNOWLEDGEMENTS

Many people have been helpful in the_&ourse of my work here
at .Berkéley. This research was conducted under the guidance of
 Professor Harold Johnston. His patience and knowledge provided
‘invaluable assistance to my education as a researcher.

I would like to thank Bill Marinelli for his guidance when |
first began my graduate career. The other ﬁémbers of the Johnston
group; dJim, Brian, Pierre, Francis, Tony, Baek, Doug, and Wade;
have also provided much needed support and encouragement, both
scientific and otherﬁfse.

My husband, Ken, whom I met while at Berkeley, has provided
great encouragement and suppoft. In addition, he volunteered his
time and typihg skills in the preparation of this thesis.

Assistance 1in the calculations was provided by Professor
| Andrew Streltwie§er. Professor H.F. Schaefer, and Dr. Michel
DuPuis, from whom the computer programs were borrowed.

This work was financially supported by Lawrence Berkeley
Laboratory and the U.S. Department of Energy, through the
Materials and Molecular Research Division under Contract No. DE-

AC03-76SF00098.



. Introduction

A,
B.
C.
D.
E.

11. Experimental

NO

3 as a Product of Np0g

TJable of Contents

Photolysis ccccaoo

© 00 ®®PLEPOCO0ELO0O0060600S®000OE00OG0ELSLOOE0O0O0O0OC SO D

®0 0000600

Deactivation of NO3 after NZOS Photolysis  ccoeccenss

Kinetics of the Reaction O + NO

3 ooooooooooo

Laser Induced Fluorescence of NO3 cecconces

©coeco00e o0

Structure of NO3 ..... .,;.....0,,o..;.,...,,....e,.,

A. Flash Photolysis/Laser Absorption .........

10

2.

© 00008 COCOO60EOO6OCO SO0 DCOLS®OC0COEO0SO0CO0EEOEPOCSEEES

Photolysis SOUrCEe .ooccccnccoaccscccosscoscscans
Energy Measurement ..c.cecccoccocscoscccccscoscs
Dye Laser Probe System ....cccccccoscococos cooe
Prgcursor Monitoring cccecoccccccoonocecs cesoosvose

Reaction Cell and Flow System ....ccccecoevcece

Signél Detection and Data Acquisition .........

Procedure ....cccceces
a. NZOS Photolysis

b. O-NO3 Kinetics .

B. Laser Induced Fluorescence

l.
2.
3.
4,

59

Pulse Source ..cceocoo

©coeeococ ©cooco0eeoo0o00o0

©060600000C0©S0000CGO0GOCE®

©$ 0000008 00CeO0DGCECCTTTSN

Photolysis Cell and Flow System ......

Precursor Monitoring

Signal Detection and Data Acquisition

Procedure .ccceccccee

3. NO2 Fluorescence

©000000c0e

ooooooooo

fi

10
12
13
17
18
18
19
20
20
22
23

25



b. NO3 Fluorescencg ..... ,,,,_,,,,,;.,,,,,,,, 26

C. Reactants and Gases ........... ......,......;;q..... 27
1. Carrier Gases ....... ceenas ceceavens ,---;-~----¢ 27

2. NO2 teemsesessesnstssesessesanans .............--;27

3. OZONE tiivreeeerusenessecoccacsaacannnanns eeas 27

4. Di-nitrogen Pentoxide .cceovo- coeeeserercennsan 29

IT1. Photolysis of Di-nitrogen Pentoxide ....ceccvevvevuee.. 30
A. Introduction ....cieeeiiecnrccccracenssesonnc cecessss 30

B. NO3 Quantum Yields ...ceeevcceacocesssccnscscsoceansnss 35

1. Quantum Yield versus Pressure ........ cocenvens . 35

2. Quantum Yield versus Concentration ....sc.es0.. 35

3. Quantum Yield versus Photolysis Wavelength .... 38

4. Quantum Yield versus Laser Fluence ....cc..0... 38

5. DiscusSSion ...eessevescececcscsoas Ceeeeceeaanas 42

C. Decay Rates of NC3 after Photolysis .... cosaseaas 46

1. Decay Rate versus Pressure ....... Ceescecsssnas 46

| 2. Decay Rate versus Concentration ............... 46

b. Risetimes of NO3 after NZOS Photolysis .<..... cosssena 52

l. Appearénce Rate versus Pressure ............... 56

2. Appearance Rate versus Concentration .......... 59

1V, Deactivation of NO3 ............... ceeenn Creiscecsnaenas 60
A. INtroduction ...eeveeeeveeeeoenn. reeereneeeeaaeean 60

B. Probe of NO3 (U= 1) tiiiirninienencenncencncnsnnanns 61

I. Quantum YieldS ..ceeececesccoscscnes cecesecacnan 61



iv.

2. Risetimes ....ccceccocececcoonscoccoossccscncss 10

3. Decay Rates ..ccoccoccs cosesosse cosccccecsocosss 11

C. Variation of Probe Beam Waveiength ......cccoc000000 77

1. Quantum Yields .c.ccevevceccccennceccoccocasccs 18

2. RISELIMES uuerevenuennenennnnnonnnnnns everene. 83

3. Decay Rates ,.;....;.,.cf.........,. ........... 85

V. Rate of Reaction O + N03- teccssccecsscansaccs cosecseenens 88
A. Analysis % 600606 00060ae8e0e0000000000036606066cse6cssens 88

1. Caleculation of Its Rate Constant ...ccco.e eseos 88

2. Calculation of Reactant Concentrations ........ 90

Be RESUTES  wureveennnennennnneeonnecoonnnneronnneonn Y

1. Calculation of NO3 CONCeNtrations ......eceece. 95

2. Pressure Dependence of the Rate Constant ..... . 99

C. DisSCUSSTON  c.iueeeuececeecccercesnonnasoacnnnccnancns 99

vI. NO3 Laser Induced Fluorescence Yields oeeee;.o.a..oe.... 104
A. Results ..ccccccccceeccccsns etecscsccccescans ceeeccs 104

B. Consideration of Fluorescence Lifetimes B

C. Discussion .....,.....o..,,.,..;.,,.,,.... ....... eees 113

VII. Aab inftio Calculational Studies of NOy .ec..eeveone.. 114
A. Methods ...cicecccesccccescocenscccsscososonscoscsses 114

B. Results ....ccvccvee cececcecvescssevsonrcsaases cecens 115

C. DiscuSSiON cccveocccocscsssscccscocsoas cooescecncas oo 117

References ..ccceoecos Goecesecevsoeoeccsoecscene cecessosecoalll



I. [INTRODUCTION

The primary molecule of interest in the current study is the

NO radical. Because it is a radical, direct studies of its

3
chemical and structural properties have been difficult. Much of
the work that has been done has been due to the importance of NO3
in atmospheric chemistry. Knowledge of the photochemical and-
chemical properties of NOX speqies is necessary for accurate

models of atmospheric systems. In the present work, several

different studies involving the NO3 radical will be reported.

A. NO, as a Product of N,Qc Photolysis

Photolysis of NZOS is known to occur at UV wavelengths. The
possible product channels and their threshold wavelengths, cal-

‘.culated from thermodynamic information, are shown below:

hv .
'NZOS — NO2 + NO3 A < 1300 nm (1)
NO2 + NO + 02 A< 1125 nm (2)
2 NO, + 0 A < 401 nm (3)
NO3 + NO+0 X ¢ 307 nm (4)

02

1
Early studies looked at pressure changes upon constant §llumi-

nation under the assumption that the products were 2 NO2 + 1/2

3
02. Molecular modulation techniques have also been used to

determine gquantum yields for NZOS disappearance by monitoring IR

absorption of NZOS and NOZ' . Indirect methods were used to dis-
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tinguish among the possible product channels. In that study, it
was concluded that the primary channé] was Equation 3. The only
previous direct study“ used flash photolysis/resonance fluores-
cence to 1look at the yields of NO and oxygen atoms (1=290-300
nm) . The results suggested an upper limit of 0;11 for the quan-
tum yield of NO production. This led to the conclusion that
channels 2 and 4 were unimportant. The oxygen atom vyield was
reported to be 0.35 2 0.10. A mechanism involving an excited
NZOs deactivating to 2 NO2 and 0 was postulated in order to
explain all these previous results.3 |

- The method of flash photolysis/laser absorption, FP/LA, was
used in this work to directly determine whether channel 1 fis
important in NZOS photolysis. Using this fechhique, a tunable
dye' laser was used as a probe in monitoring the visible ab-

sorptfon of NO3 after pulsed UV photolysis.,

B. Deactivation of NO, after N,O Photolysis

The results of thg FP/LA experiments (Section 111) indicated
that NO3 was a primary product of NZOS photolysis. These experi-
ments, which monitored NO3 absorption as function of time, also:
provided kinetic (dynamic) information. A risetime for NO3 ap-
pearance was observed. From the threshold wavelength for channel
1, an excess energy of 40 kcal/mol was calculated for photolysis

at 249 nm. This energy must be distributed among rotational.

vibrational, translational and/or electronic energies of the



products. The photolysis experiments measured NO3 in its ground
state (v = 0). However by tuning the dye laser, the same FP/LA
technique could be used to probe low vibrational levels of NO3."
The aim of the experiments was to gather ihformation on the

dynamics of the deactivation of N03.

C. Kinetics of the Reaction of 0 + ug3

- . The NZOS photolysis results (Sectioh II11), in addition to
showing an initial rise of N03. showed a subsequenf loss of NO3.
Assuming that NO2 and NO3 are the major photolysis products, loss

of NO3 is expected to occur mainly by reaction 5.
no, + N0y KL wo. (5)

Reaction of NO3 with itself is much slower than (5). Under the

reaction conditions used, it was found that the loss rate of NO3

: 5
was considerably faster than the rate expected for reaction 5.
If in fact some oxygén atoms were produced by the photolysis of

either N 05 or a small 03 impurity, reaction 6 would occur.

2

k
O«n»NO3 ],N02+0 (6)

2

The rate constant, k had been measured in only one previous

19
6
study. A molecular modulation technique was used which gave an

indirect measurement of the rate constant kl' Assuming this rate

constant and a reasonable concentration o# oxygen atoms, the loss



of NO3 after NZOS photolysis in the current study (Section 111)
still appears to be too fast. Because the previous measurement
of kl was indirect.6 the rate constant kl_was redetermined in
this work using a direct method. Photolysis of a sultabfe mix-
ture of N205 and 03 gave NO3 with.excess oxygen atoms. FP/LA was
again lused to measure the NO3 absorption as a function of time.

From these data, the rate constant kl was extracted.

The work mentioned so far involves interactions of NO. with

3
other species. The radical itself is also interesting and not
well studied. It was mentioned that NO3 can be monitored by its
visible absorption. The visible absorption spectrum of NO3 was
first obtained by Jones and Nolf’.7 and has been reexamined by
several wprkers,a_la An absorption maximum at 662 nm was ob-
served, followed by a series of vibrational bands to shorter
wavelengths. .The absorption spectrum was reported to be dif-
Fuse;e that is, no rotational structure was seen. This diffuse-

ness was attributed to pre-dissociation. Two product channels

are possible at visible wavelengths.

NO, DoNo o+ 0, A < 6300 nm (7)

NO2 + 0 A < 580 nm (8)

A study of the photolysis products“ (oxygen atoms and NO) in-

dicated for wavelengths shorter than 580 nm the gquantum yield of



oxygen atoms is near unity. The yield of NO was smailer, with a
maximum of 0.30 in the wavelength region A = 600-560 nm. No
dissociatibn vproducts were observed in the region 662-600 nm.
The conclusion drawn from these results was that predissociation
was not occurring. A reinvestigation of the absorption spec-
trum'®  (with a resolution of 0.0003 nm) confirmed that the spec-
trum was diffuse. The diffuseness of the absorption spectrum can
then be explained by the Douglas effect.lh The broadening of the
absorption-spectrum is due to coupling of thé excited electronic
state to high vibrationatl levels of the ground state. This
coupling mechanism has been used previously to explain the anoma-

1S
jously long fluorescence lifetime of NO, for example. If this

2
explanétion is correct for NO3. visible fluorescence could be
observed after excitation in the region 600-662 nm. The fluores-
cence 1is expected to have a long lifetime and a fluorescence
yield near unity.

The laser-induced fluorescence fechniqueg LIF, has recently

been used by two different groups.1 7 Although there was
some disagreement on the collision-free lifetimes, both groups
were able to observe fluorescence. In neither case was the
fluorescence yield obtained. The present work used the LIF
technique in measurihg the yield of NO3 fluorescence relative to
NO2 fluorescence. Multi-path visible absorption was used to

monitor the concentration of both NO2 and N03.



E. Structure of ug3

Both experimental and theoretical work has been done té try
to determine the structure of N03.m_27 yet the results have been
inconclusive. Several ESR studies have been done,w-22 but with
conflicting results; In éll cases, the g-values obtained in-
dicated that NO3 isbplanar. For planar N03. two different sym-
metries are possible, either a trigonally symmetric D3h structure
or a structure of C2v symhetry. The ESR results did not agree
with each other and were apparently dependent upon the medium
used. A rotationally resolved IR spectrum has not been obtained
for NO3° Large interferences by molecules such as NZOS and Noé
which absorb in the same région as expécted for NO3 have made

obtaining an IR spectrum of NO, difficult.

3

Several theoretical calculations have been carried out. The
first tﬁo were done using semi-empirical methods. walsh23 used
Hickel molecular orbital calculations to investigate whether a
planar D3h symmetry was more stable than a pyrimidal C3v struc-
ture. He found that the planar geometry is the more stable. An
INDO s‘c'.‘xdyzl° compared the energies of D3h.and C2v NO3 stuctures
and found the CZv to be the lower in enegry. Ab initio méthods

25,27

have also been used to study NO3° Caiculations assuming D

3h
symmetry2§ concluded that for this symmetry, 2A2' would be the
ground state. [f the ground electronic state for D3h symmetry

were degenerate (zE' or 2E"), the Jahn-Teller effect predicts



that distortion to CZV symmetry would occur. For a 2AZ’ ground
state, distortion would not be expected to occur. These studiesy
however, did not calculate the energy of NO3 with C, ~ symmetry
for comparison. A partial geometry optimization was reported by
Lund and Thomasz7 using ab initio methods ([4s,2p]). They also
concluded that D3h was the lower energy symmetry; however,
details déscribing which geometrical parameters were allowed to
vary were not»given. Therefore, it is uncertain what the values
determined correspond to. The presenf study uses ab initio
methods to calculate and compare the energies of the lowest‘
states of sz and D3h symmetry. At the optimumv geometry ob-
tained, force constants were then calculated and uﬁéd to predict

the vibrational frequencies of the NO3 radical.



I1. EXPERIMENTAL

A.  Flash-Photolysis/Laser Absorption

-The method of Flash-Photolysis/Laser Absorption (FP/LA) was
used both to measure the yield of NO, from photolysis of N,0g and
to measure the rate of reaction of NO3 with oxygen atoms. A

schematic of the experiment is shown in Figure 1.
1. Photolysis Source

The bhotolysfs source used in these experiments was a
Lumonics TE-860-2M rare gas halide excimer laser. For these
exberiments it was operated either on the Krf or Xef transitions
ét 248 nm and 350 nm,  respectively. The typical bandwidth was
about 0.4 nqua and the pulse width, as reported by the manufac-
turer, is 10-20 ns. | |

The laser output was unpolarized and rectangular in shape,
typically about 7 X 20 mm upon exiting the laser cavity. Because
of the large divergence of the beam, a one meter quartz lens was
pléced in front of thevcell; to more nearly collimate the beam.
Pulse energies were as high as 250 mJ (KrF). A black anodized

2 area) was centered on the'cell window

aluminum aperture (0.5 cm
to define the photolysis beam. The resulting excimer pulse
energies were 10-20 mJ as measured upon exiting the cell, and

varied with gas fill, age of the fiil, and discharge current.
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2. Energy Measurement

In order to determine quantum yields, it‘was necessary .to
measure tﬁe energy of the bhotolysis pulse. This was accom-
plfshed using a Gentec Model ED200 pyroelectric joulemeter, with
a peak reading sample and hold (PRJ-D) digital readout. The
joulemeter had been previousiy calibrated by Marinelli.,28 In the
course of an experiment, the absorbing face was recoated with
Nextel 101-Ci10 flat black enamel, and therefore, needed to be
feca]ibrated.v This was done by comparing it to another joule-
meter which had recently been calibrated at the factory. The

readout was appropriately adjusted.
3. Dye Laser Probe System

The laser used as a probe was a Spectra-Physics Model 581 A
single frequency dye laser pumped by a Model 164-05, 5 watt Ar
fon laser. Several dye mixtures were used in the course of these
experiments, as are listed in Table 1. Concentrations and sol-
vente were those suggested by Exciton.29

In these experiments the dye laser was operated with»ali the
tuning elements removed except the 3-plate birefringent filter.
The linewidth 1in this case was approximately 0.5 A.Ze Current
stabilization of the fon laser was used to obtain stable light
levels. The output power of the dye laser was measured using an

internal power meter, and was typically 30-50 mW.



Table | Dyes Used

11

Dye Laser Region (nm)
R640/R590 614-672
DCM 608-727
LDS 698 688-808
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Part of the beam was split off by reflection from a (pyrex)
window (before the cell) and sent to an Interactive Technologies
~ Model CT-103 one meter monochromator, which had a 1200 1ine/mm
grating blazed at 5000 A, and which was used in second order.
Attached to the output port of the monochromator was a PAR model
12050 vidicon tube and model 1205A optical multichannel analyzer.
A CRT then displayed the wavelength with a resolution of 0;4 -
In addition to the dye laser beam, the output from a neon pilot
lamp wés focused onto the monochromator siits. The neon lines,
as measured by Paschen.30 were then displayed with the dye laser
signal and Qere used for calibration.

The remainder of the beam then propagated to a sﬁprasil
window at approximately 45°, such that approximately 5% of this
beam was reflected down the photolysis cell, colineariy with the
photolysis beam. This probe beam was totally contained within

the region of the photolysis laser.
4, Precursor Monitoring

The method of ultraviolet absorption spectroscopy was used
to measure the precursor concentrations, which was made possible
by the relatively high absorption cross section of the precursors
in the 220 to 250 nm region.

The monitoring system (Figure 1) consisted of a deuterium
lamp and power supply from a Beckman Mode! DU-2 spectrophoto-

meter. The lamp was housed in an aluminum box which was painted
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flat black and had an e#it hole approximately 2 mm in diameter.
' The outputbwas modulated using an American Time Products 400 Hz
tuning fork chopper and was collimated with a 10 cm focal léngth
quartz lens. The beam was sent down a 2.3 i.d. X 100 cm pyrex
absorption cell equipped with Suprasil windows. ' After exiting
the cell the beam entered a McPherson Model 218 0.3 meter mono-
chromator with a 2400 1/mm grating blazed at 1500 A. The slits
were typically 200 um, resulting in a resolution of approximately
6 A. The monochromator was calibrated by using the output of a
HeNe laser at 6328 A. The output of the monochromator impinged
on an RCA 1P28 photomultiplier tube. The resulting signal was
amplified and sent to a lock-in amplifier, then digital volt-
meter.

The Spectra of the precursor molecules, N205 and 03, are
shown in Figure 2. Their absorption cross-sections are listed in
Table 2 at the wavelengths of interest, along with cross-sections

for the most likely impurities.
5. Reaction Cell and Flow System

All experiments were done in a flowing system.  The precur-=
sor concentrations were controlled by adjusting the flow rate of
carrier gas through traps at various temperatures. The trap
containing N205 was typicaily immersed in a slush bath of either

m-xylene or o-xylene, resulting in temperatures of -48°C and



14

Table 2 UV Absorption Cross-sections ( /cmz) of Important Species

Gas Wavelength (nm) _

220 250
N,0s 2.20 x 10718 4.0 x 10719
0, 1.8 x 10718 1.1 x 10717
HNO, 1.51 x 10”'° 1.91 x 10720
NO 3.96 x 10719 2.83 x 10720



o Cross Section (cmz)

15

11 11111‘

sl

i1 llllll

\ ‘,
\\1
l

l N
NO+0(ID)' HNOZ,
\

11 lllllll

11 lllllll

\
\
\
\
lo,llLllll.llelnflllx ' N
200 220 240 260 280 300 320 340 360 380 400 420

Wgvelength (rm)

XBL76I- 6356

Figure 2, Ultraviolet and near ultraviolet absorption spectra of
: NOZ’ NZOS’ 03, and HNO3 :



16

v-29°C, respectively. The 03 trap (when needed) was kept in a dry
ice/isopropanol slush bath at -77°C.
| f“'Either N2 or O2 was used as a carrier gas. After passing
through a flow meter, the carrier gas was split into several
streams. One of these streams bypassed the traps, while the
others flowed through the separate traps and picked up the pre-
cursors. These streamé were recombined beFore>entering the ab-
sorption cell, where the concentration of the precursors was
monitored. |

- From the absorption cell, the gases flowed through 3/4 inch
fubing fnto the photolysis cell. The purpose of making the
connecting tubing large between the two cells was to eliminate a
pressure drop between them. Measurements of the pressure at
either end of the system showed no difference in pressure. After
the photolysis cell, the gas mixture waS sent through a throttiled
and trapped rough pump. With flow rates measured at 200
scm3/min, the typical residence time in the photolysis cell at 20 .
" torr total pressure was approximately ten seconds.

The photolysis cell consisted of @ 4.3 cm i.d. X 120 cm
pyrex tube with stainless steel end caps connected by "ultra-
torr™ fittings. " The cell windows were 3.75 cm Suprasil-1 flats.
The total path length was measured to be 133 cm. Pressures in
‘the cell were measured using an MKS Baratron Model 310BHS-1000

capacitance manometer.
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6. Signal Detection and Data Acquisition

The photolysis and probg beams, after passing through the
photolysis cell were split by a quartz prism. The probe beam was
sent through a 660 or 700 nm. interference filter, then through
several apertufes onto a photodiode detector. By adjusting the
~angle of the interference filter, whosé bandwidth was approxi-
mately 5 nm, all wavelengths of interest could be passed.

The photodiode used was an SGD-100A, with an amplifier of
in-house design (built by Marinellial). The calculated bandwidth
of the dectector/amplifier was reported to be 10 MHz,® and
measured to be ¢50 ns. |

"The analog signals from this detector wére then sent to a
Biomatioh 8100 transient digitizer. Originally the signal was
then sent to a Fabritek 1074 Signal Averager/PDP8 computer system
for storage, display and averaging. Typically the Fabritek was
used with 1024 channels at 200 ns/channel. This was later re-
placed by an Apple I+ computer system, with in-house software.32
The Apple collected 2048 channels at 50 ns/channel. In either
case the data could be sent to the Lawrence Berkeley Laboratory
CDC 7600 computing system for analysis. |

The trigger pulse was provided by a Wavetek pulse generator.
This same trigger was sent to a EH Research Labs Model G710
pulse-delay generator, which then triggered the excimer laser

approximately 100 channels after the beginning of a sweep. (The
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~ actual time depended on the channel width.) Between 128 and 1024
sweeps were collected and averaged for each experiment.
“Initially the excimer laser was pulsed at 0.1 Hz, such that
the photolysjs products were removed from the cell between’
pulses. However, it was found that increasing the rate to | Hz
did not affect the resuits, so all subsequent experiments were

done at this rate.
7. Procedures -
a. N205 Photolysis

Before starting an experiment, the equipment was allowed to
warm up for about one hour. The flow of carrier gas was started
and adjusted such that the pressure was as desired. At least 30
minutes were allowed for stabilization. At this point, a flow of
NZOS through the cell was begun. After about ten minutes, the
NZOS was removed in order to condition the cell and remove some
impurities in the N205° Meanwhile the dye laser was»adjhsted to
an appropriate wavélengthQ The channel numbers of the two
nearest neon lines were determined and the desired channel number
for the dye laser was obtained by interpolation.

Eagh run consisted of the following:

1) With only buffer gas flowing, Io from thev Uv absorption

system was recorded.

2) The energy of 10-20 excimer laser shots was recorded by
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placing the joulemeter at the rear bhotolysis cell window.

3) Some of the flow was thén'diverted through the NZOS trap,
and thé flow rate was gdjusted to give the desired NZOS concen-
tration.

4) AFter about ten minutes of stabilization time, the UV inten-
sity - (I), the energies of another 10-20 puises, and the total
pressure were recorded. |

5) Data collection was then started. After the desired number
of sweeps, | was recorded again. The system was then purged of
NZOS with puré carrier gas.

When the pressure was changed between runs, the flow was
allowed to equilibrate for about 30 minutes. When the wavelength
was changed, the dye laser was readjusted for peak péwer, and the
angle of the interference filter was;changed slightly. In many
of the:earlybruns, an interférence filter was not used, but a 640

nm high-pass cut-off filter was placed before the photodiode.

b. O-NO. Kinetics

3

The‘prdcedure for these experiments was similar to the NZOS
photolysfs experiments except for the following:

The flow of carrier gas was diverted by two separate paths
through an NZOS and an 03 (on silica gel) trap. The NZOS was
added first and allowed to stabilize, then an appropriate amount

of 03 was added, again controlled by the flow rate. I° and | in
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the UV absorption cell were measured at both 220 and 250 nm.
After a kinetic run, the system was again purged with pure car-

rier gas and both Io and I were again recorded.

B. Laser Induced Fluorescence

The method of laser induced fluorescence was used to try to
quantify.the fluorescence of N03. In order to measure the con-
centration of NO3 in the ceil,_a long path length was needed. An
exisfing multipass White cell33 originally designed for use in
the IR was modified to accomodate this experiment. A schematic

is shown in Figure 3.
1. Pulse Source

The excitation source was a Lumonics EPD-330 dye laser
pumped by the same Lumonics TE-860 Excimer as used as @ photo-
lysis source in the FP/LA experiments. In this case the excimer
laser was used at the Xef (350 nm) transition, with pulse ener-
gies of up tb 70 mJ. The dye laser was operated on DCM in
propylene glycol (about 3 X 10°3 M). The pulse width is given by
the manufacturer as ¢ 10 ns. The beam upon exiting the laser was
roughly triangular in shape, about 2 mm wige. The linewidth as
reported by the manufacturer is 3 X 10“3 nm. The wavelength was
measured by sending the beam through the monochromator after
exiting the photolysis cell. A black anodized aluminum aperture

(about 4 mm diameter) was placed at the exit port of the laser to
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reduce stray light. The conversion rate for the dye laser was
about 10-15%, 1.e., the output energy was typically 7 mJ/pulse,

as measured by the same Gentec joulemeter described previously.
2. Photolysis Cell and Flow System

The photolysis cell was a 100 X 40 cm diameter quartz tube
with stainless steel end caps. On one end were beam entrance and
exit ports consisting of 5 cm diaméter NéCI windows. Gases
entered through two ports at the other end, connected to 3/8"
o.d. disperser tubes running the length of the celi. At that end
was also‘attachéd a large port to & trapped rough pump.

The fnternal_ mirrors were set up in a White type arrange-
ment.33 Because the cell had previously been used in the IR, the
mirrors - were removed and recoated with Al/HgF2 for maximum re-
_ flection at 650 nm. Adjustment of the two end mirrors to get the
desired number of passes was accomplished by turning a8 single
th}eaded rod, which ensured that these two mirrors turned to the}
same degree. (For further details of the constrqction consult
Littlejohn. =)

The experiments were carried out in a slowly flowing system.
Because of the large volume of the cell the residence time of
gases in the cell was long, and estimated to be approximately ten
minutes.

NO was produced by the reaction of NO2 with excess ozone.

3
NO2 was introduced at one port by simpie expansion. Ozone (kept
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at -77°C in a dry fce/isopropanol bath) was introduced at the

other port.
3. Precursor Monitoring

The concentrations of NO3 and NO2 (used for calibration)
were measured by visible absorption.' The visible absorption
spectra4 of these molecules and of 03 (a precursor) are shown ih
Figure 4. |

The system had been set up to measQre‘IR absorption with a
Nernst glower. It was found that this same source also provided
enough visible light to be used in a visible absorption experi-
ment.b The Nernst glower and power supply was that of a Beckman
fR spectrophotometer. | The black aluminum housing had a rectan-
gular aperture. The Iight_was chopped at 400 Hz (National »Time
Products) and focused onto fhe white-cell entrance by a cylin-
drical mirror. | | |

After making multiple passes, and exiting the cell, the beam
was refocused onto/the slits of a MacPherson one meter monochro-
mator with a 1200 1/in grating blazed at 5000 A. The signal was
then detected by a RCA C31034A photomultiplier in a thermoelec-
trically cooled housing. The amplified signal was sent to a PAR
lock-in amplifier. The monochromator was then scanned, and the
output of the lock-in amplifier was recorded on a chart recorder.

It was found that the probe beam could still be detected
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after making 32 passes of the cell; however, the signai-to-noise
was significantly better after only 12 passes, so this waé used
for the experiments.

‘Calibration of the monochromator was ac;omplished using a
HeNe laser at 6328 A. with.this calibration, the N_O3 absorption

peak occurred at 6620 A, as expected.
. 4, Signal Detection and Data Acquisition

Visible fluorescence was observed perpendicular to the cell
using an RCA C31034A photomultiblier, with a dry ice cooled
housing. At the face of the PMT was a 6600 A glass filter, a 0.5
cm2 aperture, a 10 cmvlong piece of baffling, and another 0.5 cm2
aperture Jjust before the cell. 'This was required in order to
minimize stray light from the dye laser pulse.

The signal was sent for preamplification to a Keithley
amplifier with a bandwidth of 100 MHz and from there to the
Biomation 8100 digitizer/Apple 11+ computer system as described
in the FP/LA experiments (Section I1.A.6). Triggering .of the
digitizer/laser was also done as before, such that the laser

fired after the beginning of an individual sweep. Typically 256

shots were taken for an experiment.
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5. Procedure

a. NO2 Fluorescence

Measurements of NO2 fluorescence were done in order to
compare to the fntensity of N03,Fluoréscence observed. With the
cell empty, a baseline visible absorption spectrum was taken in
the region 6400-6600 A. | -

‘NOZ was admitted into the cell, and the flow was allowed to
stabilize. The energy of the dye laser was measured and about 10
shots recorded. A vfsible spectrum of NO2 in the cell was then
taken such thai the concentration could later be calculated. An
internal mirror in the monochromator was rotated such that the
dye laser beam would be deflected from the PMT. The laser was

fired and data collected.
b. NO3 Fluorescence

These experiment$ were carried out as with the NO2 fluores-
cence (Section I1.B.a), except for the following: In this case,
after taking an empty cell $pectrum in the region 6500-6700 A, 03
was admitted to the cell to a total pressure of about 0.5 torr.
This was done to correct for the small absorption due to O3 in
this region. A small amount of NO2 (approx. 50 um) was then

.admitted and the concentration was adjusted until the maximum

amount of NO, was produced.
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C. Reactants and Gases
1. Carrier Gases

The carrier gases and excimer laser helium were supplied by
Lawrence Berkeley Laboratory and were used without further puri-
Ficatjon. The 10% FZ in He mixture used for the excimer laser
was supplied by Matheson. The other laser gases, Kr and Xe,
were Afrco gradev4.5 (99.995%) which met or exceeded the manufac-

turer’s stated purity requirements.

2. NO2

The N02 needed in these experiments was also supplied by
Matheson vand was trapped as a solid at 77 K (liquid N2 and
'allowed to warm to a liquid at room temperature before beiﬁg
used; Typical impurity levels for the gases supplied by LBL and

the NO2 are shown in Table 3.
3. Ozone-

A stream of 0, was purified by passing through a silica tube

2
with copper turnings heated to 900 K, then through a column of 5%
palladium or alumina at 620 K. This was done in order to convert
hydrocarbon impurities to CO2 and HZO' which were then removed by

absorption ih columns of ascarite and PZOS coated glass beads.

The purified 02 was then passed through an Ozone Reasearch and
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Table 3 Typical Impurity Levels of Gases Used

Gas High Dry N.@ Pure He® High Purity He® High Dry 0.2 NO.C

2 2 -
NZ 99.999 1 ppm 14 ppm 500 ppm . -
He — 99.998 99.995 ' —— —
Ar 5 ppm 0.1 ppm | ppm 4000 ppm L ——
02 1.5 ppm 0.2 ppom 1 ppm 99.5 ——
HZO 1.5 ppm 0.3 ppm 12 ppm . 1.5 ppm 0.06
COZ' m—— 0.1 ppm 1 ppm 10 ppm ———
Ne —— — _ 14 ppm —-— -—=
THCd —-—— — I ppm ' 3 ppm ——
H2 ——— ——— 1 ppm -— —
NO —-— —— —-— —-— <5 ppm
CINO —— ——— ——— — ——
NO2 -— — ——— —_— 99.9
8 LBL issue.
b Used in Halogen/Hel ium mixtures.
¢ Matheson Co., suppiier.
d

Total hydrocarbons.
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Equipment Company silent discharge ozonator. Typically about
seven' percent of the 02 was converted to 03. The 03 was then
preferentially trapped out by passing the 03'/02 mixture through a
silica gel trap at 196 K in which the 0, could be stored for

later use.
4, Diji-Nitrogen Pentoxide

Di-nitrogen pentoxide was prepared by the method of Schott
and Davidson.9 Part of the stream of high purity oxygen was
bubbled through a trap containing N02. This stream was merged
with the 03/02 stream coming from the ozonator. "The flow of 02
through the NO2 was adjustéd such that O3 was in ‘excess. as
evidenced by the disappearance of the brown NO2 color after the
mixlng tee. The N205/03/02 mixture was passed through a trap
held at 196 K_wherg the NZOS was deposited as thin white needle-
" like crystals. Production of NZOS in this manner also produced a
large (16-201) impurity of HNO .

3 formed in the reaction of NZOS :

and H20°
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I11. PHOTOLYSIS OF DINITROGEN PENTOXIDE

A. Introduction

A series of experiments was done to investigate the produc-

tfon of NO3 as a product of NZOS photolysis under various condi-
tions. Although indirect determinations of NZOS photolysis
products seemedv to ?ndicate that NO3 was not produced,s'“ the
current results of a fypical experiment (Figure 5) show a high

yield of N03. The guantum yield of NO3 productién is given by.

the ratio of NO3 produced per photon absorbed.
¢ = [NOjl/photons (9

The amount of photons absorbed can be calculated from Beer’s
law and a knowledge of the incident photolysis energy. - for these
exper iments, the NZOS concentration was measured by UV absorption
according to Equation 2

Al =1, -1=1/1- e OIN0g1L, | (10)

where [ is the absorbed and I_ the incident 1ight fntensities fn
units of photons/cm, L is the path length (128 cm), and o is the

cross-section. The incident intensity was determined by dividing

the average pulse energy by the photblysis volume (0.5 cm2 aper-

ture by 128 cm). NZOS cross—-sections are given in Table 4.

The NO3 produced was measured by laser absorption, in this

case at the NO3 absorption maximum at 662 nm. The NO3 cross-
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Table 4 UV Absorption Cross-sections for N205 at the Photolysis

Wavelengths Used"0

A/nm P} /cm2
N,O¢
249 4.0 x 10°1°
308 1.8 x 10729
21

350 2.2 X 10°
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38 17 2

section at this wavelength is 1.9 X 107" cm®. The concentra-
tion was also calculated from Beer’s law. Io was taken as the
average laser intensity in the pre-trigger period, typically
channels 1-100. The maximum amount of NO3 was produced shortly
after the photolysis pulse. For experiments in which the decay
was followed for longer time periods (Figure 6), the maximum
amount of NO3 was assumed to be present at the maximum in the
absorption,

In addition to information on the gquantum yield, these
spectra provide kinetic information on the appearance and decay
of N03. Initial experiments showed that the appearance of N03,
when probed at 662 nm, was not instantaneous. For each condi-
tion, two spectra were recorded, one at a time resolution of 0.2
usec/channel and another at 2 usec/channel. The initial rise of

the faster spectra was then fit to an exponential function to

obtain the appearance rate constant.

(NO31/[NO3], = 1 - e krt k. = 1/1, 1t = risetime (11

The decay rate was obtained by fitting the "slow" spectra to a

single exponential decay.

[NO51/INO3] = e kgt (12)

The results of each series of experiments are given in the sec-

tions which follow.
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B. ﬁg3 Quantum Yields

1. Quantum Yield versus Pressure

In a series of experiments, the NO3 quantum yield was
measured as a function of pressure in the range 10-100 torr. The
NZOS concentration was kept fairly constant and ranged from 1.0

to 1.7 X 10'® em3 16

with an average concentration of 1.5 X 10
cm-3. Either N2 or 02 was used as a carrier gas. The results of
the experiments are listed in Table 5. These data are plotted as
quantum yield versus pressure in Figure 7. From the plot,
several things are readily seen. The quantum yield is high, near
unity for all cases. No dependence on pressure was observed, and
no difference was seen between using N2 or 02 as a carrier gas.

For this entire series of experiments, the average quantum yield

was found to be 0.82 * 0.12.
2. Quantum Yield versus Concentration

Another series of experiments was done in order to determine
whether varying the-NZO5 concentration affected the production of
NO3. The-NZO5 concentration was varied two orders of magnitude
from 2.6 X 1014 em™3 to 5.0 X 10'® cm™3.  The lower limits were
effectively determined by limitations on the ability to measure
N205 uv and NO3 visible absorptions. The upper limit was deter-

mined by difficulties in maintaining a steady flow at high con-

centrations. (All of these experiments were done at 20 torr
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Table 5 Pressure Dependence Results at 249 nm

Carrier Pressure [NZOS]/IO16 em™3 ) k/10° sec”! kd/sec-l
Gas /torr b

N, 10.5  0.52 0.56 2.0l 514
N, 10.5 1.52 0.82 1.44 856
N, 20.3 1.61 0.94 ———- -—-
N, 21.0 1.08 0.79 3.92 783
N, 18.8 0.95 0.98 2.29 759
N, 39.5 1.27 0.71 4.63 413
N, 60.3 1.08 0.95 5.62 667
N, 64.2 0.70 0.72 4.77 390
N, 80.8 1.64 0.76 — —-
N, 83.5 0.64 0.70 4.52 550
N, 101.4 1.43 0.89 6.92 -—
0, 18. 1 0.97 0.82 3.78 . 627
o, 20.2 0.89 0.51 1.62 867
0, 40.6 1.51 0.86 3.60 697
o, 60.9 1.59 0.87 4.27 -—-
o, 80.8 1.73 0.86 5.27 594
o, 100.9 1.59 6.90 6.58 378
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nitrogen total pressure.) The results of these experiments are
listed in Tablé 6. The gquantum yield is plotted against the NZOS
concentration in Figure 8. This plot shows that there is littie
or no dependence of the quantum yield on NZOS concentration. The

average quantum vyield over this set of experiments was 0.97 +

0.15.
3. Quantum Yield versus_Photolysis Wavelength

A few experiments were conducted at photolysis wavelengths
other than 249 nm. The results of these experiments are listed
in Table 7. Because the absorption cross-section for N205 drops
off rapidly at longer wavelengths, high Nzo5 concentrations were
necessary in order to produce enough NO3 to measure. The average
quantum yield at 308 nm was found to be 1.60 * 0.83. The large
scatter in this experiment was due not only to a8 decreased. ab-
sorption cross-section, but also to the very low output power of
the excimer laser used. At 350 nm, the average quantum yield was
found to be 0.83 * 0.15. In this case, the error is an estimate
based on the signal-to-noise ratio of the NO3 absorption and the
poor stability of the NZOS flow. In both cases, the average
quantum yields were within the experimental error of the value

determined at 249 nm.
4, Quantum Yield versus Laser Fluence

The results of several experiments to determine whether the
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[N,051/10'° em™3 ¢ k/10° sec”! ky/sec
0.26 1.16 — —-
0.31 1.17 —- ---
0.51 1.34 1.63 -
0.52 0.90 1.54 122
1.20 1.02 2.26 212
1.90 0.96 1.46 319
2.00 1.20 1.63 201
3.10 0.79 — -—-
3.50 1.06 — -
4.11 0.85 1.78 194
5.30 0.88 2.44 519
6.40 0.84 2.01 575
6.40 0.94 2.34 685

12.0 0.80 3.92 783
21.3 0.89 3.39 —-
30.5 6.90 4.02 1010
47.0 0.90 2.41 1200
49.5 0.83 4.57 1090
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Table 7 NZOS Photolysis Results at Wavelengths Other Than 249 nm
A/nm Pressure/torr [Nzos-]/lo16 em 3 ¢
350 19 10.0 0.87
350 18.9 6.8 0.79
308 10.1 13.0 2.1
308 35.6 15.0 2.7
308 70.5 9.5 1.2
308 4.4 12.0 1.4
308 4.6 12.0 0.6
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quantum yield is dependent on laser fluence are listed in Table
8. The average quantum yield was found to be 0.84 + 0.09. This
average is the same as the averages for the previous series and
indicates that the quantum yield is not dependent on laser

fluence at A = 249 nm.
5. Discussion

As was mentioned in the introduction, four possible product

channels for NZOS photolysis in this wavelength region have been

considered.

Channel 1. N,Os + hu =+ NO, + NOj ' A < 1300 nm
Channel 2. - NO2 + NO + 02 A< 1125 nm
Channel 3. + 2 NO2 + 0 A < 401 nm
Channel 4. -+ NO3 + NO+ 0 A < 307 nm

In contrast to the results of previous studies, the experi-
ments reported here demonstrate that NO3 is the primary photo-
chemical product of NZOS photolysis at waveiengths between 249
and 350 nm. The average quantum yield over all the experiments
at 249 nm was found to be 0.90 * 0.14. The absence of a laser
fluence dependence implies that this photolysis 1is a single
photon process.

A previous study3 suggested that NZOS forms a metastable
complex after excitation. The lifetime of such a species was

estimated at 10 usec with deactivation presumed to occur by
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[Nzos/lo15 em™3 Laser Fluence/mJ cm 2 ®
4.1 5.0 0.85
6.2 9.7 0.87
2.0 14.0 0.94
2.6 19.0 0.71
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collision.

[Nzos]' + products (14)
#*
[N,01" + M+ N,0 (15)
*
N,Og + [N,051  + 2 NOg (16)

If this were the case, one would expect the observed quantum
yield to be pressure dependent. At higher pressures, the deacti-
vation by collisions with the carrier gas would compete with the
product channel. Similarly, increasing the N205 concentration
would increase the self-deactivation, and again the observed
quantum yield would be decreased. The absence of a dependence on
either N205 concentration or the total pressure rules out the
suggested mechanism involving a metastable species.

During the course of these experiments, two other studies
were reported on attempts at determining the products of NZOS
photolysis. Photoacoustic techniques were used by Barker, et
al.35 For photolysis at 290 nm, the quantum yield was reported
to be near unity although a specific ﬁumber was not reported. A
quantum yield for oxygen atom production was reported to be < 0.1
as determined by resonance fluorescence techniques.35

A recent study by Ravishankara36 involved looking at both
NO3 and oxygen atom yields by visible absorption and resonance
fluorescence, respectively. The guantum yield for NO3 was found

to be unity at all wavelengths studied. The oxygen atom vyieid
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was found to be small at wavelengths longer than 290 nm, and
increasing from 0.1 to 0.7 between 290 and 249 nm.

Both these studies confirm, as presented here, that NO3 is a
primary photochemical product of N205 photolysis. The results
of Ravishankara suggest that channel 4 is important. This chan-
nel had been previously ruled out on the basis of experiments of
Magnotta“ which indicated quantum yields of € 0.1 for NO (X =
290-300 nm). The threshold observed for the experiments of
Ravishankara agrees fairly well with that calculated from thermo-
dynamics.37 - These results support the conclusion that there are
two channels (Channels | and 4) involved in photolysis of NZOS'
At wavelengths above 250 nm, channel 1 is dominant. Below this,
channel .4 1is the primary process. For all wavelengths, the
quantum yield of N03 is unity.

Based on the plots, one could argue that there is a sfight
downward trend in ¢ for higher NZOS concentrations. If so, this
may be due to errors in fitting the curves. As the NZOS concen-
tration increased, the decay rate also increased (as will be
shown in Section [1.C.2). The assumption that the NO3 concentra-
tion reaches its maximum before it can start to decay becomes
somewhat less true, and a slight downward trend is expected. The
quantum may be reduced by several percent. However, since the
values of ¢ at higher concentrations are within the experimental

error, it is not clear that such a trend is real.
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C. Decay Rates of gg3 after Photolysis

1. Decay Rate versus Pressure

The same series of experiments used to determine the effect
of pressure on qQuantum yields was used to determine kd' the rate
of decay of NO3 after photolysis. The results are listed in
Table 5. Blanks in the table indicate cases where the data,
which had been stored on paper tape were not able to be read back
because of mispunching errors. The results obtained are piotted
in Figure 9. The decay rate (kd) appears to decrease slightly at
higher pressures. For loss by reaction, the rate would be expec-
ted to increase with higher pressures if it were affected at all.
The slight trend may therefore be due to diffusion of the NO

3
products out of the region being probed.

2. Decay Rate versus [NZOs]

For the experiments listed in Table 5, the decay rate kd was
calculated from the fit to a single exponential decay. The rates
are also listed in Table 5. A plot of decay rate versus NZOS
concentration is shown in Figure 10. A definite trend in the
decay rate was seen in these experiments. The decay rate in-
creased non-linearly with NZOS concentration. This suggests that
destruction of NO3 occurs by reaction with other products of the

photolysis. Oxygen atoms. NO and NO2 are all produced in the
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photolysis of NZOS' and all can react with N03.

NOg + NO, = N,O¢ k (M1 = 3.55 X 107'3 em’sec™!, 20 torr (17)
-12 3 _ -l

N03 +0 = NO2 + 02 k2 = 6,2 X 10 cm-sec (18)

NO, + NO =+ 2 NO, kg = 2.0 X 1071 emdsec™! (19)

The rate constant kl for reaction 17 is a function of pressure.
The value at 20 torr shown above was calculated using an equation
for third-body rate constants.39 Because reaction 17 1is much
slower6 than reactions 18 and 19, it can be neglected. Self-
reaction of NO3 is also negligibly slows.

The expression for the rate of reaction of NO3 is given by

Eq. 20.

-d[N03]/dt = kz[O]{N03] + k3[NO][NO3] (20)

The initial concentrations of reactant species, O and NO, are

proportional to the concentration of NO3 produced in the photo-

lysis.
(01° = [NOJ° = 0.7[N03]° (21)

Because the two reactions are competing, at a given time the loss
of O atoms ([0] - [0]°) will be smaller than the loss of NO by

the factor kz/k3. Substituting these relations into equation 20

leads to equation 22.
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~d[NO,1/dt = [NO51(0.7(ky + kg) + A) (22)

where,

A = {INO31°/[NOS] - 1}{0.7(k, + kg) - (k2 + k32)/(k2 + k3)},t

For short times, [N03] = [No3]°, so the equation reduces to

a second-order rate expression (Eq. 23).

_ _ 2
d[N03]/dt = 0.7(k2 + k3)[NO3] (23)

or,
o _ - L
l/[NOa] - l/[N03] = 0.7(k2 + k3)t = k’t (24)

A plot of 1/[N03] versus time is shown in Figure 11, with the
value of l/[NO3] in the pretrigger period, where [NO3] = 0, set
equal to 1.0. The curvature in the plot at longer times shows
that the second term of equation 22 becomes important. Although
diffusion out of the probé region would also cause curvature,
this has been shown to be small for carrier gas pressures 3220
torr (Secs. II1.C.1 and IV.C.3) Substituting the values of k2 and
ky into equation 23 gives k’ = 1.83 X 107! sec™! near t = o.

For t = 2.0 msec, [N03]°

(1]

3[N03}. Substituting this into egua-

-11 -1

tion 22 gives a slope k’ 2.15 X 10 sec . Therefore, the

rate constant k’ obtained by fitting the data should be in the

range k’ = 1.83 - 2.15 X 1071 gec7!,

The data from all the experiments were fitted to a function
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of the form of Equation 24 giving a rate constant k’. These
values are listed in Table 9 along with the initial values of NO3
concentration observed Figure 12 shows a plot of k° versus
[N03].The rate constant was found to be independent of NZOS or
NO3 concentration. The average value was found to be 1.60 + 0.45
X 10.ll cmasec-l. This value agrees within experimental error
with the calculated range of the value of k’ and is therefore
consistent with loss of NO3 being due to reaction with oxygen

atoms and NO.

D. Risetimes of NO. After N,O. Photolysis

Iq inftial éxperiments, it was observed that N03 (when
probed at 662 nm) was not produced at the time of the laser
pulse. A resolvable risetime, on the order of 1-10 usec was
found. This rate is too fast for the time scale of chemical
réaction (for these experimental conditions) and suggests that
the risetime is due to collisional deactivation. Deactivation of
an excited NZOS can been ruled out because of the pressure in-
dependence of ¢. The risetime is presumably due to collisional
deactivation of N03. After photolysis at 249 nm, a large amount
of excess energy remains which must be distributed among the

products, either as translational, rotational, vibrational or

electronic energy.
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Table 9 Results of Second-order Decay Rate Analysis (T = 298 K)

-3 1§ 3 -1

[N03]/1013 cm k’/107"" cm’ sec

1.32 | 2.06

2.20 2.14

2.25 1.20

3.22 1.58

3.40 1.35

3.99 1.56

4.08 2.09

4,20 1.60

5.05 1.65
- 5.12 1.67

5.96 2.06

6.00 1.38

6.40 1.14

6.42 1.67 (a)
9.49 1.19

10.2 , 1.33

12.9 1.77

13.5 2.03 (a)
13.8 2.11

13.9 0.57 (a)

14.2 1.09 (a)
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Table 9 Results of Second-order Decay Rate Analysis (Continued)

[N03]/l013 em3 ks /10”11 em’ sec”!
15.2 ' 0.81 (a)
15.2 2.15
19.2 2.16

(8) - carrier gas = oxygen



55

0l

Gl

Hmozu snsian ¢,y ‘@jea Aeosq 7T 9andig

{22/72370KW €131)/ [(EON)

ol S
| _ _ _ _
\V
Vv O O
O O
o v O@O
o} O 0 OO

23S 22 11-31/ 31vy AVDO3d €ON



56

N,Os + hu —» No3" + products (25)

2

» M
NO, oy NO, kM = k. (@6

This mechanism requires that the risetime be dependent on pres-
sure and the collision partner. For this simple two step
mechanism, the rate of appearance of NO3 in its ground state is
exponential. Therefore, each faster time resolution spectrum
(0.2 usec/channel) obtained was fit to a single exponential rise
(Figure 5), and an @appearance rate constant kr {equals 1/,

inverse lifetime) was obtained.
1. Appearance Rate versus Pressure

The deactivation rates obtained are listed in Table 5 and
are plotted as reciprocal risetime (1/t) versus pressure in
Figure 13. As the pressure was increased, the deactivation rate
also increased. These data were fitted to a least-squares line.

The slope of kr versus [M] gave a deactivation rate, kq. of 1.6 #
-13 3 1

0.3 X 10 cm’sec’ '. The intercept of this line, 1.8 * 0.1 X
105 sec-l. is non-zero due to the contribution of deactivation by
NZOS' No difference was seen between deactivation of NO3 by O2
and N as expected since these gases have similar collisional

2
cross-sections.
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2. Appearance Rate versus N205 Concentration

The appearance rates, kr' for the experiments varyiﬁg NZOS
concentration are given in Table 6 and are plotted versus NZOS
concentration in Figure 14. From the slope, the rate constant kq
for deactivation by N205 was found to be kq =4.0 £ 1.0X 10.12

cm3sec-l. The intercept is consistent with the contribution to

this rate from the carrier gas (20 torr Nz). As expected, deac-

tivation by NZOS was found to be much more efficient than by

nitrogen or by oxygen.
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IV. DEACTIVATION OF NO3

A. Introduction

It was shown in the previous chapter that the NO3 produced
from photolysis of NZOS appears with a risetime of 1-10 usec.
Those experiments probed the NO3 (v = 0) concentration only at
662 nm. The next series of experiments to be described probed
N03 at 67% nm. The N03 absorption spectrum shows a hot band at
679 nm, which corresponds to a vibrational excitation of 378

Cm-l. These experiments, therefore, involved the first excited
vibrational state of N03. Similar sets of experiments were
conducted for this vibrational level as were conducted for the
ground vibrational state. The quantum yields, risetimes, and
decay rate constants were determined as a function of pressure
and N205 concentration.

The simplest model for the kinetics requires a three-state

system as shown in the following equations:

k
NO3 (v > 1) _lp NO5 (v

1) (27)

NO3 (v=1) kaI NO3 (v =0) (28)
NO3 (v = 0) kd. products _ (29)
where kl is the rate of deactivation into NO3 (v=1), k2 is the
rate of deactivation from NO3 (v=1) to NO3 (v=10), and kd is

the disappearance rate of ground state NO3 due to reaction.

Because there is some population in NO3 (v=1) for a relaxed
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(Boltzmann) distribution, k_, is necessary to model the equili-
brium between N03 (v =1) and NO3 (v=20).
Solving the rate equations for NO3 inboth v=0and v= 1

gives the following, assuming that kl is much faster than kZ:

_ -kt _ _-(k, + k)t
[NO5(D)] = [No3(0)]eq(e d e 2 d’") (30)
-kt -k.t
(NO5(1)] = [NO3 (1) (e "d” = e 717)
-(k, + k_, + k) _ _-k,t
+ [NO3(0)]eq(e 2 2 d e 1) (31)

where [N03(i)]eq represents the equilibrium population of NO3 in

v=1i. At equilibrium, the following relation will hoid:

[NO3(0)1,o/INO5 (1) ] = ky/k_, (32)

The results of a typical experiment at A = 679 nm are shown
in Figure 16. The time dependence found in these experiments was
consistent with the prediction of equation 31. A fast initial
rise (kl) was followed by an initial decay (kz) and then a3 much
slower decay (kd). The NO3 concentrations were calculated using

-19 1

an absorption cross-section g = 5.9 X 10 » for A = 679 nm.

B. Probe of m3 {(v=1

1. Quantum Yields

The quantum yields (¢) were calculated, as for A = 662 nm,
from the NO3 absorption maximum and from the measured photolysis

energies and NZOS concentrations (see Section I[[1.A). A series
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of experiments was done for NZOS concentrations from 2.0 X 1015

to 3.1 X 1018 cm™3

at a pressure of 9.6 torr. The results of the
quantum vyield calculations are listed in Table 10. Figure 17
shows a plot of quantum yield versus N205 concentration. A large
amount of scatter was observed. Much of this was due to the low
absorption cross-section at A = 679 nm. No trend was evident.
The average quantum yield was found to be 1.87 + 0.47.

In another series of experiments, the pressure was varied
from 0.3 to 95 torr, with a constant NZOS concentration of either
5.0 or 8.0 X 10'° cm™3.  These results are listed in Table 11.
The resulting quantum yields as a function of pressure are shown
in Figure 18. The average quantum yield was found to be 1.75 %
0.34 in agreement with the concentration studies mentioned above.
Again, no trend was apparent.

The important point here is that the quantum yield was found

to be significantly different from unity. A quantum yield of one

would indicate that the population in v

1 is that of an equili-
brium distribution at 298 K. It was seen that for times less
than about 10 usec after the photolysis pulse, the population in
v = | was enhanced relative to the equilibrium population. For a
Boltzmann distribution at 298 K, the relative populations of v =
I and v = 0 can be calculated. Approximately 13% of the popula-
tion is in v =1, 85% in v = 0, and the remaining few percent are
in higher vibrational levels. The observed gquantum yield of 1.8

indicates that for short times about 23% of the population is in
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Table 10 Concentration Dependence Results for Probing NO3 (v =

1)y A = 679 nm

[Nzosj/lolscm'3 ¢ ky/10%sec” ky/10%sec™t Kk, /10%sec”!
2.04 1.92 0.82 2.69
2.08 2.08 0.92 1.91
2.82 2.30 0.77 2.78
3.46 1.73 1.19 1.93
4.93 2.33 0.82 2.68
4.94 1.10 1.07 1.39
5.06 2.18 1.89 3.32 9.40
5.79 2.78 0.65 2.37 17.2
7.03 2.43 1.40 3.51
7.37 1.28 3.31 3.30 9.63
7.42 2.37 5.36 6.06
8.20 , 1.79 0.83 2.75
9.83 2.06 0.95 3.14

1041 .34 3.31 2.70 5.89
10.2 1.78 2.66 3.75 3.67
20.0 2.15 1.28 3.48
20.8 1.30 4.07 3.17 9.74
26.4 .43 1.97 1.62 6.79
30.9 1.26 4.68 4.93

31.4 1.73 0.87 3.03
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Table 11 Pressure Dependence Results for NO3 (v=1)y, A = 679 nm

P/torr ¢ rise 6 -1 slow gecazl Fast4decg¥
kl/lo sec kd/lo sec k2/10 sec
* 0.28 1.60 0.92 9.75
0.33 1.75 0.61 8.71
0.31 1.15 1.32 7.71 1.89
1.5 1.98 0.59 5.71
* 1.7 1.97 0.79 5.42
3.3 1.98 0.99 4.57
* 3.3 2.13 1.15 4.10
* 4.9 2.05 1.49 3.87
5.2 1.89 0.79 2.77
5.1 1.43 2.80 -— 2.77
8.6 1.97 1.13 1.93
* 9.2 2.34 1.03 2.82
11.0 1.48 3.40 0.92 4.68
20.1 1.39 3.33 1.20 5.03
*20.2 1.59 1.36 2.66
20.8 1.73 1.56 1.58
*30.2 2.17 1.04 1.45
30.3 2.13 0.95 1.31
49.8 1.52 1.98 1.28 12.8
*50.0 1.81 0.94 1.83
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Table 11 Pressure Dependence Results for NO3 {(v=1), A =679 nm

(Continued)

P/torr ¢ rise 6 -1 siow gecazl %ast4dec§¥
k1/10 sec kd/lo sec kz/lo sec
72.8 1.31 2.44 2.66 15.0
95 1.22 2.04 0.67 9.13

. 15 -3
[N205] =8 X 10" cm
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v = 1, or about 23% of the deactivation occurs through v = 1.

In the calculation of population, it was assumed that the
states were non-degenerate. If NO3 is of D
vibrational state being probed would correspond to a doubly

3h symmetry, the

degenerate bending mode. In this case, the equilibrium popula-
tion would be greater, about 23%. The enhanced population ob-

served would correspond to 41% of the deactivation occuring

through v = 1.
2. Risetimes

As shown 1in Figure 16, the appearance of NO3 (v=1) was
instantaneous on the time scale of the experiments. The time
resolution of these experiments was 50 ns/channel, but the real
limitation occurred because of noise due to the laser pulse.
Typically 250 ns were obscured. The data from the same series of
experiments described above were fit to a triple exponential of

the form corresponding to Equation 33, where °l = kd' a, = k2 and

[NO51 = c (e™®1% - e™%3%) 4 ¢, (e7%2" - e7%%) (33)

In many cases the data could not be fit uniquely to a triple
exponential due to the noise in the data. In these cases, the
data were fit to a double exponential, where aI = kd and agy = kl.

at _ gmasty

[NO3] = c (e (34)
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The resuits of fitting the data for all the experiments are
listed in Tables 10 and !l for the concentration and pressure
dependent studies, respectively. The tabulated risetimes are
approximately constant. The average appearance rate (for the
pressure studies) was !.5 ¢ 0.8 X 106 sec-l, or an average rise-
time of 0.7 wusec. Besides being limited by the laser noise, the
1imit also depended on the ability to fit a small number of data
points. A meaningful risetime was not obtained in cases where

the rise was comprised of less than about 15 channels (data

points) in these experiments.
3. Decay Rates

From the same double or triple exponential fits to the data,
the rate constant for vibrational deactivation, k2' and the rate
of disappearance, kd' were obtained. These results are listed in
Tables 10 and 11.

The slower decay, kd' is expected to be due mainly to reac-
tion, and should be equivalent to the decay rates observed for
NO3 (v =0). Since the reactions involved should not depend on
collisions with the carrier gas, a pressure dependence is not

expected. A plot of k, versus pressure is shown in Figure 19,

d
The plot shows that between 10 and 100 torr, kd was independent
of pressure. At pressures below 10 torr, the decay rate began to

increase. At these lower pressures, the rate of diffusion of the



DECAY RATE Ky

12.

PRESSURE (TORR)

Figure 19.

Decay rate, kd’ versus pressure

D

| _
5

>>——- —
o

oS _
BES o o N
- o _
a s © o _

| ' | | | | | i
0 20 40 60 80 i00

44



73

NO3 reaction products out of the lasing region became signifi-
cant.

It was seen for NO3 (v = 0) that the decay rate was depen-
dent on N205 concentration, and that this dependence was justi-
fied as being caused by reaction of NO3 with other photolysis
products (NO and oxygen atoms)(Sec.l11.C.2). The slower decay of
NO3 (v = 1) should show this same NZOS concentration (NO3 concen-
tration) dependence. The relation between kd and No3 concentra-
tion is tabulated in Table 12 and piotted in Figure 20. A trend
was seen toward higher decay rates at higher NO3 concentrations.
The values obtained were generally in agreement with those for
the NO3 (v = 0) results. Because of the scatter, no attempt to
obtain actual reaction rate constants was made.

The faster initial decay, which corresponds to collisional
deactivation of NO3 (u = 1) is expected to show both concentra-
tion and pressure dependence in an analogous fashion to the

dependence observed for the ground vibrational state of NO The

3
values of the decay rate, kz, from the NZOS concentration studies
show no clear trend. The results of the pressure dependent
studies are shown in Figure 21 plotted as kZ versus pressure.
Although it was not expiicitly stated previously, the deac-

tivation rate kz is the product of the deactivation rate constant

kv and the pressure.

k, [M] .
NOy (v = 1) "M NO3 (v=10); k,=Kk,[M] (35)
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[No3]/1o14 cm 3 ky/10° sec”
1.61 3.32
2.40 2.70
3.74 3.17
1.70 3.30
1.52 2.37
1.98 6.06
2.34 1.62
1.71 3.75
0.57 1.93
0.49 2.69
1.97 2.68
1.12 2.78
2.51 3.51
2.92 3.14
4.75 3.45
4.76 3.03
0.72 1.91
2.14 2.75
0.933 1.39
3.57 4.93



/1E3 SEC

DECAY RATE Kg4

O O

O
© 0
08 o o
o 00 o
O
o)
| I |
.0 2.0 3.0 4.0
[Nno3] /(1E14 MOLEC/CC)

Figure 20. Decay rate, kd, versus [N03(1)]

SL



DECAY RATE K,

20.0 — -]

15.0 O —
- O _

10.0 — —

50— o O —
O —]
O

0.0 I N NN N H B B |
0 20 40 60 80 100

PRESSURE (TORR)

Figure 21. Decay rate, k2’ versus pressure

9L



77

A plot of k2 versus pressure will therefore have a slope of kv'

~14

From the results shown, a rate k= 6.3 + 1.5 X 10 cm 3sec”!

was obtained. If the appearance of NO3 (v = 0) occurred entirely
by collisional deactivation of NO3 (v = 1), the quenching rate of
N03. kq,

of kq obtained from the previous section (Section [11.C) was kq =

would be equal to the deactivation rate kv. The value

1.6 + 0.3 % 107!3 em™3sec™!, a factor of 2.5 higher than the
value of kv obtained. It was also shown (Section 1V.B.2}) that
less than about 40% of the deactivation to v = 0 occurs through v
= l. The initial population in v=0, although partially obscured
by the laser pulse, was seen to be <5%. The remaining popula-
tion may be in higher vibrational states. Deactivation from
these states is expected to be faster, and may account for the

higher value of kq relative to kv.

C. Variation of Probe Beam Wavelength

In order to try to get a more complete picture of the energy
distribution and deactivation of N03 after N205 photolysis, a set
of experiments was conducted in which the probe laser wavelength
was varried from 662 nm to 697 nm. The pressure was kept con-

stant at 9.0 torr. The N205 concentration was kept constant at

either 5.0 X 10'2 em™3 for A = 662-679 nm or 8.0 X 10'2 em ™2 for

A = 679-697 nm. The higher NZOS concentrations for longer wave-
lengths were necessary because of the decline in the absorption

cross-sections. The concentration of NO3 was recorded as a
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function of time at each of the wavelengths probed. From these
measurements, information on the quantum yields, appearance rates

and decay rates was obtained.

1. Quantum Yields

Two distinct types of behavior were seen in the spectra.
For wavelengths near 662 nm, the concentration of NO3 rose rela-
tively slowly to a maximum, then leveled off and began to decay.
The maximum of this curve corresponds to the quantum yield for a
relaxed population and has been shown to be unity (Section 11.B).
For wavelengths near 697 nm, a sharp rise and decay was seen. At
times after relaxation (about 10 usec) little or no absorption
was seen. The quantum yield calculated at the peak absorption
corresponds to the enhancement of the population for short times.
At intermediate wavelengths both types of behavior were seen. A
fast rise and decay was seen, followed by a8 slow decay due to
absorption of the relaxed population. From this type of spectra
two yields can be calculated. A quantum yield for the relaxed
population (¢r) was calculated at this peak absorption for short
times. This corresponds to the ratio of populations before and
after relaxati&n has occurred.

The quantum vyields (¢r) for each of the experiments are
reported in Table 13 and are plotted versus wavelength in Figure

22. For longer wavelengths, the absorption cross-sections are
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Table 13 Wavelength Dependence Results

1 1

Anmo 8 K /10%sec” Kk /107sec™!  k,/10%sec” b -

662  1.03  0.208 3.35

662  1.23  0.184 2.42

663  1.19  0.186 2.25

664 1.11 0.178 - 2.41

665  0.93  0.211 2.35

666  1.04  0.194 1.84

666  1.21  0.253 2.07

667  0.94  0.284 3.31

667  1.21  0.254 2.21

668  1.01  0.785 2.81

669  1.27  0.905 1.77

670  2.88  1.13 3.21

671  1.80  2.74 2.29 7.90

674  0.57  4.00 9.62

677  1.80  3.02 5.70
* 679 1.52 - 3.44
* 679  1.13  -— 4.69

680  1.82  2.39 2.44 6.33 0.57
* 682 1.79 -—- 4.81 0.65
* 682  3.17  --—- 4.20 1.4

683 3.41 3.08 2.05 8.81 2.1



Table 13 Wavelength Dependence Results (Continued)
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* [N,05] = 8.0 X 10! cm

-3

A/nm ¢, kl/loﬁsec”l kd/103$ec“ kz/lc}"sec_l ¢ —'¢r
* 685" 4.44 - —— 5.27 9.4
* 685 6.00 — - 6.53 10.

686 19.2 1.32 2.95 2.96 20,
* 688 3.98 —— - 5.77 8.
* 688 5.73 - -— 3.93 10.

689 34.1 2.67 1.47 6.73 20,
* 691 16.8 -— - 6.69 40,
* 691 0.95 - -— 8.62 20.
* 694 16.9 —— -— 8.04 30.
* 694 12.2 - -— 5.24 30.
* 697 3.68 -— -— 6.92 5.
* 697 2.17 —-— -—- 4.67 7.
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small, and small amounts of noise led to high yields. The quan-
tum yields are therefore unreliable. For shorter wavelengths,
however, the quantum yields were found to be unity as expected.

The differences between the peak yfeld and the relaxed yield
(¢p -ér) are listed in Table 13 for wavelengths longer than 679
nm, where significant. These values were extremely’sensitive to
the accuracy of the values used for the absorption cross-section.
For this reason, these values are listed with as many significant
figures as used for the absorption cross-sections. In general,
it was observed that the relative population enhancement in-
creases with wavelength.

The enhancement for v =1 at A = 679 nm has already been
discussed (Section 1V.B). It was found that about 40% of the
total population 1is in v = 1. The absorption spectrum of NO3

shows a relative maximum at 697 nm, or 759 em” !

1

above v = 0. A

- 6
frequency of 750 cm = has been reported1 for v,, This peak in

4
the absorption spectrum may correspond to v, = 1. The first
overtone of v, is also expected to occur in this region at about
700 cm-l or A = 694 nm. At these wavelengths, a room temperature
distribution predicts about 2.5% of the total population to be in
these states. For an average enhancement factor of about 20. as
much as 50% of the total population may be in these states at
short times. Although this value is quite uncertain, it is clear

that the spectra represent deactivation through states at these

energies.
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energies.
2. Risetimes

Just as in the case of the gxperiments at » = 679 nm, the
data in these experiments for A = 662-697 nm were fit to a triple
exponential when possible, or a double exponential otherwise
(Equations 33 and 34). The values of the appearance rate, kl'
for experiments for which [Nzos] = 5.0 X 1015 cm-3 are listed in
Table 13. Figure 23 shows a plot of kl versus wavelength for A =
662-690 nm. From 662-670 nm, the appearance rate was seen to
fncrease steadily. These probe wavelengths occur within the
rotational contour of v = 0. This implies that the deactivation
process also involves highly rotationally excited levels of v =
0, which then relax. Because the visible absorption spectrum
showed no rotational structure, it was not possible to get de-
tailed information concerning individual rotational states with
this experimental methéd.

For wavelengths longer than 670 nm, the appearance rates
reached a constant value of about 4 X 106 sec-l. As was dis-
cussed before, this limit was reached because of noise from the
photolysis pulse, and because fitting the data required a minimum
number of data points. For the experiments with [NZOS] = 8.0 X
10'3 em™3, the laser noise was reduced. The rise was seen to be

instantaneous and was too fast to be fit to an exponential. This
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instantaneous rise was observed for wavelengths longer than 679

nm, and occurred within 100 nsec.

3. Decay Rates

For wavelengths from 662-670 nm, the spectra were fit accor-
ding to Equation 8. A rise (kl) was followed by a slow decay
(ky) due to reactions of NO3. From 670 to about 683 nm, a faster
decay (kz) due to coilisional deactivation was seen. Where
possible, the data was fit to Equation 7 to obtain both kd and
kZ’ In most cases, however, a unique solution could not be
obtained and the data were fit according to Equation 8, and a
value of kd was obtained. For the experiments at [NZOS] = 8.0 X
10ls cm”3. the rise was too fast to be fit. Taking kl as in-

finfty in Equation 33 gives Equation 36, where again o = kd and

[(NO5T = cle-alt + cze_°2t (36)

An attempt was made to fit the data at this concentration to
Equation 36, however, unique fits were not obtained. The data
were then fit to a single exponential to obtain kd‘ For wave-
lengths longer than about 683 nm, the decay of the thermaily
excited NO3 could not be observed because of the low absorption

cross-sections. Because of this, the data were fit to a single

exponential decay to obtain kz. The results of these analyses
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for kz and kd are listed in Table 13. Both k2 and ky are plotted
in Figure 24.

The rates, kd. were seen to be independent of wavelength
with an average value of 2.4 ¢ 0.5 X 103 sec™! for [N,0g] = 5.0 X
1015 em3, These values are consistent with the earlier results
at A = 679 nm. The dependence on Nzo5 concentration is consis-
tent with the decay being due to reaction of NO3 with the other
photolysis products (oxyen atoms and NO).

The collisional deactivation rate constant, k2' also was
seen to be independent of wavelength from 680 to 697 nm. The

.average value obtained was k2 = 6.2 1.7 X 10“sec'l The deac-

tivation rates obtained ® _at 662 nm were 4.0 + 1.0 x 10°!¢

cm3sec™!  for N2°5 and 1.6 ¢+ 0.3 X 10'13 em3sec™! for NZ' The

constant kz should be the sum of deactivation from both these

sources.

ko = kn.o

[N,Og] + ky [N,] (37)
205 2°5 N2 2

For these experiments at a pressure of 9.0 torr and an NZOS

concentration of 8.0 X 10! em™3, the calculated value of k was

2
found to be 7.8 ¢+ 1.7 X 104 sec-l. Therefore, the value observed
in these experiments was found to be within the experimental
error of the 662 nm results. This implies that states 350 to 750
cm-l higher in energy than v = 0 are deactivated directly to v =
0. Within experimental error, the deactivation rates were not

different for states within this energy range.
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V. RATE OF REACTION: O + NO3

A. Analysis

. Calculation of Rate Constant

Ih measuring the rate of a reaction, an ideal system would
include only reactants, and the concentrations of reactants and
products would be directly measureable as a function of time. In
practice, this 1is not often the case, especially for radical
species.

For these experiments, the reactants, oxygen atoms and N03.
are both produced by photolysis at 249 nm. The photolysis

1
products of 03 at this wavelength are known to be 02 and 0 ( D).1

0, s 0,+0 ‘o) - (38)
o (‘o) Hle o0 ’p) (39)

However, it is also known that quenching of O (ID) to its ground
electronic state O (3P) is fast. For the experimental conditions
(20 torr nitrogen) quenching is complete in about | usec. As was
discussed in the preceeding section (Section III), NZOS photo-
lysis produces a mixture of products at 249 nm. The NO3 produced

is also excited and is quenched within 10 usec.

hv §249[.
N205 NO3 + NO2 30% (40)

NO3 + NO + O 70% (41)
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In order to determine the rate constant (kl) of interest, it
is preferable to have pseudo-first order kinetics. Since the
concentration of NO3 is determined by the FP/LA technique,
pseudo-first order kinetics is obeyed as long as oxygen atoms are

present in large excess.

x

0+ NOy i 0, + NO, (42)
k

0+N0, 12, NO+O, (43)
Kk

NO + NO; 13, 2 No, (44)

The rate constants for Reactions 43 and 44 are k2 = 9,3 X 10'12

-1l cm3/sec.38 In addition to the reac-

cm3/sec and k3 =2,0 X 10
tion of interest (Reaction 42), there are many side reactions.
Most of these reactions are too sliow to be important. Reaction
43, which occurs at a similar rate to Reaction 42.31 will not
affect the measured concentration of NO3, although it will serve
to consume oxygen atoms. As long as the oxygen atoms are present

in excess of both NO3 and N02(4N033). this will not cause a

problem.

Reaction 44 is also fast enough to affect the determination
of the desired rate constant, kl' The rate of disappearance of
NO3 is given by Equation 45, where kd is a term due to other
processes such as diffusion out of the probe beam and slower

chemical reactions.

—d[N03]/dt = (kl[O] + k3[NO] + kd}[N03] (45)
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In order for pseudo-first order kinetics to prevail, the concen-
tration of NO must be constant. As stated above, the concentra-
tion of oxygen atoms is assumed to be large and constant. Al-
though NO 1is not present in excess, 1{ts concentration remains
fairly constant since Reaction 44 should destroy NO at a rate
comparable to the rate at which Reaction 43 produces it.

The results of a typical experiment are shown in Figure 25.
The observed rate constants, k’, were then obtained by fitting

the decay of [N03] to an exponential.

[N03] = [NO3]°eXp (-k’t) (46)

k' = k,[0] + kg[NO] + k (47)

d
A plot of ln[N03] versus time with siope k’ is shown in Figure
26. Because the concentration of NZOS and the photolysis energy
were kept fairly constant throughout the experiments, the concen-
tration of NO produced was fairly constant. Several sets of
experiments were therefore conducted at a constant NZOS concen-
tration. By plotting k’ against [0], the rate constant kl was
obtained.

2. Calculation of Reactant Concentrations

For a mixture of two components, both of which absorb, the
total absorption is given by Equation 48, where the subscripts
refer to the two different components. I, Io' o, N and L are the
light intensities with and without absorption, the cross-section,
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the concentration and pathlength, respectively.
n (IO/I) = (°1Nl + °2N2)L (48)

For these experiments, two absorbing species were present, NZOS
and 03. In order to solve for the concentrations of these
species, for each experiment the absorption was measured at two
wavelengths. At 250 nm, the O neared its absorption maximum
such that most of the total absorption at this wavelength was due
to 03. At 220 nm, the absorption cross-section of NZOS is larger
than that of 03. The set of two simultaneous equations was then
solved to calculate the concentrations of both Nzo5 and 03‘ The
cross-sections used are shown in Table 14. The concentration of

oxygen atoms for an individual experiment was then calculated

from the 03 concentration and photolysis energies using Beer’s

law.
[0) =1 -1 =11~ e~ol031L, (49)

The intensities (I and lo) are in units of photons/cm3 (the total
pulse energy divided by the photolysis volume). The contribution
to the total éoncentration of oxygen atoms from NZOS photolysis
can be calculated in a similar way. The total [0] is then the

sum of contributions from both 03 and NZOS photolyses.



Table 14 UV Absorption Cross-sections of Precursors
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- a/cm2
Wavelength (nm) : 4 »O3 N205
220 1.8 X 10-18 2.2 X 10-18
250 1.1 x 107V 4.0 X 10719
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B. Results

The results of all the experiments at 20 torr total pressure
are summarized in Table 15. In order to determine the rate
constant kl' k’ must be plotted against oxygen atom concentra-
tion. These results are shown in Figure 27. A linear least-
squares analysis of the slope of the line gave kl = 6.9 +0.5 X

-12

10 cm3/sec. The intercept was found to be 460 sec-l. Under

the experimental conditions, 60% of the intercept can be ac-

counted for by Reaction 44.
1. Calculation of NO3 Concentration

Although 1is is not necessary to know the NO3 concentration
to analyze the kinetics, it is useful to compare the concentra-
tion calculated from the N205 concentration to the concentration
of NO3 observed in the probe beam. The ratio NO3(calc)/N03(obs)
fs shown in Table 15 for the last several entries. The ratio was
generally about 20% too low. Half of this can be accounted for
by realizing that no correction was made for reflection off the
rear cell window. This correction would cause the calculated
values of [NO3] and [0] to increase, and would therefore reduce
the value of kl' The remainder may be due to errors in measuring
correct N205 concentrations from the ultraviolet absorption
measurements. Because the ozone cross-sections are larger than
those of NZOS by at least a factor of five, the error in

measuring the ozone concentrations is expected to be much smaller



Table 15 O + NO_, Kinetics Results at 20 torr
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[03] [NZOS] [0] k’ [N03] Lﬂg3lgcalc)
14 -3 15_ - 143 - 13_-3  [NO3] (obs)
/10" "cm /10 ~cm /10" "cm /10_ /10" ~cm
sec

8.25 0.72 2.99 - 2.84 1.54

14.19 0.48 3.55 2.85 1.00

6.38 1.01 2.49 2.36 2.14

5.33 0.96 2.26 2.26 1.95

0.17 0.83 0.65 0.93 0.86

6.52 1.0l 1.23 1.75 0.99

7.01 1.12 1.42 1.66 1.20

9.30 1.12 1.53 2.05 1.18

17.31 1.04 2.03 2.21 1.14

7.36 1.14 1.48 1.70 1.24

5.42 1.16 1.21 1.61 1.22

3.72 1.12 0.91 1.39 1.14

0.08 0.79 0.16 0.71 1.62

1.50 0.79 0.89 1.38 1.64

2.37 0.78 1.27 1.41 1.61

3.32 0.86 1.80 1.60 1.93 .
3.94 0.90 2.05 1.67 2.05

4.43 0.91 2.18 1.73 2.03

5.44 0.97 2.45 1.81 2.11
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Table 15 O + NO3 Kinetics Results at 20 torr (Continued)

(03] [N;05] [0] Kk’ [NO3] N05 L(cale)
/10t%em3 7108em=3 /10Mei® /1073 /1083en73 3
sec

1.95 0.94 1.15 1.00 1.98

0.14 0.96 0.22 0.48 2.02

3.80 0.72 1.65 1.31 1.36

5.22 1.38 2.18 2.18 2.64

2.13 1.53 1.18 1.49 2.86

7.04 0.86 2.43 1.86 1.60

1.30 1.12 0.76 1.07 2.07

0.69 1.00 0.48 0.81 1.87

0.00 1.05 0.14 0.57 1.95

3.50 1.13 1.60 1.58 2.11

1.75 0.55 0.86 0.81 1.01 0.88
4.52 0.64 1.74 1.35 1.14 0.83
2.86 0.89 1.25 1.14 1.55 0.86
6.40 0.84 2.18 1.61 1.49 0.93
1.33 0.74 0.68 0.73 1.28 0.76
0.65 0.75 0.39 0.57 1.29 0.72
0.05 0.95 0.14 0.45 1.63 0.72

1.60 1.07 7.14 1.00 1.87 0.83



98

[0] snsiaa ¢, “juejsuod a3jey 47 2andyg

t22/7237T70KW viY3VHYs [ 0 1}

¢ [4 }

_ _ _ |

23S €31/ ,X1 1NVLISNOD 31vd



99

(¢ 2%) and can be neglected. Applying a 10% correction for

reflection gives k, = 6.2 + 0.5 X 10712 em3sec!.

1

2. Pressure Dependence of the Rate Constant

If the reaction were to involve a third body, the rate
constant obtained would be dependent on total pressure; there-
fore, a set of experiments was conducted at a higher pressure
(100 torr). The results of these experiments are shown in Table
16. The analysis was carried out in the same manner as for the
20 torr experiments. The observed rate constants, k’, for both
pressures are plotted in Figure 27. A fit of the line from the

-12

data at 100 torr gave a slope k, = 6.7 + 0.3 X 10 cm3/sec.

1
This value does not differ significantly from the value at 20
torr. No pressure dependence of the rate constant kl was ob-

served for pressures between 20-100 torr.

C. Discussion

In order to test the assumption that the NO3 concentration
data fits a single exponential decay, the system was numerically
modeled using the CHEMK“2 chemical kinetics program. CHEMK uses
rate constants and initial concentrations as input, solves the
rate equations numerically, and outputs concentration versus time
for all species involved. In this case the set of equations and

the rate constants used were those listed in Table 17. The



Table 16 O + NO, Kinetics Results at 100 torr

100

3

[0,] [N,0] (0] < [NO, )
s10M4em™3 s1089%em3 /101%em™3 /10-3 sec”! /10!3¢m3
2.77 1.36 1.38 1.44 2.51
5.28 1.00 1.13 1.39 1.87
0.64 1.05 1.18 0.78 1.87
2.09 1.22 1.14 1.24 2.33
0.00 1.26 0.16 0.65 2.28
1.15 1.06 0.69 0.94 1.97



Table 17 Reactions Used in Modeling (T = 298 K)
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Reaction k (20 torr)
/cm3sec—l

M -13

NO, + NO, gy N,O¢ 3.55 X 10
-11

0+NO;, == N, +0, 1.0 X 10
0 + NO, g NO, 5.37 x 10”14
0+MNO, —=  NO+O, 9.3 x 10712
NO + NO; —» 2 NO, 2.0 x 107!
0+ NO g NO, 7.17 X 10714
-14

0;+ N0 —= N0, + 0, 1.8 X 10
0y + 0 — 20, 8.0 x 1071°
-17

03 + NO2 — NO3 + 02 3.2 X 10
-16

NOg + NO; — 2 NO, + O, 2.3 X 10
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initial concentrations chosen were typical of an actual experi-

ment and were 7.0 X 1012, 3.0 X 1012, and 1.0 X 1013 cm.3 for NO,
NO2 and NO5, respectively. For the four simulations, the initial

oxygen atom concentration was varied between 0.5 and 3.0 X 1014

cm-3. The initial ozone concentration varied from 0.8-9.0 X 1014

cm-a. The appropriate ozone concentratién was determined by
assuming an average pulse energy of 20 mJ, and calculating the
concentration of ozone required for the desired oxygen atom
concentration. The simulation data were then fit to a single
exponential function resulting in a rate constant k’ (= kl[O] +
k3[NO])° The results of these calculations are shown in Table
18. The value of kl calculateé from these results was 9.90 X 10
12 .n™3.  Since this value differs from the value input into
CHEMK by only 1.0%, the assumption of first-order kinetics is
valid. This implies that one is justified in using first-order
kinetics to obtain kl from the actual data.

The value of kl previously measureds was given as 1.0 + 0.4

X 10-ll cm3sec-l. This differs from the value obtained in this

study, k1 = 6.2 + 0.5 X 10-12 cm3sec-l. The value measured here
is lower than that previously reported, but 1is within the
previous error estimates. The previous experiment was indirect
and relied on values from many independent photolysis and reac-

tion rates. Because of this, it seems reasonable that the value

of kl determined in this study is more accurate.
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Table 18 Results of Computer Modeling

(017104 cm™3

k’/sec
0.5 618 + 0.5
1.0 ) 1112 £ 0.7
2.0 2101 + 1.1

3.0 3093

+

1.1
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VI. NO3 LASER INDUCED FLUORESCENCE YIELDS

A. Results

The aim of this experiment was to measure fluorescence
yields of N03,relative to NOZ‘ The fluorescence intensity showed
a maximum at the time of the excitation pulse and decayed from
this point logarithmicalty. This intensity is proportional to
the number of photons absorbed, the yield, and a factor dependent

on the geometry and sensitivity of the detection system used.
]l =« (photons absorbed) (¢) (detector factor) (50)
The relative yield for NO3 compared to NO2 is then given by

¢N0 /¢NO = (phot. abs.)NO (51)

I
3 MO, 2 NO

I /(phot. abs.)
NO3 NO3 2

The concentration of photons absorbed (which is equivalent
to the change in intensity of the exciting pulse, Alex) can be

calculated using Beer’s law (Equation 52):

- _ _ 10 _ =o__NL
Alex = ] ex Iex = | ex(l e ex ) (52)

where o f{s the absorption cross-section of the molecule at the

exciting wavelength in cm?9 N is the concentration of the mole-

cule in the beam path in cm‘3, and L is the path length in cm.
For these experiments, ¢the intensity of the exciting laser

was kept constant for a given set of NO3 and NO2 determinations.
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Therefore, the intensity of the exciting laser factors out of the

expression for the relative yields.

_ _ a~o_ NL
¢NO3/¢NO = (1l - e "ex )No

| (53)
2 NO

-o__NL
Iyr/(1 - e "ex )
NO3 NO3 N0,

2
The steady state concentration (N) can also be calculated using

Beer’s law, from the absorption of the probe beam (the Nernst

glower).

N=1In (Io/l)/aL (54)

A typical spectrum (Figure 28), 1in this case taken with a
chart recorder, clearly shows the NO3 absorption maximum at 662
nm. A typical NO2 spectrum is shown in Figure 29.

The results of the nine sets of data taken are listed in
Table 19. For each set, the fluorescence intensity obtained with
NO2 can be compared to that for N03. The cross-sections used in
calculating the relative yfields are given in Table 20. The data
shown was obtained by subtracting a spectrum of the scattered
laser light from the total intensity observed. The corresponding
NO3 spectrum is shown in Figure 30. In all cases the fluores-
cence intensity for NOj was below the noise level of the experi-
ment. The values for NO3 fluorescence intensity given in the
table are an estimate of the noise level observed.

From these data, an wupper limit for the NO3/N02 total

3

fluorescence ratio was found to be 4 X 10 ~ for Aey = 623 nm.

Because of large scattered light problems, only one data set was
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Table 19 Laser Induced Fluorescence Results

set  [NO,]/  [NOjl/ I (arb.) 1 - e Cex'" *no,/*xo,
10!> em™3 10!? em73

1 0.5 671 0.0155

9.5 67 0.226 0.007

8.9 118 6.239 0.011
2 1.9 130 0.0336

4.0 €40 0.0560 0.19

4.0 €40 0.0560 0.19

4.5 €20 0.0627 0.08
3 8.7 1640 0.269

6.6 113 0.173 0.11

6.2 85 0.163 0.15
4 3.8 1000 0.128

4.2 €20 0.113 0.023
5 9.8 . 1500 0.297

6.1 10 0.162 0.012
6 4.0 5128 0.136

8.0 130 0.205 0.017
7 4.1 8100 0.136

6.8 €40 0.177 0.004
8 6.0 1600 0.019

2.9 €50 0.123 0.005
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Table 20 Visible Cross-sections for NO2 and NO3

A/nm . NO /cm2 NO /cm2

| 2 3
623 1.5 x 10720 1.2 x 10717
650 1.6 x 10720 3.2 x 107!°

662 2.0 X 1072! 1.9 x 10”7
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taken at » = 662 nm. The ratio at this wavelength did not differ

substantially from those found at A = 623 nm.

B. Consideration of Fluorescence Lifetimes

The scattered light problems encountered also serve to ob-
scure the part of the spectra immediately after the laser pulse.
This interference lasts for approximately 0.5 usec. It is there-
fore necessary to consider whether the fluorescence lifetime is
so short that the signal was obscured by the laser pulse and

could not be observed.

In general, the fluorescence quenching rate, kq. which is
the inverse of the lifetime, t, is given by Equation 55.
1/t = kq =f + kq[H] (55)

where f is the collisionless fluorescence rate, kq is the col-

lisfonal quenching rate, and [M] is the total concentration of

molecules present.

For NOZ' the fluorescence lifetime has been reported by
43 ‘
Schwartz to be about 70 usec. Although the quenching rate at

this exciting wavelength was not given, it can be estimated to be

-10

1.6 X 10 cm3/sec. The calculated fluorescence lifetime at 0.1

torr total NO2 pressure will then be 1.9 usec. One of the NO2
spectra (set #8) was submitted to a least squares analysis of the

decay rate. The observed lifetime was found to be 3.0 usec, in
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rough agreement with the calculated value. Lifetimes in the sets
did not appear to differ substantially. This shows that fluores-
cence decays with lifetimes on the order of a few usec are easily
observable.

The fluorescence lifetime and collisional deactivation
rates have also been measured by Nelson ., et al., for N03.~k The
colliisionless lifetime obtained was 340 usec. Deactivation by
nitric acid (one of the precursors) was found to be important,
with a rate kq = 3.1 X 10-10 cm3/seco Deactivation by 02 was
found to be 0.21 X 107! cm3/sec. Assuming that the quenching
rates of other NOx species are similar to that for nitric acid,
and that the 02 deactivation is similar to 03. one calculates an
observed lifetime of 1.3 usec for NO3 fluorescence under typical
experimental conditions. A comparison can élso be made to the
lifetimes observed by Ishiwata, et al.,,17 who used a similar
chemical system for producing N03. At 0.5 torr total pressure, a
lifetime of about 1.0 usec was observed. Because the collision-
free lifetime observed (2.8 usec) was much shorter than that
obtafined by Nelson, et al.,.“° it is possible that the lifetime at
0.5 torr is also somewhat short. But by either estimation, the

observed NO3 lifetime should be long enough to permit detection

of the fluorescence.



113

C. Discussion

As mentioned in the introduction (Section 1.D), the diffuse-
ness of the absorption spectrum of NO3 and the absence of
dissociation products in the region 660-662 nm can be explained

by the Douglas eff‘ect.l4

If this is the case, visible
fluorescence could be observed. The fluorescence is expected to
have a long lifetime and a yield near unity. The uﬁper limit on
the fluorescence yield obtained in this work was 4 X 10-3 (A= 623
nm). However, other studies have observed Fluorescence.xs’l7 A
long collision-free 1ifetime of 340 usec has been obtained.*? The
lifetime measurements give further evidence for the Douglas ef-

fect and suggest that redetermination of the fliuorescence vyield,

under conditions such that fluorescence is observed, is

necessary.
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VII. Ab initio CALCULATIONAL STUDIES ON NO3

A. Methods

All ab initio calculations were carried out on the Lawrence
Berkeley Laboratory CDC 7600 computer system. The first set of
calculations was done using an early version of HONDO/GAMESS."5
The second set of calculations was done using a version of the
Ohio State University Symmetry by Equal Contribution Molecular
Integrais Pl"ogr‘am."’s This program, however, could not handle
basis sets large enough to include polarization functions. The
final group of computations were done using an updated version of
HONDO..'7 In all cases, standard basis sets were used. The opti-
mized geometries from lower levels of calculation were used as
initial guess geometries for higher levels. Geometry optimiza-
tions were carried out with a gradient optimization routine
except in those cases for which the energy of a symmetric (D3h)
geometry was calculated from CZV orbitals. In those cases, the
optimum geometry was found by calculating single point energies
for different bond lengths. The force constant calculations at
the 4-31G level were done by moving the atoms along the internal
coordinates and calculating the resulting gradient of the energy.
The Wilson FG matrix merthod"e was then used to solve for the
vibrational frequencies. Caiculations of the vibrational fre-
quencies at the [4s-2p-1d] level were accomplished using a HONDO

routine which first calculated the cartesian force constant
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matrix and then used that matrix in determining the vibrational

frequencies.
B. Results

The results of the geometry optimization calculations are
listed in Table 21. For each basis set, the geometries, total
electronic energies and electronic state are given. For the spin
unrestricted Hartree-Fock (UHF) calculations, the resulting total
spin density S2 ifs also listed. In the case of the double-zeta
plus polarization basis set [4s, 2p, 1d] calculation, two states
are listed with different geometries and energies. The higher
energy state was the one that the geometry optimization original-
ly converged upon. When trying to calculate the vibrational
frequencies for that state, a negative frequency was found indi-
cating that the state was a local minimum. The geometry was then
reoptimized such that the lower energy state was obtained.

The wvalue of AE listed in Table 21 is the difference in

energy between the lowest energy D state and the lowest C2v

3h
state for a particular basis set. These calculations predict
that the preferred geometry for NO3 is of distorted C2v symmetry
with a 282 ground state energy 33.6 kcal/mol below that of the
symmetric D3h state (DZ + P).

Two other points are worth mentioning. First, the lowering

of the energy on relaxing the symmetry restrictions was found to
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Table 21 Geometry Optimization Results
Basis Sym- R/ RyRy/ 0, o/ -E/au AE/ §°  State
Set metry A } dgé kcal
STO-3G  C,  1.340 1.344 106.4 278.04955 1.528 8B,
v
UHF
4-31G Dy, 1.22 278.30210  22.7 %A,
UHF
2
C,, 1.21 1.29 106.9 278.33849 1.11 B,
2
[4s-2p]  Dg 1.25 278.48921 A,
2
Dy, 1.26 278.65925 10.6 -
2
C,, 1.20 1.29 104.8 278.67571 B,
2
[45-2p-1d] Dy, 1.19 278.72462 A,
Dy, 1.2 278.82728
2
C,, 1.17 1.24 104.6 278.8444  10.8 B,
C, 1.34 1.18 131.5 278.88074 33.6 %8

2v
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be tlarge. On going from the more restrictive D3h to C2v sym-'
metry, greater orbfital mixing occurred. In this case, the resul-

ting energy difference (E ED *) was found to be 64 kcal/mol.

D3n  O3n
Second, there appear to be many low lying states. This was shown
in part by the fact that two 282 states were found to be only
22.8 kcal/mol different in energy. The fact that the calculated
values of S° were so high for the UHF calculations implies that
interactions with low lying quartet states may also be important.
The results of calculations of the vibrational frequencies
of NO3 are shown in Table 22. Also listed in Table 22 are the
frequencies which were experimentally observed,16 subsequent to
these calculations. The table shows a possible assignment of
these frequencies compared to the best calculated values. At
this level of calculation, the vibrational frequencies are expec-
ted to be about 20% too high49. Considering this, the calculated

and experimental values show good agreement.

C. Discussion

A simple molecular orbital picture for the NO3 radical,
which considers only the p-orbitals perpendicular to the plane of
the molecule, f{s shown in Figure 31. This simple model predicts
that the lowest D3h electronic state will be ’e".  The Jahn-
Teller effect, however, predicts that the molecule will distort
to C2v symmetry. The calculations reported here, along with

50 . . .
previous calculations, have shown that this simple picture is



Table 22 Vibrational Analysis Results
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f"r‘equency/cm"l

mode 4-31G [45-2p-1d] experimental16
v, symmetric stretch 1864 1592 1489
v, symmetric bend 657 73¢ -
Vg N-0 stretch 909 1129 1050
YV, out-of-plane bend 1086 880 754
Vg asymmetric stretch 681 1874 -
Ve asymmetric bend 349 617 360
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N
/

/
N

Figure 31. Simplified molecular orbital diagram for NO3 with D3h

symmetry. Only the P, (out-of-plane) orbitals are

shown.



120

fnadequate. The lowest energy state of D3h symmetry was found by
these calcualtion to be 2A2'° Because this state is non-degene-
rate, the molecule would not be expected to distort. Some
previous calculations assumed that knowledge of the D3h ground
state would be sufficient to predict the molecular geometry. The
present calculations show that knowledge of this state alone is
not sufficient. In fact, the energy of the lowest C2v state was
found to be below that of the D3h states.

Before these calculations were completed, no conclusive
experimental studies had been reported on either the geometry or
vibrational frequencies of NO3° Recently, however, two studies

of NO3 faser induced Fluorescence1 have provided the vibra-
tional frequencies gfven in Table 22. These frequencies were
found to be consistent with those calculated here for the C2v
symmetry; however, they are also fairly consistent with vibra-
tional frequencies of similar molecules known to have D3h sym-
metry.51 Subsequently, a high-resolution diode laser study (of
the 1480 cm-1 band) has been reported.52 Assignment of the in-
dividual rotation-vibration lines has led to the conclusion that
NO3 is of D3h symmetry. Perturbations of the lines were ex-
plained as befing due to a low lying electronic state.

The calculations have shown that many low-lying configura-
tions exist. These results and the recent experimental .studies

suggest that single configuration SCF calculations of this mole-

cule are inadequate.
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