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THE PHOTOCHEMISTRY OF NO3 AND THEbKINETICS

OF THE N205 O3 SYSTEM

Richard Allan Graham

Materials and Molecular Research Division, Lawfence'Berkeley Laboratory
and Department of Chemlstry, University of California,
' Berkeley, California 94720

ABSTRACT
This 1nvestigat10n examined the k1net1cs of the N2 5~ 3 system

and the photochemistry of the N03 free radical. Visible and ultraviolet

ebsorption cross sections for NOZ’ N03, HNO2 and'HNO3 were also determined.

The klnetlcs of the NZOS 03 system were studied by monitoring the

- reactants with'ultraviolet, visible, and infrared spectroscopic techniques.

The techniques included steady state concentration determinations, reactant
decay profiles, and molecular modulation of the reactants with intermittent

photolytic illumination.. The spectroscopic measurements were used to cal-

~culate rate constants for the important reactions in the system and to -

determine quantum yields and products for NO3 photolysis with visible light.

The N205 .3 kinetics followed the eccepted mechahism22 with Fhe
edditioh of a first o?der NO3 loss reaction that is probably heterogeneous
(reaction ﬁ): | ”

o AM) ‘
N205--—-'F'N02 f,NO3
NO2 + NOBE-S/[-)-»N205.[ %’%]

o v .
_NOZ + NOBI—ﬂNOZ'+ NO + O2

£
NO + NO3 —*?NOZ

' g .
\
1\03 + NO3 - 2N02 + 02
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h
NO2 + O3 — NO3 + O2

+ 1 - ¥
NO O3 - NO2 + O2 ;

W
NO, — products

3
I1lumination of the reactants with visible light leads to additional

reactions:
. 3
NO,, + hv(visible) — NO + O

3 2

Ny

NO, + hv(A < 580 nm) —> N0, + 0(3p)

m

N205 + 0 — products

n

NO3 + 0 —-bNO2 + 02

Py

0, + hv(visible) — 0

3 B
3 + 0O( P)‘

2

Py
0 + 0, — 20,

P

o+ O2 + M-—-)-O3 + M

Rate constants obtained for the N205—03 system were:

- + -1 '_'
13 e (4900+60) /RT cm3moleculeélsec 1

(1.34%0.11)x10

231 to 2989K‘ h

- 10+ -
(8.4i1.8)><1026 e (22210200 /RT molecules cm 3

298 to 329°K K

3 -(4870+200)/RT 3 -1
e v c

=1
m molecule " sec

298 to 329°K g (8.51~2.8)><10"l

where R = 1.987 calorie mole_l°K_l. The equilibrium constant K was

combined with thermodynamic data to calculate

A (NO3) = 17.6*0.2 kcal/mole

He 300°k
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40,49

Literature values for Ke and Kf were used to calculate

+ . -
(2440 200) /RT cm molecule lSEEC 1

298 to 329°K e = (2.5:0.5)x107"

(1.87i0.4l)810-ll Cm3moleculeflsec—l

297fK  £
The rate conéﬁants,for reactions ey £ énd iSO were.used for second-
ofder cbrréctibns.in thé calculation of K andbg,
v Expériménté uéing red, gold and green phoﬁélyéis lamps reyealed two

sets of products from the strong visible absorption spectrum of NOB:

]

. quantum yield

“jl. 0.24%0.05 520 < A < 640 nm

]

quantum yield 0.85%0.17 470 < X < 600 nm

BEPE

e . . 1 ' o '
Using Lelghton's tabulat1on of the solar flux in the lower atmosphere,

these quantum yields gave ji = 0.94010.008 sec—_l and 52 = 0.09910.020 sec-l
for a solar éenith aqgle of 0°. Rate constants for reactions m and n were
obtained by using the above rate constaété and quaﬁtum yields:

298°K m §.2x10-14 cm3particle“lsec_l ‘ | F
298 to 329°K n = (1.020.2)x10™ "1 cmparticle Tsec T
A duantum yield of one was used for the visible"photolysis of ozone.54755
The.fate‘conspants for reactioﬁs P, and p, were taken from the survéy
by the Natipnal Bureau of Standards.50 The rate constants calculated for
feactions m apd n are directly p?oportional to the rate constant used for
reaction'p3bsih§e the calculation of the bxygen atbm'éoncentratioﬁ
depended mainlyron this reaction. The upper limit for the rate constanﬁ
fér reaction m is appllcable if the reaction leads to only one set of
products (NO +NO2 5 OT N03+N03); otherwise, the above value is the

difference of'thevrate constants for the two reaction paths.
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Schott and Davidson18 used their high tempefature shock tube déta
to calcﬁlaté 300°K Arrhenius exoressions for e,‘g'and K; the results
of the present research had a much‘higher ptecisioﬁ at this tempér;ture
and-disagreed substantially with their expressions for e and g. The
activation energyﬂrgporfed here for K.is a kilbcalorie higher than that
of their study. _Thé rate constant h reported here agreeé well with tﬁe
recent studiés of Davis and co—workers35 and of Hérrdn and Huie,36 but
disagrees with the value reported by Johnston'and YoSt27 in 1949;v The
by

infrared absorption band (1325 to 1375 cm_l) atéributed to NO3

Cramarossa and Johnstonz-0 was identified as NZOS in the present study.

4

-l . 56 o . .
A computer simulation using the Gear™ method for coupled differential
equations was used to verify that the measured rate constants accurately

describe fhelN205—03 system under visible illumination. i o



I. INTRODUCTION

TheIOXides of nitrogen and'the oiyacids of nitrogen are knéwn to be
important:cphstituents in photochemical'smog in_#he”lower atmosphere.
Their role‘in determining the ozone balance in the stratosphere‘has
fecently'becqﬁe a subject of much iﬁterest: it.hés been proposed that
the-emission_bf oxides of-nitrogenvinto the stratosphere by supersonic
aifcraft coﬁla cause damage to'the ozone that shields the earth's
surface againét dangerous ultraQiolet radiation.2 Unfortunately, some
of the photolytic rates and elementary reaction rafes importaﬁt for
predicting tﬁe atmospheric effects of these species have not been well
cﬂaracterized.‘ The purpose of‘thié'research was'té.determine-some of
the kinetic parameters needed to better understand atmosﬁheric |
photochemistry. - |

A. Absorption Cross Sections

- Nitric acid vapor is a by-product of photochemical smog in the’
lower atmosphere,” and it has been identified as an important trace
constituent in the stratosphere. Absorption cross sections for nitric

acid vapor have been reported by Dalmon4 for the 230 to 300 nm region{

Schmidt et'al.s published a 170 to 440 nm spectrum of nitric acid with

cross sections 407 higher than Dalmon's and with a strong absorption

between 320 and 440 nm. Subsequent to the preseﬁtiwork,6 Biaume

reported nitric acid cross sections for the 185 to 325 nm region in
agreement with Dalmon, and no absorption was observed at higher wave-
lengths. Beddard, Giachardi, and Wayne have reported cross sections

from 120 to 170 nm in the vacuum ultraviolet.
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Nitrous acid is known to have weak absorption Bénds in the 300 to
400 nm wavelength region.”’ The absorption spectruﬁ of'nitrgus~acid
was analyzed with isotopic substitution by King ana Moule,ll.who found
that the absorption bands remained diffuse under high disper;ion.
Althbugh studies of the ultraviole; photochemistry of nigrous acid

- have been repot_‘ted,lz’13

no values for the absorption cross sections
have been published.

Niﬁrogen dioxide abso:ption cross sections have been reported for
the 240 to 500 nm region at 298°K by Hall and Blaﬁet;la'they were able
to separate the absorption due to the N204 dimer from their spectrum.
Méasurementé in the 108 to 270 nm region at 300°K were reported by
Nakayama15 and 'co-workers; no corrections for N20 were made in this
work, but some concentration dependence was obsefvea in the 185 to
240 nm region. . These two studies agree within their stated error
limits in the fegion of overlap. : -

Jones and Wulflé'used photographic‘spectroséopy to obtain the
weak absorption cross sections of nitrogen pentoxide between 285 and
390 nm at room teﬁperature. They observed nq\NZOS'absorption in the
450 nm region,_but the absorption continued to increase from 285 nm
to shortér wéveleﬁgths with no maximum as far as 240 nm.

Sprengerl7vmonitored the intense visible'absqrption of the NO3‘.
free radical as a function of the ozone and nitrogen pentoxide in his
cell, but no cross sections could be determined. Visible cross
sections for NO3 were measured by Schott and Davidsonl8 at high

temperatures in a shock tube. They extrapolated their results to

300°K and obtained a cross sectidn of 8.4x10_19 c:mzmolecule-‘l (base e)

-
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- at 652 nm. Ramsay 9 studied the visible NO3 spectrum under high
'dispersion and concluded that the observed'diffuéenéss indicates
predissociation. He identified a short progression in the symmetric

.stretching vibfationrof NO3 beginning ﬁith the strohg 0-0 band at

662 nm and extending to shorter wgvelengths with -approximately 950 cm—l

intervals ;0.559 nm. At least 15 other bands in the visible are
unassigned.i The_only report of an infrated‘NO3 ébsorpfion is a weak
1325 to 1375 cm-l.band observed in an N205-03.system.by Cramarossa
-th'Johnstép.zo

The abové»substances all play important parts ih models ofvthe
atmosphefe’s photochemistry. One aspect of the present reseafch waé

to supply the need for quantitative absorption cross sections for

‘these substances so that their photochemical effects could .be

" - evaluated:

B. NZQS-O3 Kinetics

The nitrogen pentoxide catalyzed decomposition of ozone was
first studied by Schumacher and Sprenger 1 over 40 years ago. The
mechanism for this process can be derived in terms of the following‘

elementary reactions:

A(M)

NZOS——*NOZ +.NO_3
. BOD. A
NO2 + NOB——-D-NZOS [K = W]
. e
NO, + NO, = NO + 0, + NO,

2 3

i B
NO + NO3 —> .'ZNO2

(1)

(2)

(3)

(4)
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g . » :
No3 + N03‘—+ 2No2 + 0'2 : (5)
: Nol + 0 —hrNO + 0 6
N0y + 03 2 NO5 + 0, (6)
NO + O, - NO, + O . (7)

3 2 2
For conditions where the ozone concentration is much greater than
that of N,0q, reactions e, f and i are usually neg]_.écted‘.22 The
remaining four reactions constitute the mechanism first proposed by
1 .
Sprenger. 7 By making steady state assumptions for NO2 and NO3, the

rate expression becomes

d[03]

dt

/ /3 2/3 2/3
(NZOS) (8)

-2 28070,

_1 2
=3 (Kh) 3

This four-thirds order rate law was observed by Schumacher and Sprenger2l

. manometrically over a large range of conditions; their results were

23,24

confirmed by other workers. The steady state concentration of

NO3 given by this mechanism is

/3 /3

(v0,1 = (kn/2g)* 300

, 9

0

3 1
(N,0¢)

The optical densitiés of v;sible absorption 5ands Of.NO3 were observed
by Sprenger;7 to have this one-third power dependeﬁqe on ozone aﬁd:
nitrogen pentoxide. | |

The actual ozone destructioq step in the mechanism is the reaction
of ozone with nitrogen dioxide. This reaction is.also.the most
.iﬁportant one involving oxides of nitrogen in the.stratosphere at
night. Reactions h and B(M) are responsible for converting a significant
portion of stratospheric NO, to N 0 during the night.25 In 1922 Wulf,

2 275

Daniels, and'Karrer26 titratéd NO2 with 03 and concluded that the
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observed reaétion stoichiometry was two molecules of NO2 per molecule

‘of 0,. This corresponds to a mechanism consisting of reactions

3

"h and B(M). The rate constant for reaction h was first reported by

Johnston and,Yost27 in 1949. They used a stopped—flow method to
study this reaction from 286 to 302°K. The disappearénce of NO2 was
fOllowed.photdmetrically, and a reaction stoichiometry of 2.0 was

28 . : ' ' .
measured. Reaction B(M) was assumed to be much faster than reaction

h, and the observed rate law was

-d[N0,]/dt = 2h[NO,][0,] A B - (10)

Most of the other kinetic data reported for reaction h were measured

near room temperature;29_33 Wu et al.33 have summarized the work of

3

: : s ' 3 : . -
these investigators. Wu et al. 3 measured the stoichiometry of the

“‘reaction in a 45 liter bell jar on a teflon coated stainless steel

base plate using chemiluminescent detectors. A stoichiometry‘of
1.88+0.15 was measured with excess ozone present and 1.68+0.15 with
excess nitrogen dioxide. 1Including reactions e, f and i in their

33 . iy o
calculations resulted in a predicted stoichiometry of 1.95. The
| . 29232 I ‘ . .
other investigators assumed a stoichiometry of two in their
data analysis. ,

. ' 34 _

Subsequent .to the present study, rate constants for the
ozone-nitrogen dioxide reaction were reported by Davis and co-workers
using a time-of-flight mass spectrometer and by Herron and Huie using
a beam sampling mass spectrometer. Both studies monitored ozone
and assumed a stoichiometry of two for their data analysis. The

literature values for reaction h are summarized in Table I.



Table 1.

rate constant h.

" A summary of the literature -values for the
(Eg is in calories/mole).
3 -1 -1
T (K) h (cm™molecule “sec 7) Reference
286~302 . 9.8 x 10712 exp (-7000:600/RT) 27
298 3.3 x 107 29
| . |
298 (6.5 +3,2) x 10~ 30
298 (3.2 t.5) x 1077 31
298 1.3 x 107 32
299 (4.4 *.6) x 1077 33
~14 o
260-343 (9.76 +.54) % 10 - exp(-4824#280/RT) 35
© 259-362 (1.57 *.41) x 10713 exp(-4985¢150/RT) 36




The ooly:experimentelly determined value for the eqoilibrium
constant K, relating A(Mj and B(M),bwas meésured by Schott and
Davidson18 using‘the shock pyrolysis of NZOS between 450 and 550 K.
‘The conce‘ntrations'of.NO2 and NO3 were monitored‘in their experiments
by visibleAspectroscopy., Rate constants for reactions e and g were

measured in the 550 to 1100°K region using.the same techniques. These

results were extrapolated to 300°K with the collision theory formula18

E .. = E, +1/2 RT o (11)

dnd are listed in Table II.

.Studies of other kinetic systems involving nitrogen pentoxide
provide additional inforﬁation sbout the elementary reactions in the
mecbanism.' The thermal decomposition of N,0g was first investigated
by ﬁaniels anc‘l.Johnston37 io 1921. The accepted mechanism for this
process was proposed by Ogg38'39 and consists of reactions A(M),
B(M), e, and f. The experimentally observed quantity is Ke,vand
the results of Johnston and Tao"0 for this product are entered in
Table II. The decompos1tlon of N2 s in the presencerf NO consists
of reactions A(M) and f, the former being rate determining.41 This
reaction has been studied over an extensive»range of pressure and
foreign gases by Johnston and co—workers.42 ~43 Data- by Millsaé
for the reactlon at 300°K and one atmosphere of Nz.bss been combined
with an esti.mate[-’7 of the activation energy at one‘atmosphere and’
entered in Table II. HiSatsune,‘Crawford, and 0gg48 used ; fast-

scanning 1nfrared spectrometer to follow VOZ and N2 s in this reaction

and obtalned a value for the product Kf. The value for this quantity



Table II. A summary of literature values for various rate

constants in the N,0_-0, system.

2°5 73

Temp. Range of Reaction Pre-Exponential Factor Ea (calorieé) Reference
Data (°K) 300°K
, . 26 . -3 _
450-550 K .0x10°" molecules cm . 21,000£1000% 18
550-1100 e 8103 cn’molecule tsec ™t 3,900+1000 18
550-1100 g .2x10712 em’molecule Fsec™ T 7,100£1000 18
13 -1
338-396 Ke .05x107" sec 24 ,650% 40
300 A .24x10™* sec”t 20,500 46,47
297 KE .71X0.014 sec 49
198-330 i x10713 cm?molecule—lsec-l 2,380 50
R .
The energy change of the equilibrium constant with temperature .is included in Ea.




 of a well understood complex méchanism,
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recently obtained by Harker and Joﬁnsgon49 fromkNOZIphotolysis.is
included in TaBle II. ‘The rate constant fpr thélreaction_of ozone
with nitric oxide is taken from the NBS survey.so.,Rate éonstangs
for the remaining reactions in the mechanisﬁ, B and f, cad be
calculated'froﬁ tﬁe informatién iﬁ Table II. |
The'réfé_constantsfiﬁ Tables I and II can-béfused to calculate
the quantitiéS'observed:by Sprenger,_17 and a comparison is made in

Table III between the calculated and observed quantities. The first

quantity in Table III is‘the rate constant for the N205 catalyzed

decomposition-of ozone from Eq. (8), and the second quantity is

from Eq. (9) for the steady state NO3 concentration. The. agreement

© of the reaction rates and the activation energies in the table is good,

: 1 . - .
but Sprenger 7 had no way to determine the absolute concentration of

NO3 in his system. Sprenger17 made 'his experimental.observations

over 40 years ago and the uncertainties are large. Since the

prédicted quantities depend on an extrapolatiqn'of»Schott and
Davidson's18 high temperatufe shock tube data, the uncertainties
in these quan?ities are also large and the close agreement with
Sprenger could be fortuifous.

_vAlthougthZOS-—O3 kinetics have often been citéd:as an example
v 22’51‘furthef study of these

reactions is needed due to their importance in atmospheric chemistry.

The present study combines information from several experimental

‘methods in order to reinvestigate the NZOS-—O3 system.



Table IIT, ~ Summary of data on the N30j catalyzed.decomposition of ozone,

.Quantity-. k300 X Ea(calories/mole) Reference
-, 21 -10 -5 -1 ‘ 17
5(Kh)3(2g)° 5.8 x 10 cm molecule 3sec 20,700£1000 Sprenger

1 2 1 ' -10 "’%‘ ~1 '
+(Kh)3(2g)3 6.9 X 10 ©° cm molecule °“sec 21,000%1400 18, 27
1
(%%)3 6,400%£800 Sprenger17
3 1 ‘ L
5.7 x 107 moleculesicm '7,000+1000 18, 27

- =0T-
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C. NO., Photochemistry

Nitrogen ‘trioxide photolysis in the lower stratosphere has been

proposed as part of a significant catalytic cycle that could destroy

ozone with visible l'ight:2

| | . |
- N0, + 0, N0, + 0,

31

NO.,, + hv(visible) —» NO + O : : - (12)

3 2
i

- NO + 03 f*hOz + 02

- net: 203 + h\)(v'isible)-*302

Nitrogen dioxide and ground-state oxygen atom are energetlcally
p0331b1e products for light of wavelengths less than 570 nm; this

is-calculated from the enthalpy of formation for NO4 of Schott and

' bavidsonl8 and other thermodynamic information.52 These alternate

products would lead to no ozone destruction since the oxygen.atom

woold react with oxygen molecule to reform ozone. No informationm is

corrently available on tﬁe quantum yields or products of NQ3 photolysis.
The N,0_-0. system provides.a convenient-steady>State_source of-

2°5 73

N03, but the complex interactions of reaction'species in this system

make it difficult to determine the primary processes in NO3 photolysis.

Several other reactions must also be considered when the system is

" illuminated with visible light.

5.
1 : .
N03 + hv(visible) —» NO + O2 (13)
3,
NO3 + h (A< 570 nm)-—+-NO2 + 0¢( P) v (14)
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N,O. + 0 E;products

275

' n
,NO3 + 0 —*hoz

"0, + hv(visible) — 0

3

Py

0+ 02

Davis, as reported by Garvin and Hampson,50

m < 2><10-l3'cm3particle—lsec-l

+ 0

+ M—>»0

2

Py

+ M

3

2

+ 0(p)

“has obtained

with the reservations that reaction

n may be causing interference and that reaction products could not

be identified. Murphy53

14

8x1071% cm’ particle-lsec

NZOS'
atom with NO..

3

Schumachersz‘-’55

-1 from NO

2

derived an upper limit.for reaction m of

photolysis in the presence of

Reaction Py has been studied by Castellano and

with light in the 570 to 630 nm wavelength range.

Since the highest quantum yield observed in.this study was 2.0, no

energy chains were formed from possible excited oxygen molecule

products. Rate constants for reactions P, and p3'have been reviewed

by Garvin and Hampson.50

1

-1
Py 1.9x10

Py

exp (-2300/T) cm3particlé_lsec

The preferred values are:

-1

-1

6.6><10—35 exp(510/T) cm6molecule_zsec , M= Ar

M: Ar(1.0) ,.N2(1.6) s 02(1.7) s 03(4.0)

(15)
(16)
(17)

(18)

(19)

No rate constant has been reported for the reaction of oxygen -

(20)

P
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The intefpretétion of the observed photochemistry of NO, by

3

~ visible light depends upon a combination of the above’light—iﬁduced

reactions and the feinvestigation of NZOS-—O3 kinetics in this research.
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II. EXPERIMENTAL
A. Methods
ConQentional spegtroscopic methods were used to obtain absorption
Cross sectioné for the various oxides and oxyacids>of nitrbgen. The
section on spectroscopic data (Section III-A)'will contain a description
of the method employedifbr each substénce.

To carry out a more comprehensive analysis of the N,O system

275 3
than previous investigators, this research deriVes-information from
vgeveral experimental techniques. The techniques include measurement bf_
reactant decay profiles, determination of sﬁeady state concentrations,
and molecular modulation studles of NO3 and N205 Combining the data

from these investigations leads to values of the rate constants

importantvin the N205-03 system and to information on the photochemistry
of NO3.
Under the_conditions of this study, the kinetics of the N 0_-0.

2°5 73

system under illumination by visible light canvbe well described by
the rate constants for reactions A through Py and a probably heterogeneous

reaction w:

NO, — (N02 + 2 02> - (21)
The products of reactioﬁ w were not identified, and the consequences

of an analysis based on the products in Eq. (21) will be examined in

the section on kinetic resulté (Section IV-A). The wavelength

integrated ﬁroducts of absorption cross section, quantum yield, and

light intensity for N03 and O3 are also needed for‘the red, gold and

green fluorescent lamps used in'this_feseafch. The experimentally

measured quantities are:
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L. ‘The rate constant h for the reaction of NO2 with O

2/3 (2g)l/ from the VZOS catalyzed

3
2. The quantity (kh)

decomposition of O either with or without photblytic

3

illumination.

1/3

3. The quantity (Kh/2g) from conceﬁtratioh ﬁeasurements of

NZOS? 03 and NQ3 over avbroad range of concentrations.
4. The amplitude of the molecular modulation qf NO3 with oxygen
'_or nifrdgen as buffer gas and with differentvcolofed
:fluqréscent 1amp§. |
5. The Viéible absorptioﬁ cross sectionvfor;NO3 from the ratio
of ;he molecular modulation amplitudes for N 2 5 and NO3

These results can be combined with literature values of Ke, Kf, A

and i to derive rate constants for reactions B thfough h as well as

vthe'quéntum yields for NO3 photolysis. Using literature values for'p2

and p3 thén gives approximate rate constants for reactions m and n.

Nitrogen dioxide reacts rapidly with ozone to give nitrogen.

.trioxide; this is reactidn h in our mechanism. Since reaction B(M)

is orders of magnitude more rapid than reaction h under most conditions,
a mechanism consisting of reactions h and B is expected for mixtures
of NOz.and.OB.

less than two and leads to the following rate law: '

The measured reaction stoichiometry S, however, is

d[O ] d[N02]

dt = g'f—az-*‘— -h[VO ][0 ] : (22)

If the low stoichiometry is caused by reaction w or some other reaction

that competes with reaction B for the NO data analysis based on Eq. (22)

3,
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will give a correct rate constant fof reacfion h, the rate detefmining
reaction. | |

The kinetics of unilluminated systems containiqgv03faﬁd‘N205 can
be well represented by reactions A through i and ﬁ. "Writing steady

state expressions for the low concentration intermediates NO, NO

2
and NO3 gives:
diN0] _ eno,1(No,] - £[NO][NO,] - i[NO}[0,) = 0 (23)
.d[NOZ] _ ,
T - A[NZOS] - B[NOZ][NO3] f 2f[No][NQ3] .(24)
+ 2g[NO3][N03] - h[NOZ][O3]
+ i[N0][0,] + w[N03]‘= 0
d[N03]
T = A[NZOS] - B[NOZ][NO3] - e[NOz][NO3] - f[Nq][No3]

- 2g[N03][NO3] + h[NOZ][O3]7— w[N03] =0 (25)
Adding Eq. (23) t6 Eq. (24) and subtracting Eq. (25) leads to:
- Y ‘ 2 | =
2e[NO, ] [NO4] + 2f[NO][NO,] + 4g[NO;]1" - 2h[NO,][0,] + 2w([NO,) =0 (26)
Equation (23) can be used for [NO], and the first two terms of Eq. (26)
can be combined_to give
2 - S
ae[NOZ][NOB] + Zg[NO3] - h[NOz][O3] +'V[N03] =0 (27)

where

2f[N03] + 1[03]

% 7 TEMNO,T + il0,] ' (28)
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+

~Another relatidn.cgn be obtainedvby addihg Eqs. (23), (24) and (25):

2A[N,0,] - 2B[NO,][NO,] = O o (29)

This relation is solved for‘[NOZ] with K = A/B and substituted in
Eq. (27):
[N2051[03]
[N03]

aKe[N,0.] + 2g[NO;]" - Kh -

+ w[N03] =0 (30)

Rearrangement-givés an expfession for-[NO3] that must be solved

iteratively:

. S 1/3 - _ ’ .
~ [Kh 1/3 1/3 - :

2 \1/3
L _ ge (Nogl, , o INOSIY
Kh,[OB][NZO 1

(If reactions e, f, i and w are neglected, this reduces to Eq. (9),
the relation uséd by Sprepgerﬁl )
In the NZOS catalyzed destruction of 03, reaction h is- the actual

‘ozone destruction step:

— -2— '-'"c-lt— = “E h[03] [NOZ]F o (32).:

The ozone depletion by reaction i can be neglected for the present
experimental conditions since it is always less than 0.2% of that
due to reaction h. Using Eqs. (29) and (31) for [NOé] and [NO3]

-leads to:

10,1[N,0.1
P ke LN U T i

2 dt 2 [N03] (33)
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and
Catog 12am e300 003
-1/2 3° _ ) 3 275 E (34)
dt No,] INO,]12 \1/3 '
l_ga____B__._'i___L____%__~.
h™ [0;} Kh [03][§205]

The equation for the second experimental quantity is

d[0.]

3
=1/2
1/2(1(11)2/3(225)1/3 = 2/3 = 2/3
(0,177 T[N, 0.1

50
. (35)

1/3
[N03] w [N03]

2
1_sa_._-_____>
r
h [03] Kh L03][N205]
Since ozone and nitrogen pentoxide are measured directly, the NO3
concentration can be calculated from Eq. (31) and Eq. (35) can then
be evaluated. If the effécts of reactions e, f, i énd w are neglected,

Eq. (35) reduces to Eq. (8), the expression derived by Sprenger.17
/3

The third quantity, (Kh/Zg)l , is obtained from concentration

measurements of N, O., O, and NO, in a steady state flow system.

275 73 3

Equation (30) can be rearranged to give:

a3 2
[¥0,1° N0l [NO,]

3 ~_Kh Khe 3 w __ 3 (36)
0 2
[Q3l[h205] 2g  2g h [03] 2g [03][N205]
By using known values for e and E, this expression can be evaluated
as a linear relation:
3 2
{No,] (NO,] [vo,]

Kh e Kh w
—— g = a = [=—) - = ———— (37)
[051[N,05] (2g>i_l h [0,] (Zg)i 2g [0,11N,0,] .

6
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Plotting B;(the_left side of Eq. (37)) vs [N03]2/{03][N205] gives
w/2g as the slope, and the value of the intercept, (Kh/2g)i, can be

solved for iteratively.

 These first-t:hr‘ee»quant:it:ies——'h,(Kh)2/3.(2gA)'l/‘3 and (Kh/2g)~--
can be solved simultanéously to give values for K and g. The equilibrium

, : . 4 ;
constant K is then used with literature values 0’49»for Ke and Kf to
calculate the rate constants e and f. These improved values for e

/3(2g)}/3

and f are usediin the recalculation of (Kh)2 and (Kh/2g)
from the experimental data. Since the effect of réactions e and f
oﬁ.thé data evaluation is typically less than 10%,. this process of
recalculation duickly converges on final valﬁes for all of thé |

' ekperimenﬁaily determined rate constants. |

| The enthalpy of formation of NO, can be calculated from the
van't Hoff energy EV for the eqqilib:ium constant K. The net change

- in enthalpy (all quantities at 300°K) for the equilibrium is:
AH = AHf(NOZ) + AHf(NO3) - AHf(NZQS) (38)

and

AH

E + AnRT
v

o éiﬁce AHf(NOZ) and AHf(NZOS) aré known52 (7.93 and.2.7 kcal/mole), =

: AHf(NO3) can be calculated. . The.energetic threshold wavelength for

to give NO

2

3 and O(BP) can then be céiculated:

photolysis of NO
. o3 - »
BH = A (NO,) f AHf(O P) - A (NO5) | (39)

X = N_he/AE ='NohC/(Au - RT) o (40)

where No = Avogadro's number.
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The last two experimental quantities are derived from the behavior

of a N205e03 steady state flow system with the photolysis lamps

being turned on and off by a low frequency square wave. Since the
concentrations of the chemical species vary periodically in time due

to the photolysis lamps,»they can be described by a . Fourier series

of the form

[ o]
»F(wt) = ao-+ E. [ansin(nwt) + bngog(nmt)]
’ n=1
where w = 27f and f = flashing frequeﬁcy. This>Cén‘also be written as
" F(wt) = C0 + E Cns1n(nwt + 6n)_ v . (41)
=1 ,
where C_ = (az + b2>1/2 and ¢ =vtan_l(b /a ). The C_ are the
_ n n n Son n n n

amplitudes and the Gn are the phase shifts. The flashing lamps are

represented by a square wave

[e o]

L(wt) =% Z—TIT E %‘sin(nwt) . | O 42)
- odd '
n

and thus Gn‘: 0. The values of dn for other chemical species are
their phase shifts relative to the photolysis lamps.
A system using red lamps for photolysis will be used for an
" illustrative calculation. Red light has insufficient energy for reaction
¥)

can be suppressed by using oxygen as the carrierrgas. Reactions

to occur, and the importance of the oxygen atom reactions n and m

e, £, i and w have less than a 10% effect on the N03 concentration
and will be neglected in order to simplify the reaction set. The

differential equation for NO, .is then given by:

3
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—5 - A[N205] - B[NOZ][NO3] - 2g[NO3] + h[Non[OB] | : (43)
i20
F o _ 71 1 1 .
+y (INOg)y = INOgT ) - [NOJ T f =5 + ZE:_H sin(nwt)
odd
n
where | F = flow rate

V= voiume’of'cell

[NO3]in = concentration of NO3 flowing into the cell

= concentration of NO, flowing out of the cell

[NOB]out 3

jl = wavelength integrated product of the light intensity,
NO3 absorption cross section, and primary quantum yield.

The low quantum yield of red light photolysis results in periodic
changes in [NO3] that are much less than 1%. In this system NO2 is a

low concentration, fast intermediate compared to NO3, and an approximate

steady state expression for NO2 is ‘ -
[NO,] = L A[N,0.] + 2g[NO ]2 + (44)
2 B[NO,] + h[0,] 2°5 L3
i 2] N
1 1 1 .
[N03] I E = sin(nwt)
odd
n

- This expression is substituted into Eq. (43) to give:

\

d(no, ) )
dc  ~ B[NO,] + hl0,] A[N,0.] h[O

3
i, 21, -« :
2 (1, P15 e, F _
RN Znsux(nwt) + 5 (o1, - INog)_ D)
odd
n

] - B[NO,] Zg[Nb3]2 (45)



Under typical‘experimental conditions at 2986K and one atmosphere,
B[NO3] = 10 h[03] and neglecting the h[03] term in the denominatdr

of Eq. (45) leads to

d[N0.] Kh[N.0.1(0.]
3! 20511050 2 o
dt - 2 . v [N03] Zg[NO3] . N (46)
- 2[N0,] —%— ——l-jz: %-sin(nwt) +‘%-([N03]in - (o ] )

For. a system at steady state with respect to products and reactants,
the unmodulated terms in Eq. (46) cancel out. Only the modulated
or AC terms are left, and the expression for the-modnlation of the

NO., concentration by the flashing lamps is:

3
d[no, 1 i
=2 = =2[30,] | 5E D L sin(uo) | 47)
AC T f odd - :
) n-

where 6 = mt = 2nft. Since the modulation of the NO3 concentration is
less than 17, {NOB] will be essentially constant and Eq. (47)

integrates in closed form to give:

. j = |
[IV03]AC = Z[NOB] 1 :E: li-cos(na)._ (48)

Hence, the concentration modulation. of NO3 is a trlangular wave with
a phase shift of +90° referred to the flashlng lamps (Eq (42)). The
modulation amplltude is directly proportional to the light intemsity

and the primafy quantum yield. Only the first term of the series
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in Eq. (48) is usedvsi6ce the experimentally measured quanpitiés are
the phase shift andvamplitude of the first harmonic of the modulatibnb
signal. The above mathematical treatment has been approximate; the
actual daﬁa:analysis uses the completé kinetiq mechanism and is
performed by a computer program using the Gear method.56

The molecular modulation‘method'used\in this study is similar
to the phase shift method of obtaining fluorescence life times.
The respbnse of varibUs reaction species to the modulation of Ehe
photolysis lamps is depicted in Fig. 1. Figure lb“is for éﬁ.infermediate
with a very short lifetime relative to the flashing frequénéy. This
"fast" intermediate quickly reaches its steady state concentration
when the light is on and quickly decays to zero as soon as the 1igh§
is switched off. 1In the N205—O3 system, the’oxygen atom concentratibn
meets these criteria and would have a phase shift of 0° télative to the
exciting light. If the intermediate has a long lifetime relative to
the flashing ffequency, its concentration will increase at a constant
- rate while the lightnis on since the relative change-in its concen-
tration will be small (Fig. lc); The resulting triangular waveform
lags the exciting light by 90°. Tor cases where tHe intermediate's
lifetime is comparable to the flashing frequency, the concentration
profile will show exponential behavior and the phasé‘shift will be
between 0° and 490° (Fig. 1d). A reactant being phdtolyzed or being
attacked by a fast intermediate will decay at a ébnstant rate since
the relative cﬁange in its concentration is small. Since the system

is at a steady state, the reactant's concentration is slowly

replenished in the dark by kinetic or flow processes. In the
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Fig. 1. Periodic response of reaction species to square wave excitation.
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NZOS—O3 system, NO3

approximately a +90° phase shift. " The photolysis of NO3 and the-

behaves like a such a reactanp_(Fig..lé) with

reaction of NO3 or N205 with oxygen atom, a fast intermediate, are

indistinguishable processes in this system at low flashing frequencies.”
The expected phase shifts for various kinds of reaction species are
summarized in Fig. 2.

equilibrium with NO

5 2

and NO3,'are very fast compared to the modulation frequency. When

Reactions A and B, which maintain the N,0

NO2 is formed by NO, photolysis (either directly or via the very

3.

fast NO-0, reaction), it reacts quickly with another molecule of

3

NO3 to form szs and thus maintains tpe equilibridm. iThis is the
physical origin of the‘factor of two found in Eq. (48); The N205
profile is that of a fast prodqct (Fié. 1c) with é phase shift of

-90°, ané apprq#imately one molecule of N205 is formed when two molecules
of NO, are destroyed.

The concentration modulation of a reaction species is measured
by an absorption spectrbscopy technique. For absorbers that follow
the Beer-Lambert law, the ratio pf the-monitoring light transmitted
by ﬁhe chemical system to that transmitted by the empty cell is
related to thg absorption crosé section O, the optiéai path length

L, and the concentration c¢ of the absorber:

%f_=_e—0Lc , k (49)
o

Small concentration changes caused by the modulation can be written as
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Fig. 2. Phase shifts of modulated reaction species.
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+ A - -
1 * I _ ~OL(c-Ac) (50) .
o
Dividing Eq. (50) by Eq. (49) gives
I+ A1 _ eULAc (51)
I . . ‘
Since Ac is small, the power series expansion of the exponential is
approximately'(l + QLAC). Equation (51) then leads to
AL - orac o (52)

Lock-in amplification techniques are used to measure the sine and
cosine components, a; and bl’ of the first harmonic of the modulation
signal as well as the intensity I of the monitoring light. The

absorber's modulation ampiitude and phase shift are given by

2 9 1/2 -1 ' .
AT = <%l + b1> and 61 = tan (bl[al) _(53)
The concentration modulation, Ac, can then be calculated from Eq. (52).

The amplitude of the NO, concentration modulation is the fourth

3
experimentally.measured quantity. Since Ac is the same as_[NO3]Ac

in Eq. (48),'the primary quantum yield for NO3 photolysis {(contained
~in jl or j2) can be calculated. Oxygen is used as the carrier gas
‘to suppress contributions to the ﬁodulation amplitude from the oxygen
atom reactions m and n. The quantum yields forrseQeral broad bands
of visible light can be determined in this way by Qsing photolysis
_lamps of different colors. After the primary quanﬁum yields for NO3

photolysis have been established, nitrogen can. be used as the carrier

gas and any changes in modulation signal will be due to oxygen atom
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reactions. A known amount of oxygen is included in the system so

that the'oxygen atom-concentration will be determined mostly by

reaction Py- The effects due to the O—NO3 reaction and the O—NZO5

reaction can be separated by varying the ratio of NO3 to NZOS' if.

reaction m gives 02 and N204 (which quickly decomposes to NO, + NOZ)’

the NO, concentration modulation amplitudé will be increased. The

3

amplitude will:Qecrease if the products of reaction m are NO3 + NO3.
If both sets of products are formed, only the net amplitude change
will beFOBServed.'

The products of NO, photolysis can be identified by observing

3

the N205 catalyzed decomposition of ozone in an illuminated reaction
cell. Oxygen is used as the M gas to suppress oxygen atom reactions.
"If the photolysis products are NO2 and oxygen atbm, the following

reaction sequence can take place:

J
2 v
NO, + hv —No, + O(3P)
P3
0+0, +M—>0, +M (54)
‘ + 0 h NO, + O
NOp, ¥ 03 =03+ 0y
net: © ' zero
The O3 decay will appear to be slower because the steady state NO3

concentration has been reduced. Since photolysis is a first order

proceés, Eq. (31) for the NO3 steady state concentration becomes:
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1/3 1
_ (kn 1/3 1/3 [, _ye 37i-1
[(NO,1, --(EE) [0,] [N, 0,177 (L h 10,1 (55)
2 ., ) 2 1/3
Cw NOly Gy 3y IOl ) ,
Kh [03][N205] | Kh .[03][N205]
whére
f[NO‘] j, [NO,]
3- 7173
Y=o+ p (56) '
v Ke[NZOS](f[NO31 + 1[03]) ;
‘The NO3 correction term in Eq. (35) for 1/2(l(h)"2/.3(zg’)l/3 must be i

similarly modified. Since oxygen is the M gas.in ﬁhesé closed cell , : :
experiments, ozone ﬁolecules that are photolyzed are quickly reformed

by reaction p3.5 If NO3 is photolyzed to give oxygen_atom,.additional

ozone is formed and a correction for this amount must appear in the

numerator of Eq. (35) in order to obtain the correct dark value for

/3(2g)1(3.

1/2(Kh)2 If nitric oxide is formed by_NO3 photolysis, the

following ozone destroying reaction sequence can take place:

h|
1
NO, + hv —>NO + O,
NO + 0. B NO. + 0 : (57
03 = NO, + 0, : g (57)

h ‘ , .
NO, + 05 N0y + 0, . . ..

net: 2 O3 4+ hv > 3 O2 v : .

The NO., steady state concentration will be reduced, and a correction

3
must also be made to Eq. (35) for the portion of the NO that reacts
with ozone. (The other portion of the NO reacts with NO3.) The

expanded form of Eq. (35) is:
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afo,) o
/3 —1/2 Ta. - jz[NO3] + jl(z - a)[NO3]

2/3 1 dt
e Mo, ol Gy gy moy1? |\ 2
-~ h [03] Kh [?3][N205] Kh [03][N205]

where (j2 +‘j1a) = total observed j—yalué for NO3 photolysis. The
values of ji and j2 can be varied in Eq.‘(58) to give the dark value

2/3 1/3

for 1/2(Kh)"’ ~(2g) . Band shapes for the photochemically active parts

of the ﬁoa Sbéctrum can be roughly appréximated from the overall
duantumﬂyields and the distributions of products for red, green
and gold lampsf For purposes of atmospheric modeling, the wavelength
inteérated'prdduct (j-value) of quantum yield, absorptioﬁ cross
section, and solar light inténsit; is needed. Since the iight flux
in the greeﬁ_to'red regions of the solar spectrum changes siowly with
wavelength',l the j-values for NO3 in the lower atmosphere have little
dependénce on the exact shapes of the absorption bands giving the
different products.

The fifth experimental quantity, the absorption cross section
-fof NO3, is used throughout this study. Equation (52) indicates
that the modulation amplitude for a given reaction species is direc;ly
pfoportiona1‘t0 its absorption cross section. The concentration
modulation of N205 was previously shown.to be directly proportional

~to that of NO Therefore, the absorption cross section of N205

3°
can be combined with the ratio of the modulation amblitudes of NO3

and NZOS to calculate the absorptidn cross sectionvdf‘NOB.

These five measured parameters are all necessary to describe

the behavior of the NZOS—O3 system under visible illumination. The
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rate constant for the N02—03 reaction was measured at 10°K ihtervals
over the temperature range 231 to 298°K. The othér’four quaﬁtities
were measured at 298, 313 and 329°K. The temperature dependénce of
the rate constants (A/B), g, h and w are thus well characterized.

The experimenﬁally determinéd rate constants can be combined with
literature valﬁes for Ke, Kf, A and i to 6btain a complete set of
rate constants. These rate constants can ;hen be put into a computer
program using. the very.accurate Gear56 method of SOlviﬁg coupled

ordinary differential equations in order to simulate the chemical

50 .
system. The rate constants for the reactions

r
1
No, + 0(3p) —» NO + 0, (59)
3 r2 . k
N02 + 0( P) + I"[—-->N03 + M ) (60)

weré included in all calculations, but their effects on the results
were usually negligible. The phase shifts for NO3 modulation at |
different flashing frequencies p:ovide a measure of the time responée
of the set of reactions that determine its concentration. Computations
of the expected.phaée shifts for the NOj modulation can be compared
to experimental measurements to determine how well the system is
described.

B. Apparatus

1. Reaction Cells and Temperature Control

A diagram of the experimental apparatus is presented in Fig. 3.
The reaction cell is a cylindrical quartz tube, 15 cm in diameter

and 178 cm long. The quartz tube is O-ring sealed to two nickel-plated
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stainléss steel end caps. The end caps are-l8_cm énd 24 cm long and
are mounted in a rigid steel frame. Three 8.6 cm diameter mirrors
ére mounted in the end caps to give multiple reflections; optical
paths of 861, 1717, 2573 and 3429 cm can be selgéted by an external
adjustment screw. The'éluminum—coated mirrors arévovercoated with
magnesium fluoride to maximize the ultraviolet reflééti§ity. The

two O-ring mounted calcium fluoride windows transmit radiation from
the far-ultraviolet to approximately 9.5 microns in the infrared.

All O-rings were made of silicone rubber since Viton O-rings failed at
temperatures below about 253°K. The reaction cell can be evacuated

to less than 10-'3 Torr by a liquid nitrogen trapped oil diffusion
pump. The volume of the cell is 45.3 liters and the surface fo volunme
ratio, ingluding mirror mounts, is 2.52 cm—l. The gas cell and optical
trainlare mounﬁed on a Newport Research Corpératibn'vibration
isolation table.

The cell is enclosed in an insulated box with walls of 6 in.
urethane boards faced with 2 in. of coated fiberglass boards. The
light beam enters through evacuated glass tubes sealed with calcium
fluoride windon. Cooled méthanol from a Neslab LT-9 low temperature
circulator is pumped into an elevated 22 liter surge tank. The -
methanol then flows through a finned gravity cdil mdunted on top of
the reaction cell frame. For work at higher temperatures, chilled water
is used as fluid for the heat-exchange coil. A blower mounted inside
the insulated box circulates air around the coil. The temperatufe

of the cell is controlled by a heating wire wrapped around the cooling

coil and operated by a contact thermometer and relay. Six iron-constantan
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thermocoﬁples are mounted around the cell, and one thermocouple is
inside a7$taiﬁ1ess sfeel thermowéll thgt'exténds'6 iﬁ. into the cell.
The temperatures defermined from these thefmocouplés agreed with each
>chér to *0.2°K. |

A similar reaction cell was aiso used for monitoring the aeéay
of ozone in the presence of nitrogen pentoxide.and for modulation
experiments. This ceil was constructed By Alan Harker for infrared
spectroscopy.57 Gold-coated multiple reflection mirrors are mounted
in nickel—plated‘stainless steel end caps. A QUartz tube 29 cm
in'diamgter and 91 cm long is Oéring sealed to the_end caps to give
a totgl-volumeﬁof 67.0 liters -and a surface to volume ratio.of 1.80 cm_l.
Optical pathvleﬁgths between 4 and 32 meters can be obtained. A
Nernst gldVer is the infrared source and KBr windows are uéed. The_
temperature control system for this cell was builﬁ»by a co-worker,
Peter Connell, and is practically identical to the one described
above. Tﬁé electronics, detectors; monochromator; and gas handling
system used with this IR system are identical with_the ones fhat
will be éeécribed for the primary reactiog cell.. Thié secondary system
Cwill Be refefred to as the "IR cell", and the main reaction‘Veésel
_used throughout this study will be called the "UV cellﬁ when differentiation

L

is necessary.

2. Spectroscopic Signals
Three light sources are used with the main reaction cell. A
Sylvania DE450A deuterium arc lamp powered by a current regulated DC

power supply is used for work at wavelengths below 400 nm. A tungsten
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lémp powered by a Ro Associates Model 105 voltage‘regﬁlated pdwer.

supply is used in the visible region. Either lamp can be mounted
next to a American Time Products 400 cps tuning fork chopper. The

light from a 2 mm by 12 mm Nernst gléwer with its own 400 cps tuning

fork can be used as thé source beam by turning one mirror._ The

source beam passes through the reaction cell and then to a Mcéherson
model 2051 one meter grating monochromator. Tﬁis monochromator is
used with a 150 line/mm grating blazed at 8 microns and order sorting
filters for infréred spectroscopy. A 1200 line[mﬁ érating blézed ‘
at 300 nm is used with colored glass filters for visible and

ultraviolet work.. A‘McPherson model 218.0‘3 metér scanning monochromator
‘with a 2400 line/mm grating blazed at 150 nm was used in early work for ‘ |
measuring absontion croés sections for HN03ﬂand NOz.
The infrared detector is a Santa Bérbara Research Center copper

doped germanium photoconductor cooled to liquid heljum temperature

(4°K). The field of view of this detector is reduced to 40° by a

liquid nitrogeﬁ cooled shield. The major source of electrical noise

in the system is the detector; this noise is due té Johnson noise,
- shot noise, and'background radiation.  An EMI 95263 photomultiplier

is used for ultraviolet spectroscoéy, and a RCA 4832 photémultiplier ’ ’ -
is used for visible work., Both of the photoﬁultipliers are biased |
by a Fluke Model 408B high voltage power supply."Tﬁe‘infrared detector
and one of the photomultipliers are mopnted on the two exit slits qf

the one meter monochromator; turning one mirror diverts the monochromator's

output from one detector to the other.
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3.  Electronics

a. - Preamplifiers. The infrared detector circuit is depicted

in Fig; 4.' The resistance of the3cooied phétogonductor is balanced
by a‘ﬁetai film resistor of eqﬁal value, aﬁd the circuit is biased
at 135 volts to give the 6ptimum sié;al to noise rétio. The signal
is AC coupled t§'a LM308 operational ampiifief éét at a gain of 500.
The signal is‘then filteréd to pass frequenéies from 200 to lOQO cps.
The EMI»photomultiplier has a FET‘preamplifier with a gain of 1.

The RCA photomultiplier has a LHO042 preamplifier set for a gain of 40.

b. Carrier Signal. The source beam from each of the light

sources is chqppéd by a 400 cps tuning fork inborder to have the
éignél information carried at a frequency above tﬁe region 6f electronic
l/f noise. Thé concentraﬁions of the reaction species in the gas cell
are being modplated at the flashing frequencyAf of the photolysis
lamps. As thé source beam passes through the cell, it is amplitude -
~modulated at wavelengths where the reaction speciés absorb radiation.
The signal pfoduéed at the detector for these_wavelengths consists
of the 400 cps carrier, the modulation information.at the sideband
:frequencies 400%f cps, and the low’ frequency signal at f cps which is
rejected by band pass filters. |

.Tﬁe lock;ip amplifier amplifies the signal andvmdltiplies it
by a 400 cps reference signal supplied by the .tuning fork driver.
The output of the lock-in amplifier is the rectified 400 cps carrier
»signal. ThelAOQtf cps sidebands containing the‘modulation informétion
arevconverted ipto a f cps ripplé on the rectified signal. The

. . ' 5
mathematics of this process has been examined by Paukert. "The
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Fig. 4. Photoconductor circuitry.
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signal is then split into two parts; one part is smoothed by filters
and measured by a digital voltmeter. This DC voltage is directly

proportional to the spectroscopic light intensity.

c. Dual'Phase Demodulator. The other p;rt.of'the signal from

the 400 cps 1ock;in amplifier passeé thrbugh a setrof low.frequency
band paés filters that are selected for the particular flashing
frequency. “The resulting low frequenéy AC signal is amplified and
drives a Wavétek model 11 voltage controlled oscillaﬁor which serves
as an analog—td—digital converter. The center frequéncy of the Wavetek's
output is set at 5000 cps, and this signal is'frequencf modulated by
the low frequengy AC modulatibn signal. The Wavetek square-wave output
is sent to two up-down frequency counters that function as digital
lock~in amplifiers. |

o The two digital frequency counters are controlled by references
whicﬁ are phase shifted 90° from each other. Tablé IV diagrams -
this counting method. The counter used fpr tﬁe "in phase" or sine
component of the signal adds counts for the first ﬂalf cycle and
subtracts counts for the second half of the cycle. The "quadrature"
counﬁer provides the cosine éompénent of the signal by counting down
“for tﬁé first quarter of.the cycle, counting up for the second and
third quarters;.and counting down for the last quarter of the cycle.
By counting Qp‘and down for eéual periods of ;ime, zero counts are
produced due to the 5000 cps carrier signal and random noise in the
signal can be a&eraged out to a very low level. A'signal with frequency
compoﬁents aﬁ'the switching frequency will give a nét signal with a

phase shift between +180° and -180°. (In Table IV the "-90" signal
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Table IV. Examples of up-down counting for various signals.
A = counter with in phase reference

B = counter with quadrature reference (90° lag)

1st 1/4  2nd 1/4  3rd 1/4  4th 1/4

cycle cycle cycle cycle
A + + - -
B - +. + -

Voltage Signal to Wavetek: v ' v Result
No signal A +100 +100 -100 ~100 0
Toveeeee B -100 +100  +100 -100 0

In phase signal A +110 +110 -90 -90 - +40
on--.[oooce- B ~-11C +110 1.L90 . -90 0
-90° signal A +90 +110 - 110 -90 0
tecpeereree B -90 +110 + 110 -90 +40
~45° signal A +100 +110 =100 -90 +20
ooioooe%ocoo B -100 +110 +100 -390 . +20
+90° signal A +110 +90 -90. - =110 0
oooooo&oFooo B -11C +90 +90 -llO -40
+90° signal A +105 +95 -95 -105 0

~,

: 'w B -105 +95 495 -105 -20
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(éI9O° lag) resﬁlts in positive counts in the B.counter and thus a
calculated phase shift -of +90°. Since a 90° lag is arbitrarily
defined as avnegative phase shift in the present sYstem, the reference
éignals to the counters in the laboratory are inverted so that the
B.countef will give negative counts‘for thié'case. Inverting the
reference signais is similariy necessary for other phasé‘shifted
signals to yield answers that follow thé chosen convenfion.)

The switching references for the countérs must be very exact to
prevent tﬁé cgtrier'frequency from contributing to the net signal. The
low fredﬁehcy reference signals are geherated from a crystal oscillator.
TheAoscillatbr.frequency'is divided down to give_a.square wave signal
at ﬁultiples 6f 0.306 cps. To produce a signal phase shifted by
exactly 90°, a signal of frequency 4f is divided down in ﬁwo steps
as diagrammed in Fig. 5. This f c¢cps signal is calléd the "in phése"b
éignal and is used to drive the lamp flasher. The square waves ;t
frgquencieS'f and 2f are used in an exclusive OR circuit to generate
the 90° phase shifted signal. The lamp flashing frequencies referred
to iﬁ the text.are nominal; the actual freqﬁencies are 1.22 times
higher59 (e.g., 1 cps refers to 1.22 cps). The‘switching mechanism
for the reﬁersible cbunters was designed by E. D{,Mdrris, Jr:,60
a formervéradgéte student of this laborapory,i

The outéutiof the in phase counter is proportional to the
émplitude of the sine compoﬁent of the modulation signal. The outpﬁtv
of the quadrature counter is proportiénal to the amplitude of the

cosine component. The amplitude and phase shift of the signal is

given by
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AI/T = (ai + bi)l/zlv and § = tanfl(bl/al) (61)

il

where a; number of counts from in phase counter
b, = number of counts from quadrature counter’

V = number of counts equivalent to the DC voltage of the

background light intensity.
The output bf the £W6vcountérs is punched on paper tape in a BCD
format»ana.isflater analyzéd by computer.

d. Filtering. The pﬁrpose of filtering the signal is to remove
noise and tﬁé higher harmonics of the mddulation signal. The higher
ﬁatmonics éontain kinetic information, but ?heir a@plitudes ére
much smaller tﬁan that of the first harmonic due to the square wave
shape_of the excitation and of the demodulé;ion switéhing. Using
onlyvthé fundamental or first harmonic of the mddulatién freéuency
' vsimplifies thevinterprétation‘of the data and reduce; signal averaging
time since much'bf_the low frequency noise is also removed by the filtérs.

The even harmoﬁicé-of the modulation signal a:e.cancelled out
in the locinn mixer, and the odd harmOnics are multiplied'by 1/n,
where n is the number of the odd harmonic;.‘The thitd harmonic is
reduced a facfor of six by a triple section low pass filter,59 and
a factor of three by the lock-in mixer. 1In the square Qave excitation,
the third harménic.is a factor of three smaller than;fhe fundamental;
the ratio of'the resulting chemicél'signals usually has a similar
ratio. The combination of these factors makes theAthird harmonic
- approximately 1/54 of the fundamental. This makes tge higher harmonics
almost negligible since modulation signals usuallybcontain at least a

5% uncertainty. The uncertainties in some of the,NO3 signals in the
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pfesent study are smaller than this, but the tfiangular wave shape
of these signals (Eq. (48)) discriminates against higher harmonics
by another factor of 1/n.

e. 'Modulation Standard. The modulation signals pass thfough

several stagés of émﬁlification and filtering. A calibration is
necessary in order to determine the effect of this signal processing
on the phase.qf the modulation signal. The propbrtidnality factor

" relating digital counts fo modulation amplitude is also needed.

The cichit in Fig. 6 produces a square wave-modulation with an
amplitude (AI/I) of 2><10—3 and a phase shift of 0° on a 400 cps
carrier signal. This signal is then processed by the eiectronics.

" Since the filters extract only the first harmonic frequency of the
square wave, the actual observed modulation émplitude is 4X10—3/n..‘
The cérrier signal'V in Eq. (61) is most conveniently measured in

v .
volts. At each frequency the amplitude calibration is measured as
the number of counts per volt for a modulation amplitude of 4X10q3/ﬂ.
Thé phases measured with the modulation simulator'ére correctiops
to be subtracted from the experimentally observed. quantities.

f. Computers. Two minicomputer systems were used for.thé
" acquisition and evaluation of the data in this research. A schematic
diagram of thé equipment configuration is provided b§'Fig. 7. A larger
computer was used for numerical simulation of the modulation signals .
for the complete mechanism. |

The early work on ultraviolet absorption cross sgctions utilized

a Digital Equipment Corporation PDP 8/L minicomputer coupled to a

Fabritek 1074 hard;wired signal averager. Each of these méchines’
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has 4096 (4K) words of me@ory. Speétroscopic signals are digitized
by the 12-bit analog-to-digital converter of theFFébritek machine
and stored in its memory; The stored specfré can be assesséd by the
general purﬁose PDP 8/Llcomputer in order to calculate optical |
densitieé. ihe résqlts can be plot%ed on an X—Y.reéordef or puﬁched
on:paper tape by a high speed punch. The BCD formatted paper tape
of modulétion data is converted to ASCII format by this_éompuﬁer'
and anbhed anpapef tape.

Most. of tﬁis research was performed with a Digital Equipment
Corporation PDP 8/E minicomputer. A computer coﬁtrolled multiplexer
is used to éélect the signal channel and ampliéicafion factor. The
output of'the'multiplexer goes to a Preston X-Mod 723A digital
voitmeter which has an accuracy of 1 part in 20,000. A programmab1e>
clock controls the sampling rate and u? to 100 data poiﬁts per sécond
can be digitiéed and storéd in the computer memory;. The PDP 8/E is ~
equiﬁped witﬁ a dual drive»Dectape'unit for the storage of progréms
and spectra on magnetic tape. The computer_is prdgrammed61 to take
spéCtra Qnder interrupt‘ control so that other calcﬁlations can be
pefformed simultaneously. Spectra stored in the gompﬁter's memory
can be displayed on;nloscilloscope;vplqtted on an X-Y recorder, or
storéd on magnetic tape. Ah interface to the PDP 8/L computer allows
the operator to utilize the high speed reader»anq‘high speed.punch
of that machiﬁe;

Thevmodulation signals wéfe‘simulated-with a chemical‘kinetics
program by Whitten.62 This. program uses the Gear56.method for solving

coupled differential equations and is run on Lawrence Berkeley Laboratory's .
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CDC 7600 computer. A smaller version of this brogram was convetted
to Fortran II and was run on the laboratory PDP 8/E computer with

its 20K of memory. A listing is provided in Appendix A.

4. Photglysis Lamps
The photoiytic light for these éxpériments is ﬁrovided by 30 watt
General Electric F30T8 fluorescentrlamps. Sets of fed,‘gold and
green lamps are used with four lamps per set. Two of the 36 in. lamps
are placed along each side of the cell about 1 in. froﬁ the quartz;
The cell is surrounded on three sides by Alzac high reflectance
aluminum sheeting to increase the light intensity in the cell and{
make it more uniform. The electrodes on tHe ends‘of the lamps are
‘heated tq a red glow by six volt transformers to insure rapid firing
of the lamps{
The lamps are powered by a 700 volt fegulatéd:power supply. The
power supply switches the lamps on and off electronically in response
to the in phase square wave generéted by the low frequency reference
generator. The light intensity is monitored by a phototransistor, |
mounted beﬁeath the front end cap and pointed at the center of the
cell. The output from this phototransistor reveals tﬁat the lamp
outpuﬁ»is a square wave with én initial spike. fhe:érea‘under the .-
spike is less than 0.017% of the total area at one cycle per second
and is, therefore, ignored. The phogotransistor can 5e used to

measure changes in the lamp output due to aging or temperature change.



|

~47-

 C. Gases and Flow System .-

The carrier gases for the flow experiments were provided by
Lawrence Berkeley Labqfatory. High dry grade nitrogen was péssed
through a Matheson particulate fiiter’and through.a_éolumn containing
P205-coated.glass beads in order to remove moisture. High dry oxygen
was flowed fhrough a silica tube containing coppef turnings.at |
900°K to convert hydrocarbons to CO2 and water. The oxygen then
passed through ascarite and P205 columns to remove the CO2 and HZO'
Extra‘pure helium was used without further purification. The supplier

provided the following specifications (impurities are maximums):

High Dry Nitrogen  High Dry Oxygen  Extra Pure Helium

N, ©99.999% min 500 ppm 1.0 ppm .
0, 1.5 ppm  99.5% min 0.2 ppm
He - — , — . 99.998% min
HZO 1.5 ppm - 1.5 ppm 0.3 ppm
COZ - 10 ppm 0.1 ppm
-Ar 5 ppm . 4000 ppm . 0.1 ppm

Ne | | - 14 ppm

Nitrié O#ide of 99.0% purity from Matheson Compaﬁy was éollected
in abglass}bulb surrounded by a dewar containing liquid nitrogen.
'fhe 1i§uid ﬁifrogen was poured off and the dewaf_was quickly replaced.
The nitric oxide slowly sublimed, passed through a glass wool packed
trap immersed in an isopentane élush (113°K), and condensed in a
liquid nitrogen'cooled trap. Two of these vacuum:distillations were

performed, and the first and last portions were discarded each time.
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Spectroscopic examination revealed that the pale Blue solid product
contained less than 1 ppm NOZ'

Niérogen_dioxide gas of 99.5% purity from Matheson Company was
liquified and stored fqr 2 days at 273°K with one étmosphere‘of
oxygen. The NO2 was then frozen at dry ice‘teméeratﬁre, and the
oxygen was pumped off. The solid was transferred twice and pumped
on to remove any trapped oxygen. The‘white'product was stored at
dry ice temperature.

Nitric acid was prepared from a mixture of sodigm nitrate and
96% sulfuric'acid. The distilling bulb was filled at 273°K; it was
then evacuated and thé temperature was raised to 313°K. The nitric
acid was collected at 233°K wiﬁh the first and last portions of the

distillate being discarded. The white product was stored at dry

ice temperafure.
The above gases were prepared in‘a glass manifold with stainless
steel Cajon Uitra—Torr fittings. Westef and Kontes high vacuum
greaseless Teflon stopcocks with Viton O-rings were used. The
manifold was evacuated by a liquid nitrogen trapped oil diffusion
pump. An oil manometer was used for measuring gas pressures when
the absorption cross sectiéns for NO2 and HNO3 we;e_measured. A
Texas Instruments Model 145 quarté spiral manométer was used in
subsequent work.
Ozone was prepared from the same grade of okygén as that used for
a carrier gas. The oxygen was purified by passing through a silica
tube with copper turnings at 900°K, thrpugh a column containing

pellets of 5% palladium on alumina at 620°K, and.then through columns
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of asca;ite and ons?coated glass beads. A sileﬁt electric discharge
'éonverted approximately 5% of the oxygen to ozone. The gas'stfeam
was used in the flow system or was passed through a trap containing
6 to 12 mesh silica gel at dry ice temperéture to collect the ozone.
The trapped ozone was desorbed from the saturator by a nitrogen
carrier gas for use in the flow system, or was used for absorption
cross section measurements.

A tank éf 0.1% NO2 in N2 from Matheson Company was used in some
pf'the flow experiments. The tank was analyzed by ultraviolet
spectroscopy:to contain 81219 ppm NO2 and 43*1 ppm NO. A tank of

0.65% NO2 in N, was also prepared in this laboratory for use in flow

2

experiments.
The flow rates of the gases into the reaction cell were measured

with Manostat Predictability flowmeters or Hastings mass flowmeters.

These flowmeters were calibrated for the gasés used by an American

Meter Company wet test flowmeter. Tank gasesvpassed'through a

two-stage high pressure regulator, a low pressure line regulator,

any purification processes applicable, a metering vélve, and then

‘the appropfiéte flowmeters. The gases were mixed and jetted into

the reaction cell through a glass disperser tubef This tube lay

in the bottom.of, and ran the length of the reactién cell. The

disperser tube had holes spaced an inch apart and sized to give

approximately. equal throughput at.the typical operating condition

of 4000 cm3 ﬁer minute. The gases left the cell through a similar

tube located at the top of the cell. The pressure drop through the

cell at one atmosphere flow conditions was approximately 4 Torr.
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ITII. EXPERIMENTAL PROCEDURE‘AND DATA

A, Absorption Cross Sections -

The‘experiﬁental appératus described in the:previous section
was used as a single beam spectrometer for the measurement of absorption
CrOSS‘SeCtiQnS in the visible and infrared spectralfregions using
a tungsten iamp and a Nernét glower. The output of the ultraviolét
source'lamﬁ, a deﬁterium arc, changed much more rapidly with time
than the other light sources. For the measurement of ultraviolet cross
§ections,.a paif of mirrors was mounted on the front of the UV gas
. cell. A part of the source beam was deflected by .these mirrors to
serve as a reference beam that could be scanned by the monochromator
and used to correct for background drift. In the visible.and infrared
regions, adjusfments of the backgrounds were maae,tb giVe a zerd.
optical density. where no species absorb. These methods resulted
in an average uncertainty in the optical density (base e) of 0.005
in the ultraviolet and of 0.002 in the visible and infrared regioné
for a single spectrum; A low pressure meréu§y lamp and the 486.0 nm
deuterium line were used for wavelength calibration. Absorptions
in the various spectral ,regions could be easily compared since the 
movemgﬁt of twé mirrors and the changing of the grating quickly
converted the ﬁltra?iolet—visible spectrometer into an infrared
instrument. The spéctra were taken at 298°K'un1es§ otherwisg specified.

The absorption cross section O at the average wavelength A is

) I () - }. |
1ne oD = og(A) cL o | (§2)

defined by
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where ¢ is ‘the concentration in molecules cm ~, L is the optical path
length in cm, Io is the incident beam, and I is the transmitted beam.

1. Ultraviolet Region

Nitric acid vapor samples were collected in an 80.2 cm3 or a
2964.cm3 bulb at 298°K, and the pressure Qas measurgd with an oil
manometer. Fifteen.gas samples were used and gave cell concentrations
between 8><10l3 and 6><1016 molecuies cm—3. Optical path lengths of 861 cm
and 1717 cm were used with a resolution (full width at half maximum)
éf 0.67 nm. Nitrogen dioxide was discovered as a 0.1 to 0.27% impurity
in‘tﬁe spectra, and its concentration was determined from its spectrum
between 330 and 370 nm. The absorption due to this source was sub-

tracted from the HNO, spectra. The composite spectrum of HNO3 is

3

presented in Fig. 8. Table V contains ‘the HN03‘cross sections with a

standard deviation of 3% from 190 to‘220'nm, 1% from 221 to 290 nm,
_and 5% above 290 nm. No deviations from the BeerfLaﬁbert law were

" observed, and no pressure dependence was noted when one atmosphere

of N, was added.

Nitrous acid vapor was prepared from mixtures of NO, NO2 and

HZO' The concentration of HNO2 was calculated from thermochemical

ata63,64

d for the equilibrium

.NO + NO, + H,0 = ZHNO, B (63)

All gas pressures were measured with a Texas Instruments quartz spiral

manometer. The pressure of NO, in a 80.2 cm3 bulb was measured, and

the NO, was expanded into the evacuated cell. Water Qapor was added

2

to the cell and the total pressure was measured. A large concentration
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contd.

Table V. Ultraviolet absorption cross sections for NO, Ny0g, HNOj, and HNO,
at 298 K. (N205 results of Jones and WUlf23 are in brackets.)
A NO, N»05 ~ HNO3 _ HNO2
(nm) cm2 molecule—l, base e -
190 6.12x 10 1.32 x 1077
191 5.63 1.24
192 4.82 1.15
193 4.13 _ 1.08
194  3.88 ' 9.9 x 10718
155  3.64 9.1
196  3.16 B 8.4
197 3.22 ' 7.7
198 3.27 7.0
199 3.08 6.3 ’
200 3.19 5.5
201 3.57 4.86
202 3.54 : 4,23
1203 3.43 ‘ 3.62
204 3.87 ' 3.06
205 4.27 6.9 x 10718 2,55
206 4.01 6.6 2.13
207 3.97 6.3 1.77
208 4.53 5.9 1.45
209 4.89 5.6 1.18
210 4.52 | 5.2 9.7 x 10719
211 YA v 4.8 7.7
212 5.03 4.4 6.3
213 5.44 : 4.0 | 5.1
214 4.98 37 4.1
215 4.65 3.3 3.28
216 5.05 3.0 2.75
217 5.65 2,76 2,26
218 5.23 2,48 1.87
219 . 4.60 2.26 1.64
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Table V, contd.
20 4,38 x10°° 2,06 x 1071 1.44 x 107
221 5.09 : 1.89 v 1.27
222 5.26 1,71 1,13
223 441 , 1.55 : 1.01
224 3.8 141 9,29 x 10720
225 3.71 1.31 8.51
226 4.29 ' 1.23 7.78
227 4.41 S 1,15 - 7.8
228 3.30 1.06 . 6.63
229 2.89 9.9 x 1071 6.12
230 2.52 . 9.3 © 5.63
231 3.00 9.0 5.16
232 2.99 8.4 4.77
233 2.63 8.0 4.39
234 1.62 7.5 : - 4.0%
235 1.36 1.2 3.74
236 1.73 6.9 W)
237 1.59 6.6 3.18
. 238 1.59 6.3 | - 2,97
239 1.02 6.0 2.78
240 0.90 5.7 2.60
241 0.47 5.5 2,45
242 0.61 5.3 2.33
243 1.00 , 5.1 2.26
264 © 0.505 4o7 ' 2.17
245 0.393 , 4.5 2,10
246 0.353 4.3 2,05
247 0.268 4.1 2,01
248 0.165 . 3.8 ' - 1.99
249 0.212 3.6 197
250 . 0.345 3.5 © 1,95
251 0.190 3.3 1.94
252 0.150 3.0 1.94
253 0.149 12.83 1.94
254 0,149 2.72 1.94

contd.
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0.155 x 101
0.159
0.161
0.166
0.186
0.184
0.184
0.200
0.208
0.225
0.243
0.249
0.244
0.265
0.312
0.332
0.325
0.326
0.369
0.407
0.420

©0.417

0.439
0.467
0.514
0.570
0.578
0.600
0.592
0.66
0.72
0.77
0.77
0.77
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9

2.63 x 10
2,55
2,45
2,33
2,26
2.12
2.04
1.97
1.94
1.86
1.77
1.70
1.67
1.64
1.59
1.52
1.46
1.42
1.38
1.31
1.25
1.20
1.18
1.15
1.11
1.07
1.02
9.9 x 10
9.3
8.9
8.3
7.8
7.5
7.1

19

20

1.94 x 10
. 1,93

1,93
1.92

1,91

1.90
1.89
1.86
1.85
1.83
1.80
1.77
1.74
1.70

1.66

1.63
1.58
1.54
1.49
1.45
1.40
1.35
1.30

~1.25
1.19

1.14
1.08
1.03

9,86
9.25

8.77
8.26
7.78
7.27

-20°

10



289

290
1291
292
1293

294
295
296
297
298
299

300

301
302
303
304
305
306

- 307

308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323

contd.

Table V, contd.

0.81 x 10

0.88
0.95
1.02

- 1,04

0.99
1.07
1.07
1.23
1.36
1.31
1.33
1.31
1.40
1.55
1.63
1.65
1.64
1.72
1.77

1.84

1.97
1.98
2.09
2.18
2.12
2.24
2.29.
2.34
2.57
2.55
2.61
2.70
2.69
2.84

19
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6.7 X 10
6.3[4.2]
5.9

f5.7

5.2

4.9

4.6

4ot

4.2

3.8

3.4

3.2[2.45]

2.9

2.7

2.6
2.4

2.2

2.1

1.9

1.8

1.7

1.5(1.3]

©[7.5 x 107

20

21

]

6.34
5.89
5.51
5.08
4.67
4.26
3.97
3.67
3.32
3.02
2.76
2,50
2,26

2:04

1.86
1,68

1,52

1.37
1.21

9.5
8.4

7.3

6.4
5.5
4.7
4.0
3.4

2.7

2.2
1.8
1.4
1.0
0.7

6,77 x 10~

~1.07

21

-22

x 10

0.68 x 10
0.67
0.59
0.65
0.70
0.84
0.87
0.73
0.83
0.95
0.91
0.96
1.10
1.07
1.25
1.10
0.74
0.87
1.34
1.29
1.60
2.15
1.77
1.75

20
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Table V, contd.

324 2.86 x 10‘19
325 2,94
326 3.12
327 3.13
328 3.20
329 3.21
330 3.38
331 3.33
332 3.39
333 3.78
334 3.68
335 3.61
336 3.72
337 3.79
338 3.70
339 4.17
340 4.17
341 4.28
342 4.39
343 3.98
344 4.12
345 4.30
346 4.47
347 4.72
348 4.79
349 5.15
350 4.48
351 4.71
352 . 4,73
353 4.55
354 4.87
355 5.53
356 5.00
357 5.40

contd,

[4.0 x 10~

[2.7 x 1072

[1.8 x 1of2

21

1

1

1

]

]

0.4 x 1072
0.2

2

2.03 x 10720
1.66
1.24
1.88
2,80
2.10
2.85
4.08
2.75
2.17
2.56
2.55
2,03
1.66
2.59
4.19
13,09
4.23
7.75
4.71 "
2.84

- 2.87

3.05
2.82
2.31
2.38
13.50
4.72
4.26
6.44
10.09
9.98
4.88
3.26
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vTable V, contd,
358 5.64 x 1071
359 5.10
360 . 4.96 .0 x10°%
%L 5.39 oo
362 5.45
363 5.45
364 5.37
365  5.84
366 6.04
367 5.51
368  5.79
369 5.66 -
370 5.70 (4.7 x 10722
371 5.56
372 6.09
373 6.20
374 5.81
375 5.74
376 6.40
377 6.48 |
378 5.73 o
379 - 5.82 | '
380 6.52 [1.3 x 1072%]
381 6.45
382 6.18
383 5.92
384 6.18
385 6.45
386 6.27
387 6.11
- 388 6.39
389 6.4l
390 6.51
391 6.44

‘contd.

1

3.22 x 10720
2.95
2.54
2.25
2.17
2.46
3.37
4.03
4.56
6.54
. 10.79
10.56
6.06
3.59
2.73
2.30
1.81
1.45
1.28
1.39
| 1.52
1.82
2.20
2.76
3.61 -
4.86
5.80
5,35
3.90
2,57
1.72
1.17
0.84
0.60



Table V, contd.

392
393
-394
395
396
397
398
- 399
400
401
402
403
404
405
406
407
408
409
- 410
411
412
413
414
415
416
417
418
419
420

6.71 X 10
6.31
5.95
6.08
6.58
6.03
6.49
6.61
6.68
6.96
6.42
5.84
6.15
6.52
6.22
5.50
6.13
6.91

. 6.59

6.61
5.76

" 6.55

6.92
6.03
5.38
5.37
5.80 -
5.96
6.24

19

0.60 x 10~2°
0.49
0.36

0.29

0.28

0,23

0.17
0.18
0.12

[
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of NO was added, and the total pressure was measured again. The

2
spectrum above 400 nm. The NO and H

residual concentration of NO, was determined from its absorption

20 concentrations were determined

from the initial pressure measurements with a small correction for the -
HNO2 formed. Corrections for the intense structureless spectrum of
N203 were made by obtaining its spectrum in separate éxperiments.

The N203 concentration was calculated from the data of Verhoek and

Daniels.65 The corrections to the HNO, spectrum between 300 and 400 nm

2

due to NO2 and N203 were much larger than the actuél'HNO

Other complications were uncertainties in the N

2 absorption.

0, corrections and
273

possible mixing problems. Since this introduced considerable
uncertainty in regions of low HNO2 cross section, the best run was
selected for preseﬁtation of Table V and Fig. 9. The uncertainty

in the absolute value of the cross section is estimated to be *207%. .

The conditions for the chosen run were 298°K, 861 cm path, 0.83 nm

resolution, and

Molecules cm-3

NO 2.97x10"?

o, 1.09x10"°

H,0 6.5x10%0

N,0, 1.3x10%° (calc.)
16

HNO2 1.43x10 (calc.)

In other experiments several aliquots of He and HZO were added to a
similar mixture of gases. Beer's law was obeyed within the above

experimental uncertainty over the HNO, concentration range of

2
(2—8)><1015 molecuies cmf3.
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Nitrogen dioxide gas samples were collected in a 80.2 cm3 bulb

immersed in a 298.0°K water bath, and the pressure was measured by

an oil_manémeter. Corgections for NéO4 werebmadebueing the equilibrium
constant data of Verhoek and Daniels.65' The sampieé-were then expanded
into the evacuated cell. 'The:absorptiOn spectrum.ie eaiculated from

gas samples with (1-10)x1014 molecules cm-3. ' The maximum amount of 

N204 present,.as calculated from thermodynamic data,S_2 was always less
than 0.1% of the NO2 concentration. Optlcal pathlengths of 861 or 1717 cm
were used. The spectra from 190 to 420 nm were taken with the 0.3 meter
monochromator using 0.5 mm slits for a resolution of 0.67 nm. Table V
contains the.NO2 c:ossrsections averaged over each nm with an uncertainty
of approximately 3% between 240 and 290 nm and 1% e;sewhere. The , ‘ . ;

NO spe%truh'is presented in Fig. 10. The Beer-Lambert absorption law

2 .
was obeyed and no pressure dependence was observed between 50 millitorr
and one atmosphere total pressure. The manner in which the buffer gas
was added, however, could cause long term fluctuatiqns of up to 10%

in the cross section due to poor mixing.

3

flow system. .The concentrations of N205, HNO3 and 03, all of which

absorb in the ultraviolet region, were determined from their infrared

Nitrogen pentoxide‘was prepared from 0, and NO2 in a one atmosphere’

absorptions. The nitric acid was apperently formed by a heterogeneous

reaction of the N,O w1th ppm concentrations of } 20 in the carrier gas. -

275
According to Morris and Niki,66 the reaction of water with N205 to
give HNO3'has a gas phase reaction rate of less than 1.3><10—20 at

298°K. The fast heterogeneous rate they observed for this process is

probably the cause of nitric acid formation in the present system. For
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conditions of very low ozone concentration, an appreciable amount of

NO, is also present. The NO2 concentration can be determined from

2

its near ultraviolet spectrum. Six spectra with 0.83 nm resolution

were taken with N205 concentrations of (3-10)X1014Imolecules'cn—3.

The absorptidns due to 03, HNO3 and NO2 were subtracted from the

spectra, and.ﬁhe average N20S cross sections are preéented in-Table V.
The average uncertainty is approximately 10% for wavelengths from
205vto 260 nm, and the main source of error ié the determination

of ;he ozone concentration. The NZOS cross sectiqns for higher wéve—
lengths are estimated to be $20%. 1In Fig. 11 the results of this study
are indicated by a solid line, and the results of Jnnes and Wuifl6

are represented by a dashed line.

2. Visible Region

Spectra in the visible region were always taken at 0.83 nm
resolution (1 mm slits) with a 0.3 second time constant. The
monochromator scanned at SOOK/min and data points were taken at
0.2 séc intervéls. A 3-71 Corning color filter was uéed when needed
to exclude light diffracted in second order. Concentration determinations
in this spectfal region:were made by scanning.

The reaction cell and gas handling manifold were evacuated and
then aged with 1 to 2 torr of ozone for several days. After this
treatment, pure ozone in the 298°K cell had a decay rate of appro#imately
1% per hr; ozone mixed with one atmsophere of oxygen decayed at
0.2% per hr. Liquid ozone is very dangerous due to its unstable
nature,67 and work with this material was performed behind a 1/4-in.

Plexiglas shield. The vacuum pumps were protected from ozone by a
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cold trap lined with silver foil (a very good catalyst for ozone
.destruction),”and no safety problems were experienced. Ozone from a
dry ice temperature silica gel trap was liquified at liquid nitrogen
temperature and pumped on to remove oxygen. The ozone was aliowed
to vaporize slowly into‘the evacuated gas cell, and the final cell
pressure of 2 to 3 torr was measureq with the TI gage. Using the
visible cross sectiéns of Grigg568 as a standard, the ozone
decomposition during transfer to the gas cell was determined to be»
12.  The spectrum is presented in.Fig. 12. The visible ozone cross
sections obeyed Beer's law and were independent of pressure. Measurements
at 298°K and 329°K gave identical results. Concentrations of ozone
in later experiments were measured by averaging three Qata points
at each of the two absorption maxima and using the following Cross

sections (cm2 molecule—¥):

6(574.7 nm) = 4.78x10" 2%

(64)

6(602.5 nm) = 5.17x10 21

The absorption spectrum of NO3 is presented in Fig. 13, and

Table VI contains the cross sections averaged over each nm. ' The
spectrum was taken in-a N205—03 flow system, and therébéorption due

to ozone to be subtracted was determined by an iﬁfrared absorption
measurement. The absolute values of the NO3 cro§s sections were
determined from the ratio of the NO3 modulation measured at 627.0 nm
to the N,O modulation measured in the infrared (éee Section III-E-Z).

275

The NO., cross sections at 627.0 nm determined by this method were

3
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Table VI. Absorption cross sections (cm%/moleculé, base e) for the
nitrogen trioxide (NO3) free radical averaged 6ver each nm,
v x 10% 2 10t% A 1'% a0 1'% a 10'%
400 0.0 431 1.5 461 3,6 491 9.2° 521 15.8 551 21.4
401 0.1 432 1.4 462 3.5 492 8.9 522 17.2 552 21.6
402 0.1 433 1.5 463 3.8 493 8.9 - 523 16.6 553 22.2
403 0.3 436 1.7 464 4.l 494 8.8 524 15.0 554 24.5
404 0.2 435 2.1 465 4.5 495 9.1 525 13.8 555 27.8
405 0.5 436 2.1 466 4.5 496 10.4 526 13.7 556 29.5
406 0.3 437 1.8 467 4.8 497 11.2 527 15.1 557 30.0
407 0.1 438 1.8 468 5.0 498 10.8 " 528 17.9 558 31.7
408 0.3 439 2.1 469 5.2 499 10.3 529 21.0 559 34.3
409 0.5 440 1.9 470 4.9 500 9.8 530 20.9 560 32.3
410 046 441 L9 471 5.0 501 9.4 531 19.1 561 28.5
411 0.5 442 2.0 472 5.4 502 9.1 532 18.1 562 26.8
412 03 443 1.9 473 5.5 503 9.5 533 17.3 563 25.9
413 0.7 444 2.1 474 5.6 504 105 534 17.7 564 24.8
414 07 445 2.3 475 5.9 505 11.6 535 20.2 565 24.7
415 0-6 446 2.3 476 6.4 506 11.9 536 23.2 566 25.8
416 9-3 447 2.5 477 6.8 507 11.4 537 23.8 567 25.5
417 0.4 448 2.8 478 6.6 sos 10.6 533 21.1 568 25.7
418 0.6 449 2.8 479 6.4 509 11.2 539 18.8 569 26.3
419 0.9 450 2.7 480 6.4 510 13.0 540 18.1 570 25.3
420 0.9 451 2.8 481 6.5 511 15.1 541 16.8 571 25.1
421 09 452 3.1 482 6.3 512 16.1 542 16.8 572 24.8
422 0.8 453 3.2 . 483 6.1 513 15.1 - 543 14.3 - 573 24.7
423 1.0 454 3.4 484 6.2 514 14.1 544 13,9 574 25.5
426 1.2 455 3.5 485 6.6 515 16.0 545 16.2 575 27.0
425 1.3° 456 3.2 486 7.4 516 14.0 546 20.4 576 29.2
426 0.9 457 3.4 487 8.0 517 13.0 547 25.6 577 30.5
427. 0.8 458 3.7 488 8.0 518 12.1 548 27,5 578 30.3
428 1.2 459 3.9 489 8.6 519 12.8 549 24,9 579 29.4
429 1.2 460 3.9 490 9.3 520 14.4 550 22.4 580 29.9
l.2 ' :
‘ contd,
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Table VI, contd.

A 10190 A 10190 A 10190 A 10_190 .A 101_90
581 32.0 611 14.3 641 7.8 671 6.0 - 701 0.2
582 31.0 12 16.9 642 6.8 672 5.7 702 0.2

583 26.8 613 21.7 643 6.9 673 4.7 703 0.1

584 26.7 14 22.4 644 7.1 674 3.6 704 0.0

585 24.6 615 19.9 645 6.7 675 3.0

586 27.5 616 17.4 646 5.6 676 3.1

587 34.8 617 16.7 647 4.9 677 4.0

588 44.8 18 18.3 648 4.3 678 5.5

589 55.2 19 20.2 649 3.7 . 679 5.9

590 56.7 620 24.7 650 3.2 680 4.9

591 51.9 21 39.8 651 3.3 681 3.5
592 48.3 622 76.1 652 3.9 682 2.5

593 43.2 231204 653 4.7 . 683 1.6

594 39.2  g24 116.6 654 5.7 684 0.9

595 39.1 " g25 86.5 655. 6.9 685 0.5

596 41.6 626 70.0 656 8.9 686 0.3

597 40.9 627 69.0 657 1l.8 687 0.2
598 35.4 628 68.9 658 16.8 688 0.4
599 28.9 29 67.0 659 27.6 689 0.2
600 24.5  g30 64.1 660 S51.2 690 0.1
. 601 24.5 631 50.2 661 101.5 691 0.0
602 28.4 632 32.7 662 170.8 692 0.0
603 33.9 633 19.9 663 170.4 693 0.1
605 40.0 634 13,2 664 115.4 694 0.1
605 41.8 635 10.6 665 73.5 . 695 0.2
606 33.8 636 12.3 666 48.6 696 0.4
607 23.2 37 16.4 667 29.7 697 0.4
608 15.9 638 17.6 668 17.5 698 0.4
609 13:3 639 13.4 669 10.7 699 0.4

610 13.5 640 9.8 670 7.5 700 0.3
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(7.0310.18)X10-18 cmztnolecul_é‘1

0627(298 K) =

o - -18 2 -1
'0627(313 K) = (7.01%0.13)x10 - cm molecule _ (65)
0627(329°K)_= (7.041‘0.13)><10_18.cm’zmolecule__l

The uncertaiﬁties quoted for NO, cross sections aré the standard
deviations of the mean épd include contributions_from the NZOS cross
section.aﬁd the ratio of modulation amplitudes. Concentration
determinafidnsvin 1a£er experiments were‘made by averaging the three
optical density dataquints at the NO3 absorption peak at 662.2 nm |
| dand subtracting one half of the average of tﬁree data pointsvét

650.5 nm and at 674.7 nm. The NO3 concentration wés then calculated froh
-3 -2.2.
[NO3] = A/L 00(1 - 0.7212x10 A - 0.4678x10 "A") . (66)
for A< 3.0
where L =_optical path and A = optical density aé‘measﬁred above.

qo = cross section in cm2 molecule_l at 662.2 nm for lim A>Q-

(1.860+0.048)x10™L’

| L
‘00(298 K) =

0_(313°K) = (1.830+0.035)x10 L7

0 (329°K) = (1.816+0.035)x10 L/

The Oo'é at 662.2 nm were obtained from the 627f0'§m values by computing
the ratio of the optical density at 627.0 nm to that at 662.2 nm
 (divided byviﬁs apparenﬁ Beér's-law deviation) for 92 spectra. Some.
spectral resolution was sacrificed By using a 0.3 sec time constant.

A shorter time;constant would give a cross section about 3% higher.
A'résolution_éf 0.42 nm would give another increase of 3% in cross

section at the 662 nm peak, and going to 0.21 nm resolution seems to
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give an additional 1% increase. The change of cross section with
optical density could be determined very sensitively by changing
optical path lengths.

3. Infrared Region

Spectra in the infrared région were always taken at‘0.0l3 u
resolution (2 mm slits) with a 1.0 sec time constant. The monochromator
scanned at 0.4 u/min and daté points were taken at 0.2 sec intervals.
Some dégradation of peak height is possible due to fhe high time
constant and fast scanning conditions, but a high signal-to-noise ratio
and fast data acquisition.were overriding considera;ions. The
infrared concentration determinations were made by-séanning the
appropriate regioné. All spectra were taken at one atmosphere total
pressure.

.The -ozone cross sections at 4.715 and 4.773 u were based on
concentrations determined from the ozone spectrdm in the Qisible region.
The infrared spectfa were adjusted to give a zero optical density |
from 4.636 to 4.663 u. Three optical density data points were

averaged on each peak and applied to the following equations:
_4.715u:[03] = Al/Lo1

where
0

0, (298°K) = (3.575 ~ 0.1742A - 0.0316442)x10"

(3.483 - 0.17234, 0.02863Ai)><10—20 (67)
0

01(313 K)

0, (329°K) = (3.430 -‘0.2096A1-0.01602Af)><10'2

for 0.2 < A < 2.2,
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4.773u:[03]_= A2/L02
wheré
oun ' : 2. ... =20
02(298 K) = (2.252 - 0.09625A2 + 0.005596A2)X10
0,(313°K) = (2.205 - 0.1039A2+O.002941’A§)X10-20
0,(329°K) = (2.190 - 0.1697A, + 0.04274a5)x10" 2"
v<-1.5. The ozone concentration was taken as the average

2

of these two.values. The absolute uncertainty in [03] arises mainly

for 0.15 < A

from the visible absorption cross sections and is estimated to be
;bdut’l%.'-A representative ozone spectrum is showp in Fig. 14.

;” ihe determination of infrared nitrogen pentoxide cross sections
wé;:complicated by the presence of a nitric¢ acid impurity due to the
mdisture-in.the carrier gases. A steady state flow system was

established using NO, from a tank of N2¥N0 mixed gases, a small

2 . _ 2

amount of Qz.flowing through a nonopératingvozonizer, and a nitrogen
carrier.gas.: The NO, concentration was determined from its visible
absorbtidn Sbectrum, and the concentration of NO was calculated from
the previously determined ratio of.NO to NO, in the'ténk of mixed
gases; Thé:ozonizer was turned on and the 7.0 to 8;365 U region was
scannéd.éfter the system came to equilibrium. The visible N03
absorpiibn'was also measured. A water saturator wés placed in the gas
 line.after'the_ozonizer and the same inffared and viéib1e regions
were égain écanned for the new steady state concentration conditions.
The dzbﬁizer ﬁas then turned off and the water Saturato; removed. After

the system returned to its original condition, the final NO2 concentration

‘was measured optically. From this type of experiment, the cross sections



o
@)

7
|

o
O
o

O
I

Absorption Cross Section
(cm®/molecule) 10%°

0 R B 1! I _. I L1
45 46 47 48 49 50 5|
Wavelength (microns)

Fig. 1l4. Representative ozone (03) infrared spectrum at 298°K. XBL 759-7274

os-



0 {}__iﬁ G o4 4 {} iﬁi’Zﬁ P2

-75-

of HNO3 and N205 can be'determined,from the NOx mass balance. Since

the N‘205 to HNO3 ratio was changed when water Vapbr was added to the

system, two linear equations for the differént ratios can be solved

simultaneouély:
- N0 gean, s T [NO3ly ¥ [HNOgT, + 2[N,04), (69)
where _
[HNO,)y = AHN03,1/L°HN03
[N,O.], = Lo
_‘2 571 AN205,1 NZOS

. The N205 cross section was measured as the average of three data points

'at_its peak absofption,v8.028'u. The NZOS spectrum for 298°K'is‘

pfeéénted in Fig. 15, and the measured cross sections (cmzmolécule-l)

were
0(298°K) = (1.75£0.01)x10 18
G(313°K) = (1.680.02)x10 18 (70)
 -0(329°K) = (1.560.03)x10713
(Uncertain;ies are the standard deviations of the mean.) The HNO3
cross section was measured és the average of 20 data points between:
7.689 and 7.716 u. The HNO3 spectrum at 298°K and one atmosphere
is presented in Fig..16. The ébsorption Cross sectiéns were
(cmzmolecﬁle—l): |
0(298°K) = (5.43£0.04)X107"°
G(313°K) = (5.4420.08)x10™ 1 | : (71)

6(329°K) = (5.7120.10)x10 -
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When the backgrounds for the 7.0 to 8.365 u scans are adjusted to

zero optical density at 8.284 W, a small correction must be made due

to a HNO, absorption at that wavelength. The correction is approximately

3
3.5, 3.0 and 2.5% (for 298, 313 and 329°K) of the optical density of

HNO3 measured by the above technique. Absorptioﬁ by water in this

region must also be taken into account for both HNO3 nd NZOS' When

corrections are made for these factors, the selected HNO3 and NZOS
absorption obey Beer's law for optical densities <2.5.

Infrared cross sections for HNO, were also measured by expanding

3

a known amount of the pure gas into the evacuated cell and adding omne
“atmosphere of nitrogen. This technique gave results that were 2 to 47,
lower than those observed by the first technique. The difference can
pfobably be atfributed to nitric acid coating out on the walls. The

shape of the HNO, absorption changed slightly in the temperature range

3

studied, and a slight spread was observed for the NZOS band with

increasing temperature. Two experiments were run to measure the ratio

of the HNO3 cross sections at 298 and 329°K. A éteady state flow
system was established at 298°K with part of the ﬁitrogen carrier gas
passing through a temperature-controlled saturator of pure liquid
nitric acid. After the HNO3 spectrum was scanned.several times,

the gas cell temperature was raised to 329°K. Another set of spectra
was then taken; and the cell temperature was returned to 298°K for the
final spect?é;. The ratio of nitric acid optical densities, corrected
for the ratio of atﬁosphéric gas densities at the two temperatures,

agreed to within 17 with the ratio of the cross sections reported in

Eq. (71).



00 s ud49021 4

-79-

The values for the NO3 cross sections at 627 nm are directly

proportional to the NZOS cross sections. These visible cross sections

'varied'byvless'than 2% (the éxpérimental uncértaintj) over the

298 to 329°K temperature range while the N,O. infrared cross sections

varied by 12%. This result gives additional support to the N,0. cross
sections since electronic spectra usually have a smaller temperature

dependence than infrared spectra.

B. Static Cell Decays

)

1. EQQZQB Reaction

‘The UV reaction cell was conditioned with ozone before use, and
either ozone or nitrogen dioxide alone in the cell was stable for the
time of a kinetic experiment. The destruction of 03 due to the

- ; ' R & | -3
source lamp was calculated to be less than 107" molecules cm ~ during
a run; this quantity was below the detection sensitivity of the
experiment.

The NO -pressure was measured in a calibrated volume by the TI

2
gage before being admitted to the evacuated cell. Concentration

52,65

corrections due to N,O were made, and the N02 absorption cross

274
section was measured at 390 nm for a 0.83 nm resolution. The cross

19

section was 6.6X10 cm2 molecﬁle—lvover the temperéture range of 231
tov298°K, Inipial ozone conceﬁtrations were determined from the.O3

absorption croés sections at 290, 295 and 300 nm, énd ozone decay was
monitored at 255 nm. ‘(The'absorption due to the NO2 cross section at.
255 nm was negligible since the ozone cross sectioh is over 600 times

higher for this wavelength. The absorption cross section of NZOS is

only 40 times smaller than that of ozone, and reactions were stopped
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long before the ozone was totally consumed to avoid this interference.)

These wavelengths were calibrated for O, absorption at different

3

temperatures by adding excess nitric oxide and measuring the NO2 formed.
The O3 cross section was constant for 255 nm, but increased with

temperaturé by about 10% for the other wavelengths:

1.11X10_l7 cmzmolecule“1

0(255) =

0(290) = (9.561 + 0.001625T)x10™ 17 (72
0(295) = (4.616 + 0.001079T)x10™1° o
'6(300) = (2.079 + 0.0006283T)x10 12

where 231°Kv< T < 298°K. Since the monochromator had up to 24
of slipﬁage, cross section determination; for NO2 and 03 were made
throughout ﬁhe series of experiments. The estimated overall
uncertainty in the cross sections is *2%.

Ozone,was alvays admitted to the evacuated cell first, and its
concentrationvwas measured optically. The monochromator was then
set to either 390 nm to follow I~IO2 disappearance or 255 nmvto follow

0., disappearance. The initial N02 concentration was measured by its -

3
pressure in a calibrated volume and was then mixed wiﬁh enough

nitrogen to givé a final cell pressure of 0.2 Torr. The mixture

was fiushed into the reaction cell through.a disperser tube. Blank

runs with nifrogen in the cell instead of O3 were used to .measure

the profile of NO2 buildup; more thaﬁ 997, of the final NO2 concentration
was in the cell after 40 sec. These profiles were then used in
calculating rate constants from the decay of the reactants. Kinetic
experimenté were run at 10°K intervals between 298 and 231°K. The

concentrations of NO2 and 0, were varied from 1014 to 1015 molecules cm

3
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and the tatio of initial concentrations, [NOZ]O/[63}O, ranged from

0.3 to 5.2. lReaction times wefevfrom 200 to lOOOVSec, and 1000 data
points were taken per'experiment. A typical NO2 concentration

profile is shown in Fig. 17. The differential rate of‘reaction was
calculated point by p01nt and averaged for the reglon from approx1mately
20% to 60% of reaction completionf Correctlons were made for the.

small amount of N204 présent. After the reaction:wcs about 80% complete,v

the reaction st01ch10metry was measured by going from 390 nm where

_NO is measured, to 255 nm to measure 03, and then back to 390 nm.

2

The evaluation of the rate data for the NO2 03 reaction depends
"on the stoichiometry (ANOZ/AO3) of the reaction. Slnce the concentration
of only one teactant’is usually monitored duringba kinctic run, the
vconcentrationfof the other reactant‘in the differential rate expression
must be'calculated from a knowledge of this stoichiometry and tne
initial ‘concentrations. Figure 18 shows a plot of the.calculated
rate constant'ys time.forthe NO2 concentration orofile of Fig. 17 both.
for a stoichiomctry of 2,00 and forvthe cverage measnred stoichiometry
of 1.89. This provides another test of the stoichiometry since the
célculated rate constant must be the same throughout'the experiment.
This effect is.easily obsérnable only when one of the reactants, in this
case thc‘ozone; has almost disappeared.

The results of the:kinetic runs and the‘stoichiométry measurements
are presented in Table VII. The 22 stoichiometryzmeasurements are
Vplotted in Fig. 19 ns the ratio of initial reactant concentrations.

The solid line in the figure is the avérage value of 1.890.08 (standard

deviation), and no.dependence on temperature or initial concentrations
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Table VII. Rate constants for the NOp + O3 reaction.

T [03])g . INO2]0 Stoich. hy . 00
(X) A(units of 1014 molecules cm-a) (ANO2/403) (units

1 hy.89 )
of 10 cm molecule )

298.0 4.00 12,59 1.87 2.36
2.65 3.63 2,02 3.06
1.99 6.05 2.78
1.64 7.88 2,46
*1.60 3.35 « 3.76
*2,25 2.94 4,16,
*1,75 3.17 | ‘ 3.50
*2,83 7.64 3.61
*2.51 4,45 3.57
*1,55 8.10 3.57
288.0 4.40 3.93 1.90 2.35 .
3.14 ' 2.52 1.94 2,40
4.61 7.19 1.89 2.17
’ 4.80 11.97 1.83 1.87
4.88 2.19 2,26
278.0 3.78 12.67 1.80 1.46
4,42 10.89 1.80 1.37
4.80 ' 12.30 1.77 1.44
9.83 9,12 1.85 1.70 .
5.70 10.33 1.87 1.59
8.75- 3.96 1.62
11.87 - 3.79 : 1.63
4.65 3.08 1.68
268.0 13.1 6.20 ‘ 1.25
4.3 14.9 - 1.08
5.7 8.02 1,40
3.53 12.2 » 1.01
7.35 4.33 1.26

contd.

3.87
3.49
3.33
3,30
3.55
3.93
3.35
3.38
3.33
3.37

2,62
2.65
2.49.
2.29.
2.48
1.80
1.70
1.74
1.92.
1.86
1.78
1.79
1.85

1.38
1.13
1,58
1.18
1.38



268.0

. 258.0

248.0

Table VII, contd.

contd,

4,7
6.37
137
4.86
*2,49
*2,05

- %1,57

2.54
'2.06
3.40
3,40
5.87
9.19
5.26
12.0 -
6.71
*2,48
*2,65
%3,83
*1,78

1.2 |
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7.95

4.42
8.65
2.45
8.12

2,22

9.68
4.94
8.76
6.27

8.89°

7.33
11.60
3.92
9.80
9.76
3.91

4,79

5.10

3.57
4.63
10.58
8.29
7.51
5.01

7.33

2,51
3.42
3.42
6.20

6.20

1.86
1.95
1.84
1.79
1.89

1.91

1.90

1.81

1.89 |

1.92
1.92
1.85

1.85

1.22
1.24
1.29
1.25
1.37
1.38
1.58

0.690
0.814
0.705
0.762
0.811

- 0.874
70,868
- 0.836

0.912
0.952
0.829
0.959

0.942

0.536
0.587
0.505
0.540

0.472

0.736

£ 0.630

0.796
0.572
0.860

. 0.429

-0.587

1.42
1.40
1.51

1.47

1.27
1.32
1.51

0.800

0,922

0.808
0.858
0.931
0.974
1.015
0.925
1.044
0.919
0.791
0.872
0.911

0.590
0.645
0.573
0.616
0.587
0.673
0.617
0.702
0.674
0.683
0.522

0.575



Table VII, oontd.

238.0 4.04
' 5.00
3.53
8.8
9.0
3.13
4,40
5.00
7.4
8.6
2,52
*1.42
£2,12
2,09
%2.50
*2,55

231.2 4,21
5.60
'5.70
7.12
4,00
3.83

15,25
7.87
14,72
14.75
7.97
10.39
13.08
6.37

©3.21

14.28
6.48
5.58
4.98
2,18
6.77
6.68

10.98
7.37
4.31

10.05

12.32
3.35

-84~

0.357
0.410
0.388
0.375
0.385
0.362
0.350

0.369
0.370

0.366
0.326

0.429

0.429
0.443
0.413
0.429

0.268
0.281
0.281
0.280
0.241
0.314

0.460
0.473
0.511
0.450

0.445

0.439
0.460
0.415
0.387
0.437
0.372
0.421
0.413
0.423
0.404
0.411

0.312
0.315
0.311
0.315
0.281
0.351

*
Runs in which [03] was moanitored.

4‘Runs in which both [03]) and [NO3} were monitored.
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L : J 3
could be detected. The average stoichiometries measured by Wu et al.'3

at 299°K are plotted as dashed lines. Their average uncertainty was
Two

0.15 for both the case of excess 0, and the case of excess NO

3 2°

reactions were run at 248°K in which data points for both O3 and .

N02 were recorded. This was done by going back and forth between
- the wavelengths for following the separate species (255 nm and 390 nm).
The data ﬁeints for each wavelength'were then fitted by a ieast-squares
treatment to a polynomial. Evaluation of the polynomial curves showed
Fhat the stoichiometry was approximately constant throughout the

reaction.

The rate constants in Table VII calculated using the experimental |
stoichiometry have much less scatter than those ealculated from an
assumed value of 2.00. This gives support to the contention that
the experimental stoichiometry best describes the‘eystem and should
be used to evaluate ;he data. An Arrhenius plot of the rate constants
_calculated using the measured stoichiometry is presented in Fig. 20.
.The results of.Johnston and Yost27 are giveﬁ by the upper solid line
which indicates the temperature range of their experiments; the dashed
line is an extrapolation of their data. The room temperature result
of Wu, Morris and Niki is also plotted. The other solid line indicates
the temperature range of the present results and is calculated from
82 kinetic runs. A linear least squares fit of the,data in Table VII
to Afrhenius parameters gives:

_1’

13 e—(4900i60)/RT

h = (1.34+0.11)x10" cmomolecule Tsec (73)

(uncertainties are standard deviations).
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2. §295i03 Reaction
Measurements of the NZOS catalyzed decomposition of ozone were
carried out using infrared scanning techniques for mohitoring 03,

NZOS and HN03. The reaction cell was conditioned with N20S and 03

in a flow system at one atmosphere total pressure. The relative

amount of N,O. being converted to HNO., on the walls decreased slowly

275

with timé, but was always greater than 10%. When the flows were

3

stopped, the NZOS would be completely converted to nitric acid in

2 to 4 hr.

The reaction éell was closed off from the flow system at the start
of an experiment. Ozone was measured by scanning the'ﬁ.é to 5.765 u
region. Nitric acid and nitrogen pentoxide were then measured by
scanning the 7.0 to 8.365 u region. A set of méasuréments of all
three speciés took 10 to 11 min. The starting time for each scan was
recordéd frém a Precision Scientific Company timer, and allowance was
made for the time needed to reach each absorption band of interest.
From 5 to 10 deéterminations of the éancentrations of the three species
were made ovér the course of an experiment by repeating the pair of
scans as quickly as possible. ‘The,data points for each reactant were
least~squares fitted to a third-order polynomial tb'give‘its
concentration profile as a function of time. The décays of O3 and
N205>are typified by the concentration vs time profiles presented in
»Fig. 21 for run, number 16. The polynomial curves for_[03] and [NZOS]
usually fit the data points with_a standard deviation smaller than

0.27%. The coefficients for the polynomials can be found in Appendix B.

The differential rate of change of ozone is calculated from the
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concentration profile polynomials and used in Eq. (35). The rate
constants from the central portions-df the curves were averaged and
are presented in Table VIII. The total percent sténdara deviation
‘combines the standard deviation of the rate‘consténts for a single
experiment with uncertainfies in the reactant cross sections. The
data was weighted by the total standard deviation and least squares
fitted to Arrheﬁius parameters. The yesults for the two cells
differed by 10 calories in the activation enefgy; The combined data
gives

/3 2)13 - .

1/2 (kh)? (74)

1/3. -1

cm molecules " ."sec

(1.39t0.19)x1o5 e'(197°°#8°)/RT

An Arrhenius plot is shown in Fig. 22 with the sblid'line'giving the
present results. The results of Schumacher and Sp?enger are shown
by a dashed line.

Experiments of this type were also carried out with photolysis .
lamps flashing at 8 cps. Oxygen was used as fhe cérfief gas tovkeep
the steady_state concentration of oxygen atoms léw. The normal ozone
decay will, then belaffegtedﬂoﬁly by reactions jl and j2 for NO3
photolysis. .Table IX contains the resulfs from experiments in the
UV cell using red, green and gold lamps. The data was evaluated
using Eq. (35), and no correctio;s were made go the rate constants
to take into.account the effects of reactions jl and j2. When the
temperature of ﬁhe system rose due.to'heating by the lamps, the rate

constants were extrapolated back to 297.8°K by Eq. (74). Most of "the

dark runs included in Table IX are within the experimental uncertainty
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Table VIII. N305 catalyzed decomposition of ozone.

Run Temp. IOj]O [N20519 \ %(Khy%(ng% Total %
No. (K) 15 3 - .9 _1 _, Stand.Dev.
(107" molecules/em™) (10 ° cm molecules 3sec )
(Surface/Volume = 0.180 cm-l)
1 298.8 29,0 2.03 0.547. 1.6
2. 298.8  72.6 1.40 0.561 1.7
3 298,8  63.7 1.09 0.547 0.8
4 314.4 55,3 0.96 2.972 2.3
5 314.4 43,8 1.23 2.891 1.1
6  314.4  38.7 1.71 2.808 1.5
7 330.2  21.9 0.42 12.41 5.4
8  330.2 9.31 0.31 12.31 4.1
(Surface/Volume = 0,252 cm-l)
9. 297.8  53.3 0.58 0.488 1.9
10 297.8  58.8 1.07 0.482 : 1.2
11 297.8  67.4 1.38 0.462 1.5
12°  297.8  31.7 1.28 0.504 2.6
13 297.9  85.1 1.10 0499 2.2
14 297.9  40.4 0.56 ‘ 0.479 1.8
15 313.4  30.1 0.67 2.558 3.5
16 313.4  23.6 0.79 2.632 : 2.2
17 313.4  31.2 0.76 2.597 1.9
18 329.0 390 0.25 10.99 2.
19 329.0 29.2  0.45. 10.82 - 4.4

20 0 329.0  31.4 0.83 : 11.09. 41
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Apparent rate constants for the Ny05 catalyzed decomposition
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of ozone .in the illuminéted UV cell.

SN S
T(Kh)3(2g)31

Run Lamps =~ Temp. 103]5 [N05]g Total %

No. (K) _ (1015 moléculeé/cﬁ ) (10_9fcm mqlecules-ﬁééc-;) Stand.Dev.

21 Red 298.4 81.6 0.968 0.546 1.0
(297.8) (0.511)

22 (dark)  297.8  74.5 1.049 10484 2.5

23 Red = 297.9 70.8 0.919 0.494 2.4
(297.8) (0.488)

24  Green 298.1 81.3 0.824 0.436 1.2
(297.8) ‘ (0.422)

25  (dark)  297.8 79.1 0.866 0.494

26  Green 297.9 79.9 0.950 0.445 .
(297.8) (0.441)

27 Gold 297.8  80.1 1.422 0.478

28 (dark)  297.8 76.5 1.800 0.487 .

29 Gold  297.8 71.5 1.433 0.472 .

30 Gold 297.8 83.1 1.357 0.468 .

31  (dark)  297.8 72.8 1.715 0.484 .
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/ /3

3(Zg)l- dark value of
1/3 1

of the average 1/2(Kh)2

(0.484&0.012)x1o'9 cm molecule sec ~ for 297.8°K in Table VIII.

The effects of the NO3 photolysis reactions will be evaluated
later (Section IV-B).

3. Effects of Reactant Self-Heating

The enthalpy changes of chemical reactions can cause nonuniform
temperature distributions in isolated reaction cells. Since the
NZOS—O3 and N02—03 reactions are both quite exothermic (34.1 kcal/mole
and 47.3 kcal/mole, respectively), the effects of reactant self-
heating on the measured reaction rates must be considered.

Analytical solutions for temperature profiles in exothermic
reaction systems have been summarized by Boddington andAGray.69 Their
equations for the case of an infinite cylinder will be used to
predict sélf—héating effects on the present results. The Frank-
Kamenetskii paraméter, §, is a diﬁensionless rate of ﬁeat release: -

—E/RT 2
§ = (que o> a g : (75)

ART
o

reactant exothermicity

where ¢

d = density of reactant mixture

-

A = Arrhenius pre-exponential factor
E = Arrhenius activation energy

R = universal gas constant ' -

a = radius of reaction vessel

3
it

ambient temperature of surroundings or thermostat

= thermal conductivity of the reactant system
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The dimenéionless temperature excess, O, is given by

E ' _
0= (T-T) —= . . - (76)
° RTi . .

and the temperature profile is -

S(1 + ¢cpY) o
where p = gy-the dimensionless distance from the center of the cell
C = the lower solution of the equation
- 8C .
6= —5— (78)
(1 +0) ' '

These equations are used for the sample calculations for the NZOS—O3
reaction summarized in Table X. The worst cases for each reaction
cell are used in ;he’éalculations. ‘A similar calculation for the

N02—03 reaction gives a 8 of 0.034 and a maximum temperature rise of
0.15°K, a quantity insignificant for a reaction with only a 4.9 kilocalorie
activation energy. The NZOS—O3 reaction, however, has an activation

energy of 19.7>kilocalories and this results in an increése in the
feaction rate of 1% per 0.1°K.

The a50§e calcuiations are based on the assumbtibn that cpnduction
is the only mode of heat transfer. The contfibution.of natural convection
'to.tbé heat transfer rate has been observed to depehd on the Rayleigh

num_ber.70 (The Rayleigh (Ra) number can be calculated by71

Ra = Aa3AT » (79)

where A = a,pfoperty of the fluid called the convection modulus

a radius of vessel
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Reaction cell tempefature profile

Table X. calculations for the
N,05-03 reaction. ‘

W Cell P 0(p) AT(K)
a = 7.5cm 0 0.024 0.26
Tg = 329.0 K 0.2 - 0.023 0.25
03 = 31.4 x 10 molecules cm > 0.4 £ 0.019 0.22
Ny05 = 0.83 x 107> molecules cm > 0.6 0.015 0.17
= 0.0883 0.8 0.009 0.10
C = 0.0113 1.0 0.001 0.01
IR Cell p o(p) AT (K)
a = 15cm 0 0.049 0.54
Tp = 330.2 K _ 0.2 0.047 0.51
03 = 21.9 x 10™ molecules cm > 0.4 - 0.041 0.45
Nj0s = 0.42 x 10%° molecules e 0.6 ©0.031 0.34
= 0.195 0.8 0.016 0.18

cC = 0.0256 1.0 0 0
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‘The convection modulus A is approximately 65 cmn3°K—l for air at

328°K.) >AShmore, Tyler and Weéley70 féund thét for sphericél.vessels‘
the ratio of temperature rise calculated to tempefature rise observed
varies liﬁeariy with the logarithm of the Rayleigh number for

Ra > 600f‘ The Rayleigh numbers for the NZOS—O3 reactions presented

in Table X are 7.1x10° and 1.2x10° for the UV cell and IR cell,
respeétiVély;' Applying these numbers.to their graph, the maximum
exéected £emperature,:ise becomes 0.12°K for both cells. The reaction
cells' thermoweils were located at about p ='0;4,'énd the thermocouple
signals measured»at-these points were used for détérmining the

temperatures of the static cell experiments. No temperature rise

due to the presence of reactants was detected.’

c. NO, Steady State Concentrations

Nitrogen trioxide is a freé radical intermediate in the N205—03
system, and its concentration depends on those of O3 and Néo5 and
on ﬁhe rate constants relating the three species.v‘The concentrations
of NO3, 03 and N205 were measured under steady state flow conditions
in the UV cell. The NO3 visible spectrum was scanned, and after a
quick conversion of the system to infrared use, the Néo5 and 03”;
spectra iﬁ the infrared were scannéd. When severa1 sgts of data .
were taken at one flow condition, the con;en;rations of NZOS and 03

at the time of ah NO, scan were obtained by interpolation. The cross

_ 3
sections used for the reactants have been described in earlier sections.
The steady state concentration data is summarized in Table XI.

The quantity B refers to the left side of Eq. (37), and the values

- listed in the table are the ones calculated after the iteration process
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Table XI. NO, steady state concentrations and data for equation (37).

3

4 2 - B
(x0,) -4

[N03]x10_13 [03]x10_16 [»1205]:(10'1 ;
x10 (molec cm ")
w5y N,05) }

molecules (:m"3

© 297.8°K © 3.844 2.589 8.630 0.682 2. 714
3.880 2.511 8. 630 2.695 2. 787
2.672 2.859 Z.619 2.954 Ze599
2.697 2. 869 24619 0:568 26 662
3.874 . 2.048 5512 C . B.837 2. 663
3.098 2.06%2 5.510 : e.345 2. 786
1.241 1.055 " 0.834 1.750 2.239
1.244 "1.055 0.829 1.769 e 268
1.238 l.064 B. 505 2.205 2.135%
1.043 l1e@64 B.50¢ 2.037 24176
1558 1.875% @535 1e 550 De l6G
1.844 1957 14349 le 288 Ze 427
1.860 " 1.e972 1.372 1.279 2¢ 428
1.764 1.177 2.103 le257 Ze 306
l.792 1.182 2.103 le 292 Ze 4G5
1.800 1. 199 2.17t 1.245 2. 529
4.285 Se 037 S. 862 .22 . C oz Tl
44340 5.032 5. 560 2. 639 Ce 820
3.239 1.623 3.290 Q. 789 Ze 662
3.253 1.60¢€ 8. 360 2.75¢ 2. 639
1.197 2.579 1. 628 1«53% 1.970
1.197 0.58%2 1. 620 . 1. 531 1.560
24699 2973 B¢830 e 048 Ze 466
2.722 P.973 8.910 @. 855 2e 505
/ ?.958 2. 664 P.807 le 522 1o 658
1.812 @.663 2.807 1.914 C.028
2.694 2.990 8.160 0.598 2. 594
2.7%6 2.985 8. 1602 _ 3.911 2. €41
4,721 ©3.347 11.29 .5865 . 052
4.725 3. 394 11. 39 B.575 2. 810
4777 3.463 11.48 G. 574 _ 2.623
44831 3. 544 11.56 9.570 . 2. 831
3.224 3.198 3.893 2.835 2. 748
3.228 3.195 3.894. Z.838 2. 762
3.220 © 3.188 3.908 @.832 2. 736
3.217 34177 3.907 @.834 2. 738
40206 3. 159 8. 540 2.656 2. 835
44221 3.212 8. 570 s 647 2.808
4,251 3.284 84590 B.641 2.798
4.298 3. 364 8. 550 0.€642 2.834
3. 8¢ 1.606 . 12.33 2.655 24664
3.682 14572 12.43 P.€694 2. 702
3. 649 1.542 12.54 Be 659 2. 661
3. 622 1.515 12.59 P.638 2. 641
3.787 4.354 44160 0. 706 2. 714
3.824 . 5.044 4.154 2.698 2. 709
3.861 5.157 4o 1406 0.697 2. 731
3.332 5.238 44137 0.695 Ze 739
5542 S« 511 1879 Ge517 2.918
5. 522 5,453 10.83 2.514 2. 891
5. 538 5.458 12.86 Ge517 2.922
5. 328 8.9085 5.953 B 535 2. 833
Se345 9.263 5.932 2.531 2. 370
5385 9.2306 5.9@7 e 532 . 2.893

64575 8. 400 14431 Q.uds 2.8€68
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Table XI. (Cont.)
2
(NO,) . B
-13 -16 -14 <4 _
[NO3JXl0 [03]x10 [NZOS]XIO (03)(N205) x10 (molec cm 3)
« - molecules cm
297.8°K  7.187 9. 140 14438 0.393 2. 866
LT 74396 9.930 14. 44 : 2. 381 2. 861
7609 10.84 14. 41 0.371 2.857
4719 6. 648 5. 843 . ©0+573 2. 742
44745 6e739 S.847 B.571 2o 748
44766 6.804 5¢852 2.570 2.755
4.776 6+ 805 5.860 R.572 2. 768
313.4°K 1975 0.535 2.890 8.192 17.44
_— 1.978 P.538 2.890 8.171 1 7. 42
1.483 P.228 fe151 84399 144 78
1.504 2.224 1151 8. 758 15.57
3.818 @. 605 6450 3..736 1651
3.873 B 605 6¢510 "3.809 17.03
5283 1.221 7.140 3.201 18.41
5.324 - 1. 221 7.220 ‘3.215 18. 63
7350 3.0690. 6. 960 2,512 19.24
7360 3.108 6¢960 2. 504 19.20
4. 800 3.412 1.880 3.592 17.67
4,823 3.4l 1.880 : 3. 627 17.92
3. 567 - 34493 B.710 - 8.130 18.59
3.555 3. 586 0.710 5.C77 18.34
5.774 24343 4e 860 2.928 17. 71
5.858 24346 4.860 3.019 18445
12.76 7.490 14037 1.513 19.83
12.87 7.5209 14.68 1.500 19.84
12. 96 7.550 14092 1.491 19.86
13.03 7.570 15,13 led82 19.85
12.19 6.820 8.p00 1.903 19. 85
10.24 64930 8.040 1.882 o 19.72
10. 37 T.120 8.060 1.874 19.87
12,44 7.320 8.070 1.850 19. 75
11.36 5.816 ' 13.34 1663 19.51
11.39 5e 731 13.78 14643 19. 34
11.37 5¢ 625 13.99 1. 643 19. 32
11.32 5¢516 la.11 , le646 19.29
7960 5.075 S. 200 Ze 401 19.59
7.920 5.008 5200 2.409 19.56
7.930 4. 982 S.21@ 2e 423 19. 70
7.910 4.996 5.220 - Ze 399 19. 46
7.950 5.819 © 54250 2. 399 19.56
3. 506 1e565 1.619 " 4.851 17.73
3.530 " 14558 1. 636 4. 889 17.99
36 545 " 14571 1.651 4.845 17.9¢
3590 1.599 1677 4e 5GE 17.98
. 146 B.811 De 756 7¢511 T 16.99
2.167 P.B0G €e 759 7.648 17 46
2.183 6.817 e 767 74655 1759

2199 0.829 2. 766 7.61% 17. 62
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Table XI., (Cont.) . ’ Lt

. 2
) (N0.) 8 ‘
-13 -16 -14 . 3 -4 |
[NO3]x10 (03]x10 ) [N205]x10 W x10 (molec cm—a) J
( molecules cm ;
329.0°K  13.25 44940 4.850 7.328 ‘ 1¢1.2 !
: 13. 59 L4942 40930 Te 483 105.0 :
9.820 24329 4.340 9540 108+ 2 i
9.932 24330 44 340 : Se 751 . 1903. 4 '
11.26 2716 5. 380 B+677 124. 1
11.24 2722 ’ Se 380 - 3627 - 1633 i
14.93 6o TUD 4,911 6. 726 103. 6 -
1492 6. 673 4.930 ’ 6e 762 104. 1
" 14.89 6+ 615 46953 6e 767 124.2
14.86 6+ 546 5. 003 6e 743 103+ 5"
11.70 6. 125 2550 8. 764 185.2
‘1161 Se 944 24595 - 8.739 104. 2
11.66 Se 799 - . - 2632 84908 106 7 ;
11.56 5.647 24635 8.931 106. 7 f
15. 80 . 5.6829 6. 980 6. 376 124.9 ;
15.93 S. 684 TeD4R 6e 342 - 185.2 . ,
16.01 5. 710 7.090 66 331 125.5 3.
1602 ) 5¢ 695 Te170 "6 285 104.8
12.74 S« 174 2e471 9.022 9984
1. 63 5. 085 2.472 9+133 120. 1
1253 4.881 2e¢ 474 9« 182 9%. 76
10«47 4-75’6‘ 2503 G209 9G. 56
56952 1.613 1.452 . 1513 95. 66
54971 1574 1«437 1%.23 . 96. 76
6+ 0205 le 561 14537 15.23 96.15
7. 359 1737 20492 . 12.16 95.35
T« 343 1720 24531 12. 39 976 56
7+ 389 1742 24578 12.16 - 96.39
G006 3.272 2. 390 16.37 9T7e 46
8e 968 3.25%7 2. 41p@ 10.25 95.94
Be 986 3.210C 2e 446 12. 28 96+ 55 |
B8.987 36217 T 2e474 16.15 95. 32

(Four significant figures were generated by the computer printout, but

the precision for all quantities 1s € .1Z.)
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has convefged to a final value fo: (Kh/2g). Af egch temperature

a linear least squares fit of B vs [NO3]2/[03][N205] was made with
the quaqtities weighted by the standard 'deviations of the cross
sections. = The results were: "_ y

T | ‘2g _ EE _
(°K) (molecules cm 7) (molecules cm )
297.8 (3.127+0.059)x10° (0.573%0.056)x10>3
313.4 (2.018+0.034)x10™° (0.454+0.071)x10"3 (80)
329.0 (1.116:0.039)x10" L. (1.12+0.39)x10%3

Thevvalues for (Kh/2g)1/3, weighted by their standard deviations,

were then least squares fitted to Arrhenius parameters to give:

8 (T4132TA)/RT | 1o cutes 3en™d ~(81)

1/3
Kh
= = +
(Zg) _(4.04_0.47)X10
The solid curve in Fig. 23 gives the present results and the dashed
line gives the results predicted in Table III from the work of

Johnston and Yost27 and Schott aﬁd Dvaidson.18

D. Photolysis Lamp Calibration

The photolysis lamps used in this research produced broad bands
of low intensity visible light. Both the spectral distribution of
the lamps' output and the total photon flux in thé reaction cell were

" needed to determine the NO, quantum yields from the modulation data.

3

This information was also necessary to interpret the effects of

illumination on static cell NZOS—O3 reactions.
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1. Spectral Distribution

In order to obtain the true spectra of the bhotolysis lamps,
the spectral response of thé uv cell's optical system was calibrated
with a General Electric 30A/T24/l7 tungsten ribbon lamp. This lamp
was mounted behind the tuning fork chopper normally used with the
deuterium arc lamp. The output of the lamp was stabilized by a
feedback circuit using a photodiode tp monitor che:light intensity.
The photodiode was covered.by a blue Corning No. 5030 glass filter
Fo'make it moré sensitive to temperature changes;v |

The light intensity I of a true black body is given by the Planck-

distribution law:

27mc dA

(82)

W Wb (GBe/AKT _ |
whére_I = photbns/cm2 sec unitAwavelength‘ v
A = wavelength in cm
c = speed of light.
h = Planck's constant
k = Boltzmann's constant

Thevemissivity of a substance, E(A,T), is the ratio of its radiative
‘emission to that of a black body at the same temﬁerature and wavelength.
 Using the emissivitiés for a tungsten ribbon determined by'be Vos,7

the intensity distribution of the tungsten ribbon lamp can be determined

from

2mc _E(A,T) dX v _
- ; : (83)
A4 (ebc/kKT - 1)

=~

a.

>
|
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The temperature used in Eq. (83) must be the true temperature
of the tungsten ribbon. The brightness temperature S of the tungsten
ribbon was measured with a Leeds and Northrup Model 8622-C optical

pyrometer which was calibrated at the LawrencevBerkeley Laboratory. -

The true temperature T can then be calculated by73
1 1 A
T 5~ — 1n[0.92E(A,T)] : (84)
S C2
where C2 = 1.438 cm degrees
A = 6500 Angstroms
0.92 = transmission factor for the window

The spectrum of the tungsten ribbon lamp was scanned from 280
to 900 nm, and glass filters were used when'necessafy to eliminate
light diffracted in second order. A RCA C31025J photomultiplier with
a sapphire window_wés used for detection. Lamp spectra were taken |
at briéhtﬁess temperatures of 2100:1°K apd 2173+1°K (true températufes
of 2300°K ana 2388°K). Correction curves for the optical system
were obtained by dividing the observed lamp spectré by the spectra
calculated from Eq. (83). When ﬁormalized.at one point, the two
correction curves agreed within a 1% average'uncer;ainty; The average
correction curve,normalized to one at 470 nm, is presented in Fig. 24.

Photolysié lamps of various colors were powered by the lamp
flasher power subply and mounted behind.the tuﬁing fork.chopper. Their
spectra were takén with the same filters used‘with the tungsten ribbon
lamp. The corrected photolysis lamp spectra are presented in Fig. 25.

The ratios of the total light fluxes for the green, gold and red lamps
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Relative Lamp Intensities

470 510 550 590 630 670 7|O 750 790
Wavelength (nm)

XBL 759-7285

Fig. 25. . Relative intensities of photolysis lamps at 298°K.
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" were 1.0:0.56:0.23, respecgively. The visible Specﬁrg of NO3 and 03
are included in Fig. 25 to show the degree of oveflap with the various
lamps.

| The average cross sectipn for NO3 absorption fdr each lamp spectrum
is the wavelength integrated product of cross section (GA)’and lamp

intensity (LA):‘

(85)

Since nitrogen dioxide and oxygen atom are energetically possible
products only for wavelengths less tﬁan 580 nm, the average NO3 cYoss
section is computed bbth for the region above and the region below
this wavelength. Table XII contains the average NO3 cross sections
and thevfraction of the light in each wavelength fegion., The average

ozone cross section for each lamp is also included in the table.

2. Light Flux Calibration

The products of ozone photolysis by light in the 570 to 630 hm
region are ground‘state oxygen atom and oxygen, and no energy chains

that destroy ozone have been observed.sl"’55

Since the rate constants
' . : 50 :
for oxygen atom reacting with O2 and 03 are well known, ozone can
be used for actinometry with the photolysis lamps.
Ozone from a dry ice temperature silica gel trap was liquified
at liquid nitrogen temperature and pumped on to remove oxygen. The
ozone was then allowed to vaporize slowly into the evacuated cell

until the pressure reached 2 to 3 Torr. Concentration determinations

were made from ozone's visible absorption spectrum. The ozone
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Wavelength averaged cross sections (c,x'n2 molecule-l) of

Table XII.
NO3 and 03 for different photolysis lamps.
Lamp ONO3 - Z Light  dyp, Z Light %
' (A £ 580 nm) (X'> 580 nm) 3
298 K . . -
Green  1.88 x 10728 93 2,99 x 10718 7 2.76 x 10721
Gold 2.51 x 10718 37 3.1 x 10718 63 3.82 x 10721
Red —_ 0 222107 100, 2,13 x 1072
429 K
Green  2.01 x 10718 93 .0x1078 4 2.76 x 10721
Gold  2.67 x 10718 37 3.22%x 1078 63 3.82 x 10721
Red — 0 2,17 x 1008 100 2.13 x 10741
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concentrations were measured beforé and after 30 min periods of
illumination by the flashing lamps. The ozone decay rate for 30 min
in the dark was measured after each period of illumination. Sincé
30% of the cell volﬁme was in the end caps and shielded from the lamps,
the actual intensity of the lamps was a factor of 6?%6 larger than
that calculéted from ozone destruction. (The path lengths used for
modulation calculations were multiples of 708 cm, the part of the
monitoring beam's path that.was illuminated by the lémps.) After a
period of illumination, about 30 min were required‘for the ozone
concentration to equalize throughout the cell. 'Sevefal determinatiohs
of the ozone concentration were made during this pefiod so that an
extrapolation could be made back to the point where the lamps were
turned off.. Only 257% of the initial ozone was destroyed in an
experiment. Under these conditions, the overalllquantum yield for
ozone photolysis was =1.995. |

The light intensities measured for the primary reaction cell were:

Lamp 297.8°K ~329.0
Creen 1.55%0.15. 2.03%0.21
Gold 1.07+0.02

Red | 0.33£0.04 0.29+0.05

(units are 1016 photos/cm2 sec)

Both ozone's low visible absorption cross section and the concentration
fluctuations due to the end caps were responsible for the large
uncertainties in the light flux measurements. The ratios of the 298°K

intensities for the green, gold and red lamps were 1.0:0.69:0.21.
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Since these ratios are similar to those obtained in the determination
of the spectral distributions of the lamps, it appears that no energy
chains are present in the photolysis of ozone by green light.

E. Modulation Experiments

The modulation experiments produced several types of kinetic
information. The absorptions and roles of several major reaction
species were identified by their modulation phasevshifts and amplitudes.

Other modulation derived information included the NO, visible absorption .

3
¢ross sections, the primary quantum yields for NO3 photolysié, and

" the rate constants for oxygen atoms reacting with NO3 and NZOS' All
modulation experiments were performed in a flow system at one

atmosphere total pressure.

1. Identification of Reaction Species

Preliminary experiments were carried out to determine the
modulation behavior of the various reaction species. In the NZOS—O3
flow system, the species present in significant concentrations were
03, N205, HNO3 and NO3. The NO

strong visible absorption spectrum. The amplitudes for different

3 modulation was monitored by its

wavelengths in this spectrum were proportional to their respective

NO3 absorption ¢ross sections, and the phase shifts were identical

throughout the region. The NO3 phase shifts for flaéhiﬁg frequencies’
near 1 cps weré approximately 90°, and this indicates that NO3 is

a reactant being @estroyed by light or fast intermediates. Ozone has
a weak.absorption that overlaps the NO3 spectrum, but its predicted

modulation amplitude was several orders of magnitude smaller than

that of NO, and could not be detected. The ozone_concentration

3
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.modulation'@as.elso undetectable at the near ultfaviolethuggins bands
and the 4.7 W infrared ahsorption bands. |

The infrared absorption of HNO3 af 7.70 p wee-monitored to .
determine if nitric acid played a role in the modulation kiheties.

H
Since no phase coherent signal was detected, the HNO3 concentration

modulatlon is at least a factor of 10 smaller than that of NZOS

The NZOS ‘modulation was monitored at its 8.028 u infrared

absorption peak. The phase shift for this signal always differed

from that for'NO3 by approximatelj 180°, and this indicates that NO

and N205 have a reactant—p:oduct relationship. Modulation data was

taken at 10 cm -1 intervals in the 1325 to 1375 cmfl'region where an

3

NO absorptien band has been reported. 20 The NO, phase shift at

3 3
627 nm was 12l°, and the N2 5 phase shift at 8. 028 u was -62°. The
amplitude and phase shift data inFig. 26 indicates ‘that this

absorption band is due to N The absorption cross sections for

205.
this band were calculateq from the 8.028 u N2 5 CToss section
and the ratio/ef modulation amplitudes. These cross sections are
plotﬁed'in Fig;115.

Nitrogenidioxide ie a low conCentfation, fast inhermeaiate in
this system and attempts were'madevto detect this.épecies by its'
.strong near ultraviolet absorption spectrum. Sihce,no modulation
signal could be detectee, the ratio‘of the NO3.coﬁcentrationvmodulation
to that for NOz_was greater than a factor of 10. Nitric oxide and

oxygen atom modulations. in this system were much too small to be

detected.
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Fig. 26. Modulation amplitude and phase shifts for the 1320 to

1380 cm“1 region at 329°K with green lamps.
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2. gg; Absorption Cross Sections
bd .

‘Absorption cross sections for N205 were determined by an NOx :
mass balance in flow exﬁeriments aé described in an eérlier seétion.‘
The conceqtration of NO3, however, waé much too small to be accurately
determined by the NOx mass balance. Since the destrhctionvof two
NO3 molecules.résﬁlts in the productiop of approximately one'NZO5
molécpie, the NO3 absorption croés sectién can be calculated from the
'r#tio of modulation signals for NZOS and N03. Both green.and gold
Photolysis laﬁps_wére used in these measurements.  Since the only

quéntity of‘interest in this part of the study was _ the rétio of
modulation ampiitudes, accurate values for the photon fluxes were not
needed.b The contributions.of oxygen atom reactions to the modulation
amplitudes had the same ratio as that of the photolysis reactions.

25

and the much stronger NO3 signal for 10 min. The N03vmodulation was

‘The N,0 modulation signal was averaged for 30 to 60 min at 1/4 cps,

monitored at 627 nm, the center of a fairly broad absorption band
that obeyéd_Beer‘s law, and N205 was observed at its 8.028 u infrared
absorption peak. The stoichiometric factor (S.F.) relating the

Nb3 and N205'concentration modulations was obtained for each set of

conditions by a complete computer simulation. The NO3 cross section

at 627 nm coﬁld then be obtained from the N205 cross sections

(Eq. (70)) and the ratios of modulation amplitudes and optical

path lengths:

ANo LN o, . ‘
-5 1 3 2°5 _ o (@87
627 N.O. S.F. A L.
2 5 N205 No3

g
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The data for Eq. (87) is summarized in Table XIII. The resulting‘.

NO3 cross sections have been presented in Eq. (65).

3. NO, Quantum Yields
)

3

proportional to its primary quantum yield. Modulation experiments

According to Eq. (48), the NO, modulation amplitude is directly
were carried out to measure the quantum yield usihg red, green and

gold lamps. Oxygen was used as the carrier gas in order to suppress
possible contributions to the modulation amplitude from‘okygen atom

reactions Qith NO3 and NZOS.' These egperiments Qere performed in the
UV reaction c?ll, and a summary of the data is présented in Table XIV.
The quantum yields were calculated from a computer simulation of the
reaction sysﬁem fér each set of conditions. The light fluxes from
Eq. (86) and the absorption cross sections from Table XII were used
iq the calculations; The uncertainties in the quantum &ields.include
contributions from uncertainties in the light fluxes and from |
complications in the [NO3] determinatiqn: the green and gold lamps

reduce the steady state concentration of NO, by 5 to 30% in the lighted

3
ﬁpoftion of the reaption cell, but the optical path for spectroscopic
monitoring also passes through the end caps (29.6% of the volume) where
no NO3 is phot91yzed. Convective mixing between the lighted and
unlighted portions of the reaction cell adds to thg #ncertainty in NO3
céncentratibn. The correction for these effects introduces about a

2% uncertainty in the quantum yields.

The calculation of the primary quantum yield depends strongly

on the NO, photolysis products. The rate of reaction f, NO + N03,

3



Table XIII. NO3 absorption cross sections derived from modulation data.

: _ 18
Tewp. - Gas Cell % 0, % : Stoich. Avo;  Twyos - % S:D. Og7 * 10
) d oos Factor of Mean
(molecules cm-3) . : (em) | S . (cm2 molecule-l) . C:’
298 UV Cell - - 4 4.6 x 1010 2.04 0.02286 708 8.8 . 6.23 o
Green '5.3 x 1014 0.000785 2832 _ e
298 W Cell 99 9.1 x 1016 2,02 0.0289 708 13.8 7.06 n
Green 6.3 x 1014 0.000887 2832 ' <o
4 . N -
298 IR Cell 4 3.9 x 10%6 2.04 0.00510 1200 9.1 7067 : 2
' Gold 3.4 x 1014 _ . 800
298 IR Cell 4 4.0 x 10%6 2.04 0.00495 1200 5.5 7.69
Gold 3.1 x 1014 0.000828 800 : P
298 W Cell .5 6.7 x 106 2,03 0.0127 708 4.3 "~ 6.97 .
Green - 6.0 x 1014 0.00157 708 - | o
[ .
298 W Cell - .5 6.7 x 10'8 2,03 0.0122 708 5.1 6.81 - po
Green 6.0 x 1014 ‘ 0.00154 708 ' . i
| | o - o
313 IR Cell 9 3.5 x 10° 2.10 0.0164 400 7.0 7.46
Gold 13.9 x 1014 _ 0.000881 800 o
313 IR Cell .5 5.2 x 10t8 2.07 0.0242 400 2.2 - 7.06
Gold . ©11.5 x 10%4 0.00139 800
313 UV Cell. 91 7.6 x 108 2005 10,0237 708 4.7 7.9
Green 8.4 x 1014 0.00270 708 : ’
313 UV Cell 91 7.6 x 106 2.05 0.0233 708 4.3 . 72
: Green 8.4 x 1014 : 0.00267 708
313 W Cell s 6.0 x 1012 2,07 0.0273 708 2.3 6.76
Green 5.4 x 10t 0.00328 708

. contd, .



Table XIII, contd.

313 UV Cell .5 7.5 x 1010 2.07 0.0296 . 708 2.4 7.07
Green 5.4 x 1014 0.00340 708 o
329 IR Cell .5 10.5 x 10%6 2.07 0.0187 400 5.7 7.83
Gold 10.1 x 1014 0.00180 400
329 IR Cell .5 8.6 x 1088 2,07 0.0184 400 5.2 '7.18
Gold 10,2 x 1014 0.00193 400
329 IR Cell 99 3.5 x 1018 2.16 0.0217 400 4.5 6.27
Gold 13.8 x 1014 0.00125 800
329 IR Cell 99 3.5 x 1010 2.16 0.0217 400 7.3 6.70
Gold 13.8 x 1014 0.00117 800
329 UV Cell 99 5.1 x 10-8 2.07 0.0182 2832 2.8 7.3
Creen 1.5 x 1014 0.00747 708
329 UV Cell 99 5.1 x 108 2,07 0.0196 2832 2.7 7.18
Green 1.7 x 1014 0.00823 708 :
329 UV Cell 99 6.0 x 10%° 2.08 0.0265 1416 4.2 7.02
Green 5,2 x 1014 0.00565 708
329 UV Cell 99 5.7 x 1019 2.09 - 0.0259 1416 . 3.0 7.24
Green 5.2 x 1014 : 0.00535 708
329 UV Cell 99 5.1 x 108 2,08 0.0216 2832 3.0 7.42
Green 2.6 x 1014 0.00873 708
329 UV Cell . 99 4.9 x 10%° 2,08 0.0211 . 2832 - 3.9 6.96
Green 2.7 x 1014 R 0.00910 708 :
329 wecell .5 5.2x 108 2.10 0.0411 708 2.6 6.74
Green 7.4 x 1014 o 0.00452 708
329 UV Cell .5 4.7 x 10-° 2.11 0.0402 708 1.7 6,96
: Green 7.6 x 1014 0.00428 708 :

-81T~
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and that of reaction i, NO + 03, were about the same under most of the
experimental conditions of the present study. If NO is a photolysis

product of NO,, reaction f would increase the observed destruction of

3

NO3 and thus'the apparent quantum yield} The quantum yields in

Table XIV were calculated assuming that the products of red light

'photolysis were NO and O, and that green light gave NO, and oxygen

2 2

atom. The 377 of the gold lamps' output below 580 nm was assumed

to give.NQ2 and O(3P)‘ and the residual modulation amplitude was
assumed to-bg due to production of NO and 02 by'light of wavelengths
‘greater thanv580'nm. Refinements of these product distributions by
considering the data from the illuminated NZOS catélyzed destruction
of ozonebwill be presented in-Seé;ion IV-B.

4. Oxygen Atom Reactions$ *

Ground state oxygen atoms (03P) are generated in the NZOS—O3

' systeﬁ from photolysis of both 03‘and NO,. ' Because oxygen atom is &
very fast intermediate, reactions m and n w001d>fé§ﬁlt in a NO3
mddulation‘with the same phase shift as the NO3 photolysis reaétions.
Nitrogen wasIQSéd as a carrier gas in experiménts to measure the rate
constants for reactions m and n. A lbw, known concéntration of oxygen
"was pfesent due to a smail oxygen'flow through theaozbnizér. Since

the rate of‘reaCtionipB, 0 +'02 f M, was about 10 tiﬁes that of any
other oxygen atom reaétion, the oxygen atom concentration was almost
directly pfOpérfional to the rate constant for this reaction. The
priﬁary quantum_yieids for NO3 determined from th;_data in the previous

section were used to calculate the NO3 modulation amplitudes due to

the photolysis reactions jl and j2. The residual amplitudes observed



Table XIV.

Primary quantum yields for NO3 photolysis from 1/4 cps modulation data.

lamps Temp  [NO3] X 1078 051 x 1074 f031 x 10718 L Mod. Amp.  Primary
(X) —molecules cm-3 {cm) {@627nm) Q.Y.

Red 298 6.00 11.19 6.076 1416 0.000457 0.055 i1t
298 2.274 3.22 1.157 2832 ,000338 .050 0.0490.010
298 5.33 13.62 "3.364 1416  .000332 043

Red 329 12.04 8.38 2.045 1416  0.000668 0.043 i
329 13.70 16.97 1.545 1416  .000768 .045 0.044£0.,09

Green 298 2.74 3.96 3.11 708 0.00518 1.11
298 4.00 8.65 3.434 708 00740 1.06 3p
298 5.25 11.00 5,94 708  .01002 1.08. ©1.07:0.09
298 5.02 5.96 9.35 708 00914 1.03

Green 329 14.71 5.07 6.35 708 0.0267 0.80
329 11.22 2.640 5.48 708 .0218 .86 3t
329 7.35 4.15 1.120 708 .01335 .80 0.80:0.14
329 11.49 7.19 2.40 708 .01991 .77
329 17.49 14.85 3.86 708 .02800 .75

Gold 298 5.49 11.41 6.12 1416  0.01757 0.37+0.44
298 5.58 11.86 6.17 1416 .01775 .37+0.44 1yt
298 3.656 15.24 1.607 1416 01144 .37+0.40 0.430.02
208 3.645 15.16 1.583 1416  .01154 .37:0.41 3y
298 5.71 12.66 6.27 1416 .C1324 .37+0.44 0.37
298 5.83 13.09 6.32 1416 .01855 370,44 (assumed)

-0¢T-
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‘with the ﬁitrogen'carrier gas were attributed té reactions m and n.
Computer‘simulations showed a linear relationship Betwéén the rate
'constanﬁs‘m and n and the calculated modulation amplitudes due to
these reactions. The modulation contributions~froﬁ thgse two
reactions_can thus, in principle, be separated by ygrying the NO3
to NZOS ratiovand solving the resulting simulpaneous equations for
the rate constants m and n. Since the qélculations are based on

the conclusibns»drawn from the other parts of this study, analysis

of the data will be deferred to:Section IV-C.
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IV. KINETIC RESULTS
Informétion from the various experimental techniques employéd
in this study must be combined in order to elucidate the kinetics
’of the NZ.OS—O3 syétem under visible illumination. The complexity'of
the system increases from studies of the reactions without light,
to studies employing'visible illumination with oxygen as the carrier
gas, and finally to studies of iliuminated.reactioné with nitrogen
as theAcarrier gas and with the consequent oxygen atom reaétions.
A.. §295:93 Kinetics |

The behavior of the N2054O3 system in the unilluminated reaction

cell can be well described by reactions A through'i and w. The only
directly meaSuréd rate constant was for the N02-03 reaction (Eq. (73)).

/ /3

The N,0. catalyzed decomposition of ozone gave 1/2(Kh)2 3(Zg)l

2°5
Eq. (74), and measurements of the steady state concentration of NO3

/3

as a function of N,0. and 0, led to (Kh/Zg)l , Eq. (81). The equilibrium

v 7275 3
constant K can be obtained by multiplying Eq. (74) by_Eq. (81) and
dividing By thé rate.constant h. Substituting K and h in Eq. (74) or
Eq. (81) then gives the raté constant g. These rate constants are
listed.in Table XV. The uncertainties for K and g were obtained by
propagation of the standard deviations of the quantities in Eqs. (73),
(74) and (81).

This fathér involved method of obtaining values.for K and g results
in calculated uncertainties about twice as large as those for the
experimentally measured quantities. A consideration of the parameters
involved in obtaining ﬁhe quantities in Eqs. (74) and (81) will show

that the above error limits are conservative. Neglecting the NO3
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Table XV. '.Compa:ison of rate constants with literature values,

Temp; Range of Reaction Pre—e#ponential Factor E, (calories) Reference
Data (K) (cm3 mole::ule—1 sec-l) 300K
231-298 (1.34.11) x 10723 4900+60 This work
298-329 (8.4¢1.8) x 10%0 22210200 This work
e molecules cm-3 »
298-329 (8.5¢2,8) x 10713 4870£200  This work
286-302 9.8 x 10712 7000600 27
450-550. 2.0 x 1028 21,000£1000 18
. "‘3
molecules cm
. 550-1100" 3.2 x 10712 7100£1000 18
. 260-343 (9.76¢.54) x 10714 48244280 35
259-362 (1.57¢.41) x 10713 4985+150 36
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correction terms, Egs. (35) and (37) become

(&)1/3 - [NO,] )
2g - 1/3 1/3
[03] [NZOS]
| _ d104]
2/3 1/3 _ dt
12 Pt s — e e (89)
[0,17"7[N,0,] ,
Multiplying thése two equations together and dividing by h gives
.d[o3]7 ,
_ - [vo,]
¥ dt 3

" 1[0, [N,0,] (90)
The coﬁcen;rations of these chemical spéciés were determined from
experimentally measﬁred absorption cross sections. Since the N03‘
cross section is directly p;oportional to that of'NZOS,Vthe cross
sections in Eq. (90) cancel out and uncertainties due fo the O3
and NZOS crbés sections diéappear. Approximately oﬁe third of the
calculated uncertainty in K is due to these cross sections.

The results of Johnsﬁon and Yost27 and Schott aﬁd Davidson18
are included in Table XV for comparison with the preéent study. The
error limits for only the equilibrium constant K from_the two studies
overlap. The»fecent mass specfrometric results Of Davis and co-workers
and Herron and'Huie36 givé strong support to the vaiue of h measured
in the present study and are included in the table. The equilibrium
constant from the present work can be combined with-literature values

for A; Ke and Kf (in Table II) to obtain values for B, e and f£f. These

rate constants are listed in Table XVI. Rate constants for reaction w
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Table XVI, Rate constants'obCained'by combining literature data with K.

(Total pressure = 1 atm,)

Tenp. Range of Literature.Reaction Pre-exponential - Actlvation Reference
-Data (K) .~ Quantity Factor Energy
(cm3 molecule-lsec-l)(caloties)

13 1710600 46,47

300 A B (1.48£.33)x 107
338-396 KRe e  (2.5:.5) x 100Y% 24404200 40

297 - K £ (.87:.41) x 207 49
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can be obtained from the data of Eq. (80):

Temp. (°K) w(sec )
298 0.00259%0.00025
313 . 0.0031%0.0005 (91)

329 '0.0055+0.0020-

The loés’of NO3 due to reaction w was assumed to lead.to Noé as
a product‘in the above calculationé, but the possibility of NO being
the product has not been eliminated. A chemiluminescence study df
the N02—03 feaétion, discussed in Section V-A, indicates that no.
significant_émount of NO is found in the gas phése'of this system.
This does not;-however, forbid heterogeneous reactions from giviné
NO. Fortunately, only the rate constant for reaétion w is dependent
on the choice of products. If NO is the product of reaction w; a term
must be added to the‘definition of o in Eq. (28):

f[N03] w[NOB]

Ke[N,0,1(£[NO,] + 1[0,]) ©2)

a' = o +

/ /3

The value of ]_./Z(Kh)2 3(Zg)l from Eq. (35) was changed by less

than 0.2% by replacing & by a"because the second order decay of NO3
‘was the dominant factor in these experiments with.high ozone con-
centrations. The slope, w/2g, obtained from Eq. (37) was reduced by
using a', but the value of the intercept, (Kh/Zgj, was changed by

less than 0.1%. (This is expected since the intercept represents con-

ditions wheré NO, loss is due entirely to reaction g.) if NO is the

3

reaction product, the rate constants for reaction w would be:
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Temp . (°K) w'(sec~1)
298 10.0035:0.0003
313 0.0017+0.0006 (93
329 0.0061£0. 0041 |

:The tempeféturé dependent behavior of reaction w in either Eq. (91)
dr Eq. (93) ihdicates thatvit is probably a heterogeneous feaction.

The;édthélpy'of formation of NO3 can be obtaiﬁed from the energy
change of the equilibrium constant K and Eq. (38):

)\ = 17.6%0.2 kecal/mole S (94)

He,300%K
Eq.‘(39).and Eq. (40)‘then give the calculated threshold wévelength
for the photolysis of NO3 to give NO2 ande(BP):

A = 49.3:0.2 kcal/mole and A < 580%3 nm (95)

E300°k

B. Hgg Photochemistry.

‘In order to determine the products of NO3 photélysis, the apparent
primary quantuﬁ yields in Table XIV‘must be combined with a detailed
interpretation of the illumihated N,0, catalyzed décomposition of ozone.
The data for green and gold lamps at 298°K in Table IX were
recalculated,by Eq. (55) for several.ppssible'diStfibutions of

/ /3.dark

prbducts in an>effortAto 6btain the average 1/2(Kh)2 3(Zg)l
value. The Quantum yields for rgd.light photolysis werevtoo small to
yield information from this type of data treatment; All calculated

values were corrected to 297.8°K by the activation energy of Eq. (74);
The second set of values in Table XVII takes inEo aécount the lowered

steady state concentration of NO, but does not make corrections for

3



1

. 2 .
Table XVII. Calculation of %(Kh)3(2g)3 for the illuminated reaction cell

with all temperatures corrected to 297.8 K.

.

1 2 L -9 - -1
+(Kh)3(2g)3 (10 ° cm molecule ?'scc ) :
Run Lémps No {NO3]gg Corrections] Reaction Reaction jFitted to
No. Corrections Only J1 only j2 only 0.484
24 - Green 0.422 0.371 0.312 0.520  §;=0.11 )  §;:Q.Y. = 0.14%0,06
' 42=0.90 Oavg = 2.99 % 10718 culplecule™d
. ) ) } )
26 Green 0.440 0.396 0.344 0.535 J1=0.17 J2:Q.Y. = 0.85%0.10°
357080 | Oayg = 1.88 x 10718 ca’molecule™t
: !
[
)
: ¥
27 Gold 0.478 ) 0.430 - 0.396 0.529 Jj3=0.25 J1:Q.Y. = 0.23£0.04
3,=0.60 Oavg = 3.11 x 10—18 cmzmolecule-l
29 Gold - 0.472 0.423 b.391 0.524 31=0.23
: : ‘ 35=0.62
30  Gold 0.468 . 30.629 . 0,387 S 0.521 | 3;=0.20 32:Q.Y. = 0.6320.06
o | | 12°0.66 Oavg = 2:51 % 108 ca’molecute™
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any ozone created or destroyed. The other caiculéfed values also
contain ozone corrections, and the total quantum yields for all the
values aré consistent with the apparent primary quautum yield data
of Table XIV; The last colummn contains the'quahtum'yields that

2/3(2g)1/3 dark value.

result from fitting the data tu'thebl/Z(Kh)
Since the.red lighﬁ intensity below 600 nm mas quitefsmall, the
red 1ight quantum yield of 0.049 in Table XIV was assumed to be due
to reactlon jl The quantum yields for red and green lamps in Table XIV
were 51gn1ficantly lower at 329°K than at 298 K._ Since the 329°K |
results suffered from large uncertainties in the calibration of the
lamp intensities, this data was not used in the prdduct analysis. The
evidenue for a temperature effect on_the NO3 quanﬁum yigld is not

l

conclusive.
The 4uantum yields from the three sets of 1émps‘at 298°K can be
' used to estimate the spectral distribu;ion-of photolysis products.
Since 6n1y broad bands of light were uséd in'this‘study; the actual
. details of bahd>shapes cannot be determined.. Figure 27 presents one
possibierseparatiom of the NO3 spectrum into photochemicallyAéctive
bands. Since the red light quantum yields are su‘iow, the first two
banus inthe symmetric stretching sequence identifiedvby Ramsay19
were assumed to be inactive. Althuugh the uhreshuld enérgy for the
fprmation pf‘NOZ and oxygen atom was éomputed uo_Be 580+3 nm in the
last section,vVibrational and fotétional engrgy could contfibute to
the dissociation process_at higher-wavélengths; as has been observed

for NO In Table XVIII, the products of average cross section and

74
9

quantum yield deduced in Table XVII from experimental results are
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Fig. 27. Separation of the NO, spectrum into photochemically

3
active bands with synthetic shapes.
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Table XVIII, Comparison of experimental résglts with the

synthetic spectra of Figure 27, .

18

(0avg in units of JO- cmzmolecule-1) 

Calculated Results

Experimental Results

? Cavg

Green Gold Red Creen Gold  Red
NO_Z +0
. 0.85:0,10  0.63:0.06 —
Javg 1.88 2.51 -—-
¢ Oavg  1.60£0.19  1.58:0.15 —_ 1.50 . 1.40 -—-
e
NO + 07
'Y 0.14£0.06  0.23:0.04  0.049:0.010
Tavg 2.99 3.11 2.17
0.42¢0,.13 0.71+0.05 o.11£o.02 0.40 - 0.67 0,10
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compared with those calculated from the synthetic band shapes in

‘ Fig. 27. Aithbugh the calculated j-values are béth slightly lower

.than the experimental results, almost all of the values fall within
the error limits of the measurements; The wavelepgth averaged NO3

cross sections from Table XII were used for the data analysis of

Tables XVII and XVIII for convenience. The important kinetic paraﬁeter A

is the product of the quéntum_yield and absorption cross section, and
although a different average cross section would be obtained from
Fig. 27, the product would remain the same. By considering only the

wavelength regions that were identified as being photochemically

active, the results of Table XVII can be interpreted for a 1ight. -

flux constant with wavelength:

jp QY. = 0.24%0.05 |
' -18 9 . ' -1 ‘520 < A < 640 nm
o = 2.96%x10 cm molecule S
avg
jz: Q.Y. = 0.85%0.17 .
. : -18 -2 -1 470 < A < 600 nm
o = 2.00x10 cm molecule
avg

Since the solar light flux from the green'to red regions of the
spectrum changes slowly with waveléngth, the phdtolytic rates (cross,
section X lighi flux x quantum yield) calculatéd for NO3 in the lower
atmosphere‘have little dependence on the exact shape of the absorption
bands that give the différent products. Leightoﬁl has tabulated
solar light fluxes averaged over 100A intervals with corrections for
ozone absorption, for the effects of particles in the atmosphefé, and
for Rayleigh scétteringf These correction terms are not.large in the

region of the spectrum of the present work; the light fluxes for an
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overhead sum were used to .calculate j-values. If the entire NO3
visible absorption band was photochemically active, the totél j-value

would be 0.27 sec-l. The quantum yields of the present study give:

- jj = 0.040+0.008 sec 1
| | (96)

J, = 0.0990.020 sec T

The 20% error_limits_are'an estimate of the overall uncertainties in
these quantities. The only previously reported j-‘value50 was an
estimate of 0.07 sec_l based on earlier cross section data75 and an

assumption of:unit'quantum yield.

C. 'Oxygen Atom Reactions .

Thévihterpretation of the rate‘daté for the re;ctioné of NZOS
and:'_NO3 witﬁ_oXygen_atom (reactions m and n, respectively) is highly
depeadent on the other kinetic parameters measured in this study.
Computer simulations were carried out using the previously described
quéntum yields and rate constants to'calcﬁlate the modulation con-
tribution of feactions m and n fpr each set of conditions in Table XIX.
The modulation amplitudes for reactions m and n in‘Table XIX are those
calculated for the values of m and n assumed in the simulation.

Some linear combination of these values must give the»observed residuai”
modulation amplitudes. Solving pairs of the data:sets'in simult;neous
equations giQés'the multiples of these rate constants needed. A- |
positive coefficient for reaction m would indicate that the products
are NO2 and 02, and a negative coefficient would indicate that NO3 is

produced. " If both sets of products are formed, only the difference in

magnitude of the two reaction paths would be observed. The results

for reaction m in Table XIX indicate that the difference of the two



Table XIX. Data for reactions m and n from green lamp modulation.

(Rate constants in cm3particle-lsec.1. concentrations in 1014 molecules cm-3)

2 Simultaneous Equations

Case INZOS] Measured Residual - Mod. Amp. for Mod. Amp, for Cases Multiples Multiples Reaction n
No. [NO3] Mod. Amp. Mod.. Amp. m= 2 X 10-14 ne9 X 10—12 _ of m of n only
(Modulation Amplitudes X 103)
298 K
15.45 :
1 9.333 12,98 1.01 0.120 0.989 1+2 -1.77 1.24 1.025
2 TH 1041 0.86 0.060 0.778 1+3  -0.87 ~  1.13 1.335
2.96 : 1,387
3 0.1953 7.26 0.57 0.022 0.521 2+ 3 0.27 ‘ 1.08 1.9550.12
329 X
12,03 '
4 1,225 28,30 3.65 J3.083 3.59 4+ 5 0.49 1.02 1.02
4,85 : . oo L
5 23.711 3.06 0.035 3.03 .4+ 6 -9,2 1.23 1.01
0.991 ol et ‘ :
1,871 : a . ; ‘. ' 1.17
6 0.753 18.51 2,62 0.013 2.23 54+ 6 -89. 1.69 © 1.07:0.07

-%€T1~
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. paths is too small tovmeasuré in the present sysfém.- If only one
set.of products is actually formed,‘thesé results constitute ah upper
limit for this reaction. The last column of Table XIX is calculated

on the assumption that all of thevreéidual amplitude is due to reaction
n. Averaging the resulfs for the 298 and 329°K data gives:

-1

n o= (1.00.2)x107 1Y cmPparticle Lsec (97)

The upper limit for m is estimated to be 2X10-14 cm3particie—lsec_l,

based on tﬁe assumption that only one set of products is formed. The
iarge ;ncefiéinties in these rate constants is dué to the low
signal.levels and the accumulation of uncertainties from the measured
rafe constants and ﬁuantum yields.

D. NO, Phase Shifts
: [

The reSponée of a chemical system to a periodic excitation
ﬁrovides infbrmation about the rate constants that determine its
behavior. Since NO3'hédlthe_largest modulation signal:in the NZ'OS—O3
system, its amplitude and phase shift were measured at flashing
frequencies from 1/4 to 8 cps. The data for goldllamps at 298°K is
presented in Fig. 28, and a study usiﬁg.green lamps ét 329°K is
presented iﬁ'Fig. 29. Both studies used oxygen as a carrier gas,.ahd‘
the data is-summarizedvin Table XX. The amplitude and phase shift
profiles ffom the computer simulation fit ﬁhe da;a within the experimenﬁal
'unceftainties in almost all cases., The amplitudes afe inversely.
proportional to the frequenéy asMis expected for a féactant being

photolyzed. The complexity of this chemical system makes it difficult

“to give a physical interpretation to the variation of phése shift with
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Modulation amplitudes and phase shifts from Table XX
for gold 1lamps.
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Fig. 29. Modulation amplitudes and phase shifts from Table XX
for green lamp photolysis.
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,Tablé XX,” Experimental change of modulation amplitude and phase shift

with frequency compared to computer simulatiom.

Experimental Calculated
Mod. Freq. Mod; Amp. Phase Shift Mod, Amp. Phase Shift
(cps) xlO3 (deg) xlO3 (deg)
: Co 16 .13
Gold Lamps [03) = 6.2 x10 [NO3] = 5.4% 10
298 K [Ny05] = 1.22x 10" [0,] = 2.46%. 109/
(molécules/cma)
1/4 . 20.61%0.18 96+1 20.58 96
/2 10.85%0.21 9211 10.42 93
1 ' 5.5840,25 88+3 5.25 91
2 2,45%0,19 83t6 2,63 .89
T4 1.16%0,13 79:8" : 1.30 " 85
8 0.53%0,11 7718 0.62 79
Green Lamps [03) = 2.4 x 1016 [NO3]_ = 11.6 X 1013
329 K N5l = 7.5 x 10t [0,] = 2.23x 1'%/
(molecules/cm3)
1/4 24,47£0.30 1141 ©o24,22 ¢ 117
1/2 ' 12,8840.,22 102+1 12,91 101
1 6.75:0.20 96+2 6.56 95
2 3.60%0.21 89+¢4 - 3,30 92
4 1.75:0.17 8415 1.64 - 90
8 0.89:0,14 76+12 0.82 86
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flashing frequency. The quantitative agreement of these profiles,
however, indicates that the'system is well described by the results

of the present study.
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V. DISCUSSION

A. Absorption Cross Sections

The absorption cross sections for nitric acid.vapor'reported
from this work6 agree well with the early work of Dalmonalbetwéen
230 and 285 nm. ﬁis cross sections are higher than the present study
at 290 and 300 nm, and this could be due to a 1.5% NO, impurity in
his nitric acid. The cross sections feﬁorted by Biaume7 for the 185
to 325 nm region show excellent agreement witﬁ the present study. Since
pure nitric acid vapor is colorless, the lérge absorbtion repofted
~ by Schmidt et al.5 in the 320 to 440 nm region is probably in error.
The absorption cross sections for nitrous acid in Table V
supersede sbme results reported earlier from this'laboratory.75 .The
position of ﬁhe peaks in the'spéctrum agree to witﬁin 0.1 nm with
those of King and M_oulell whose high resolution study of the HNO2

12,13

spectrum revealed no additional structure. Cox concluded

from his photolysis studies_df HNOé that the overall quantum yieldv
of nitrous acid was unity if thé average cross section in the 340 to
380 nm region was abowt l.9><10—19 cmzmolecule-l. ,This is about four
times higher than the average cross section ffom'fhe present work
for the same region, and would indicate a quantum yield of‘four.
Insufficient information was provided about the spectral distribution
of his photolysis light to determine the.size of the disagreement
accurately.

The absorption cross séctions for NO2 presented in Table V agree

well with those of Hall and Blacet14 in the 370 to'420 nm region,

v 1
but are lower at shorter wavelengths. Since Hall and Blacet,4 had to
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correct for a;large N204 absorption below 370 nm, the present results
in which thé N204 concentration was too small t6 cause interference

are probably more reliable. The NOz‘cross sections between 200 and

270 nm in the‘present research agree with those of Nakayama, Kitamura
and Watanabéls within their experimental error of 30%.

-The NO, cross sections presented in this work are about four

3

times higher than some previous reported values.?5 The earlier study
used -the values of K and g determined by Schott ar.\d‘Dvaidso‘nl8 to
~calculate the steady state concentration of NO;.. Schott and'Davidson18

extrapolated their 650 to 1050°K NO3 cross sections determined in a
shock tube to 300°K and obtained a value of 8.4><10-.19>cm?'moleczule“1

9

ét 652 nm. The present study obtained a value of-3.9><10-1 cmzmolecults:_l

at this wavelength and observed an increase in N03-cross section with

temperature (Table XII). Since the wavelength chosen by Schott and

" Davidson lies between two strong absorption peaks, the possible

variation in shape of both of these peaks with tempefature makes
 their long extrapolation somewhat uncertain.

The NZOS cross sections in Table V_are based on concentrations
determined by infrared.absorptions. These valueé supefsede some
earlier data?? based oﬁ a fairly crude NOx massfbalénce. The_preseht
results are up to 40% higher tﬁan those obeones ané WUlf16 in the
290.to 310 nm region. The agreement ié satisfactory, however, in
view of the difficult-expgfiméntal conditions in both studies.

The weak ihfrared absorption band from 1325 t§‘1375 cm_l

attribdted to NO3 by Cramarossa and Johﬁstonzo has been identified

by a molecular modulation study in this research as NZOS' Their study
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used long path infrared monitoring of the species in the N205—03
system and subtracted off an overlying HNO

3 absorption. Part of their

evidence for the band being NO_, was an apparent one third power

3
dependence of the absorption on the O3 and NZOS concentration. The
present experimental conditions gave NO3 to NZOS ratios similar to

the earlier study, and a residual absorption was observed when the

HNO3 absorption was subtracted from the spéctrum; The band was -

identified as NZOS by its phase shift.

B. Kinetics

N;05704
The early study by Schumacher and Sprenger21 ofvthe NZOS

catalyzed decomposition of ozone used hundreds of torr of ozone
and followed the reaction manometrically. Althdugh the present

research used only about 3 torr of ozone, the measurements of

/ /3

1/2(Kh)2 3(2g)1 in the two systems agree within the experimental

errors. The results from the present study have a higher precision;

a larger-tempéfature range, and both NZOS and O3 weré”directly measuréd
by their infrared absorptions. The high activation energy measured .

by Schumacher.and Sprenger,zl 20,700 calories vs 19,700 calories

in tﬁe present study, could be due to réactant self-heating. The

high concentrations of reactants in their stu&y gave such a large

rate of heat release that the methods used to éalqulate self-~heating

69,70

effects in the present work can not be applied to their data.

The rate constant for the reaction of NO2 with O3 reported from

this research34 has been confirmed by the studies of Davis and co-—workers35

. 36 . . .
and Herron and Huie. Since these other two works did not examine the
. I

mechanism of the reaction, the reason for the low reaction
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stoichiometries observed in this research and in that of Wu et al.33

remain§ undetermined. One possible explanation forvthe low
stoichiometries is the heterogeheous reaction w_obsgrved in the
NZOS-O3 system} rThe conditions of the NOZ—O3 experiments were quite
different from the conditions in which w was measured (0.2 torr vs 760 torr
total preééhre), and thus no definite conclusions can be made about the
rolé of reaction w.

Another poSsible'explanation for. the low stbichiometries has been

suggested by Wu et al:33

NO

2

,+ 0, > NO+20 (98)

This alternate path for the N02-03 reaction would give a constant
© stoichiometry throughout the reaction. Since the reaction of ozone

76,77 a chemiluminescence

with nitric oxide is chemiluminescent,
détectidn system using a large glass bulb at 298°K was employed to
inVestigate this possible pathway for destruction of ozone. When
ﬁhe system was calibrated with 2 microns of NO, 20 microns of 03,
and 100 microﬁs of Ar, a strong chemiluminescent signal was observed.
Nitrogen dioxide was substituted for the NO and less than 0.27% of
fhe former emission was measured. This apparently eliminates NO
as a possible>gas—phase iﬁtermediate in reactions causing the low
stoichiometry.

The equilibtium,constant K deterﬁined in ﬁhis'researqh has

been used with literature data40’46’47’49

to calculate rate constants
‘for reactiqﬁs.B, e and £ (Table XVI). 1In additioh, the rate constants

for the reaction of NO3 with acetaldehyde and propylene measured by
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Morris and Niki78 can be revised to give 1.7v><10—15 ém3molecule-lsec_1

and 4X10-15 cm3molecu1e-1sec , respectively.

C. NO, Photochemistry
. J

The NO3 free radical is important in several gas phase reaction

mechanisms, but little is known about its structure or electronic

states. _Walsh79 has predicted that the molecule has D3h symmetry

"and a 2A2

ground electronic state. Semi-empirical calculations by
Olsen and Burnelle,80 however, predict a Y-shaped structure with a
2B2 ground state. Although the nitrate‘anioﬁ has absorptions in the
1350 to 1400 cm_1 and 720 to 830 cm-l regions,sl no absorption bands
for the NO3 free radical have been observed.

Several reactions are energetically possible in the region of

visible’absorption spectrum:

the strong NO3
v 3. 3
NO3+h\)->N0+02( Zg) A < 8u
> NO + oz(lag) A <1100 nm (99)
+ NO + 0, (lz;:) A < 700 nm
, _
> NO2 + 0(C°P) A < 580 nm

The quantum yield results of this research indicate that both NO and

NO., are formed by NO, photolysis,: but the electronic states of the

2 3

products were not identified. The proposed band shape for the NO3

spectrum giving NO2 as a product (Fig. 27) extends above the energetic
wavelength threshold of 580 nm. This could be an effect analogous

to that observed for NO2 photolysis: Pitts, Sharp and Chan74 found

that the temperéture dependence for NO

2'photolysisbéﬁ 404.7 nm
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(above its'398 nm threshold)‘could'be predicted if part Qf.the
molecule's rotational energy was available for bond.breaking. Small
quantum yields for NO2 photblysis have been obsérved at even higher
wavelengths;82 |

Réaction j1 for NO3 photoly;is is part of a caﬁalytic cycle
for the destruction of ozome in the lower stratosphere (Eq. (12)).
The rate constant for this feaétion is'impértant for calculating
‘the global-ozéne‘balance and modeling the effects of NOx injections
from éupe;sonic aircraft flying in the stratosphere.2 Nitric oxide
in .the stratosphere is quickiy'oxidized by ozone to NO2 when night

félls, and NO slowly reacts with ozone to form NZOS during the night.

2

The rate constants for reactions h and B determined in this study thus

describe the most important nighttime NOx reactions in the stratosphere.

Dpring theiday,'the accumulated N205 is slowly phbtolyzed and attacked
by reactivé interme&iates such as oxygen atom. The rate constant for

the'reac:ion of NZOS with 0(3P) is needed to predict how much N,0g is

converted to other forms of NOX and thus determihe héw‘much NO and NO2
‘ié évailaBlé for reéctiqns destroying ozone. The upper liﬁit'of

14 Cm3partiqle—lsec-l from this research is much 1ower'than the

2x10°
| . | .. 53 .50

upper limits established by Murphy ~ or Davis.
The. rate cbnstant'for reaction n, 0 + N03, has not previously

been reported. It is interesting to note that the value determined

in this wor.‘k,,(1.01‘0.2)><10_11 cm3_part:Lcl_e_lsec_'1 is.very similar to

the literature value for the N02 + 0 reaction,so 9.'1X10—]_'2 cm3particlé—lsec_1.
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VI. CONCLUSIONS
This study measured a variety of absorptioh cross sections and
kinetic parameters important in determining the rq}e of the oxideé
of nitrogen in atmospheric photochemistry. The inférmation'from
several épectroécopic techniques in this study Was'combined to give
rate constants_for the-reactions iméortant in the N,0.-0 system:

2°5 73

3 e-(4900160)/RT 3

-1 -1
cm molecule "sec

231 to 298°K h = (1.34+0.11)x10" L

-(22210+200)/RT

(8.4t1.8)><1026 e molecules cm

298 to 329°K K

3 _-(4870200)/RT 3 -1

(8.5t2.8)><10--1 cm molecule-lsec

]

298 to 329°K g
The equilibrium constant K was used to calculate

A (NO,) = 17.6%0.2 kcal/mole

He 3000k (NO03)
40,49

Using literature data. for Ke and Kf, the following rate constants

were calculated:

ef(24401200)/RT 3 -1

(2.510.5)x105141 T cm molecule;lsec

298 to 329°K e
-1

297°k - f .(l.87iO.41)X10—1l_cm3molecu1e_lsec

Molecular modulation studies of the strong NO3 visible absorption

spectrum combined with studies of the N205 catalyzéd decomposition of"

03 with red, green and gold photolysis lamps revealed two sets of

photolysis products:

0.24%0.05 520 < A < 640 nm

Jl: Q.Y.

j,t Q.Y. = 0.85:0.17 470 < A < 600 nm

The atmospheric j values derived from these quantum yields were

0.040+0,008 and 0.099+0.020 sec—_1 for jl and j2, respectively. Molecular
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modulation experiments also gave:

298°K m < 2X10_14 cm3pérticle-1sec-1

_i

298 to 329°K. n '(1.0i0.2)x10-11"cm3particle'-lsec

The inequality for m is good if only one set of products (NO2 + NO2 + O2

+ N03)_is formed; otherwise, the specified value refers to the

£

or NO3
~difference in rate constants for the two reaction paths.

The'fate constant for reaction h reported heré disagrees
substantially with that of Johnston and Yost,27_but isvin excellent
égreeﬁent with the resﬁlts of Davis and éo-@orkersBS and Herron and

36

Huie. The. room temperature Arrhenius expressioné for e, g and K
from this research disagree significantly with the expressions Schott
and Davidson18 obtained from an extrapolation of high temperature

shock tube data.
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APPENDIX A: GEAR PROGRAM FOR CHEMICAL KINETICS
Thé following program is a Fortran II version of a chemical

kinetics program written by Dr. G. Z. Whitten62 using the Gear method56
- for solving coupled ordinary differential equationé. Information on
the functions of the various subroutines can be féunﬂ élsewhere.56

This program.was written in two overlays for usé'on a PDP 8/E computer.
'The»first.prograﬁ‘(CHEMK) obtains the reacfions ahd,starting conditions
from the qpe:ator in a convérsational mode. The other overlay (DRIVES)
is theﬁ 1oaded and executes the calculations. The program as listed
utilizes 17K of core on a PDP 8/E computef and handles 30 reactions

and ‘10 chemiéal_species. Approximately 3 séc are requifed per time
step for avcalculation with 10 reactions and ld species. Execution

time goes up approximately as the square of the number of species.
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CHEMK -~ GEAR PROGRAM FOR CHEMICAL KINETICS ON PLP &-L

COMMON NO,N,NR,NP,NS,MF,KFLGl,KFLAG,JSTART, 1P, ITYPLE
COMMON RS,A,S,TITLE,PHTN, 2L, ABSE, TEMP, ERR, START,

1 STOPP,ABSP,PC,SIG,Rs SPEC1, REACT -~

COMMON TTART, GUESS, hl1IN, HMAX, EPS1

COMMON YMAX, ERROR,FZERO, C, FSAVE., PW, RT,KFL

DIMENSION IP(18), ITYPE(32)

DIMENSION RS(38,7),A(30),5(30), TITLEC(?),51G(18),R(38),
1 SPECIC10)>REACT(1D),YMAX (183, ERROR(10),C(10,6), -

2 FSAVE(20),PW(1108),RT(30),KFL(18),NZT(30)

WRITE (1,302)

YRITE (1,382)

FORMAT(1X)

READ (1,301) INIT

FORMAT(*INITIALIZE? (NO=0;YES=1):',15)

C CONSTANTS FOR "M s "HV . ''»MORE REACT", "CONTINUL"

198
20

.01

119

C READ

121
122

C READ
11

38

RM='M ]
RHV=*HV ¢
RB=* .
RMRT= *MORE *
RCONT=*CONTIN®

IF CINIT-1) 90,198,196
L0 200 1=1,601
RS5(¢1)=0.

D0 2081 1=1,40
IP(1)=0
JSTART=0
KFLAG=0
KFLGl=¢

NR=0

NS=1
FZERO=1.

DO 119 I=1,210
R5(1)=RB
NS=NS-1

LAST REACTION NUMBER
READ (1,1) NX

FORMATC*LAST REACTION NUMBERCIS)=',15)
WRITE Cl,121) :

FORMAT(/ *INPUT REACTIONS: (15,7A5,2E10.8)")
VRITE C(1,122)

FORMAT(*<NQO+>< R »< R »>< R >< P »< P »< P >»>< P ><4rFACTOR"*,

1 *><ECCAL)Y/R>"')
REACTIONS AND RATES

READ (1, 3) NW, (FSAVE(1),1=1,9)
FORMAT (15,7A5,2E10.8)

A(NW)=F SAVE(8)

S(NW)=F SAVE(9)

DO 205 1=1,7

RS(NW, I)=FSAVE(I)

IF (NW-NR) 27,27,20

NR=NW

IF (NW-NX> 11,30,11
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‘C FORM ‘U\TRI’( OF SPECIES NUMBERS FROM THE REACTIONS
K] DO 81 I=1,NR

IF (RS(1,1)-.9) 4p1,81.,81
C 1ST REACTANT

431 IF (RSCI,1)-RB) 420,402,420
@2 IF (RSC1,3)-RB) 404,406, 404
@4 RS(1,1)>=RS5C1,3)
€06 RS(1, 3)=RB
IF (RSCI,1)-RE) 420,408,420
w8 RSC1,1)=RS5(1,2)
’ RS(1,2)=RE -
IF C(RSCI1,1)>-RB) 428,410,420
419 RSC1,1)=99.
C 2ND REACTANT .
429 IF (RSC1,2)~-RB) 430,422,430
42 IF (RSC1,3)-RB) 424,430,424
@24 RSCI,2)>=RS(1,3)
426 RS¢1, 3)=RB
C PRODUCTS
430 DO 434 K=4,7
IF (RSCILK)-PM) 434,432,434
432 RS(1,K)=RB
434 CONTINUE
‘ IF (RS(1,4)-RB) 450,436,450
436 D0 438 K=1,3
IF (RS(1,8-K)-RB) aas,aas,aas
438 CONTINUE
K=3
a5 RSC1,4)=RS(1,8-K)>
. RSC1,8-K)=RB
450 IF (RSCI,S)~RB) 460,452,460
452 IF (RSC1,7)-RE) 454,456,454
454 RSC1,5)=RSC1,7) :
o RSC1,7)=RB
456 IF (RSC1,S5)=RE) 460,458,460
458 - RSC1,5)=RS(Il,6)
RS(1,6)=RE
460 RS57=RS(1,6)
IF (RS7-RB) 465,462,465
462 RS(1,6)=RS(1,7).
RS(1,7)=RS7
465 - DO 79 J=1,7

RS6=RS(1,J)
- IF (J-3) 66,66,70
66 “IF (RS6-RM) 68,67, 68

67 RS(I,J)I)=RS(1,3)
RS(1,3)=99.
€8 ©  IF- (RS6=-RHV) 71,69,71
69 RS(1,23)=99.
GOTO 79
! RS6=RS(I1,J)
79 IF (RS6-RM) 72,73,72
72 IF (RS6-RB)Y 75,73,75
.73 RS(1,J)=0.
. GOTO 79
.15 IF (RS6-99.) 76,79,76
76 DO 78 L=1,NS
: ~ IF (RS6~-SPECI(L)) 78,77,78
77 RS(1,J)= FLOAT(L)
GOTO 79 ’
78 CONTINUE
: NS=NS+1

: SPECI(NS)=RS56
L ~ RS(¢I1,J)=FLOAT(NS)
9 CONTINUE '



81

123

109
1@
210

C READ
99

X6

-152- : ' _ i

CONTINUE
NS=N5+1 >
SPECI(NS)=RM

WRITE (1,123 i N
FORMAT(/ *"MATRIX OF REACTANTS‘) . ;
DO 21'9 J=1,NR :
IF (AC(J)) 109,210,109 ' ' - j
WRITE (1,110) J, (IFIX(RS(J,I1I),1=1,7). ' N
FORMAT(13,4X,713) '

CONTINUE =

TITLE CARD

WRITE (1,382)

READ (1.,306) (TITLECIL),I=1,T)
FORMAT(*TITLE: *, 7A6)

IF (T;TLE(!)-RB) 93,196,933

C 1S TITLE "MORE REACT™? A o _ 3

93

IF C(TITLEC1)=-RMRT) 94,280,94 ) -

C. IS TITLE "CONTINUE"?

%
C. READ
95

134

314

315
316

318
319

C READ

IF (TITLECI)-RCONT) 95,9895 ' ’ ' ;

NUMBER OF INITIAL SPECIES

READ (1,134) N - : : , .
FORMAT('NO. OF INITIAL SPECIES=',15) ) : SR
WRITE (1,314) o ;
FORMATC'NAME (AS), MOLEC/CC (E10.8)'/) ’
DO 319 I=1,N L
WRITE (1,315) I, - , v
FORMAT(13)

READ (1,316) REACT(I) : ]
FORMATC(®  NAME: ',AS) : v
READ (1,318) C(I) g
FORMAT( *MOLEC/CC=',E18.8) - .
CONTINUE _ ;

WRITE (1,302) )

READ (1,34@) FSAVE(])

READ (1,341) FSAVE(2)

READ (1, 342) FSAVE(J) : .
FORMAT(*PRINT INTERVAL (SEC) (LE10@)>=',E10.8)

FORMAT('PRINT AFTER N STEPS - (EI1G)> N=',E10.4)

FORMAT(*SPOT CHECK AFTER NTH PRINTOUT - (EI1Q) N=',ElQ.4) .
INITIAL CONDITIONS: PHOTONS,CELL LENGTH, TEMPERATORE (K), '

C ERROR TOLERANCE, T(@), TCLAST)

127

320

WRITE (1,127) : ;
FORMAT(/ *INPUT: (6E10.8)%/%<PHTN FLX><CELL(CM)><TEMP (K)>"* ‘ ;
1 '<ERR TOL.>< T(@) >< T(LAST)>")

READ (1, 32@) PHIN,ZL, TEMP, ERR, START, STOPP

FORMATC(TE1@.8)

CALL RATES _ . .

WRITE (1,1081) (RCI),I=1,NR) . -
GUESS=1.E-12 ' “
TTART=START

WRITE (1,102) (SPECIC1),1=1,NS) : “
NO=NS ’ - .
MF=21 . g
CALL CHAIN('DRIV2') ' .,

C 'MORE REACTIONS"

280

282

DO 286 I=1,NR : _ : i
IF (ACI1)) 286,282,286 : -
DO 286-J=1,7 ‘ ' ‘

RS(1,J)=RB
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"CONTINUE

C(NS)=0.
GOTO 80

 C' “CONTINUE" CALCULATION

DO 99 I=1,NS

REACT(1)>=SPECI(1)

CONTINUE

GOTO 97 .
FORMAT(/ *THE RATE CONSTANTS. USED WERE'/(6E12.4))
FORMAT(//5X, *TIME',» 6X» *INTERVAL ', 4(6X,A5,1X)7

1 6(6X,A5,1X))

END

SUBROUTINE RATES

C CHANGES IN VARIABLE NAMES: PC>SG

18 -

1]

Py
w2

41

COMMON NO,N,NR,NP,NS,MF1,KFLG1,KFLAG,JSTRT, IP, ITYPL
COMMON RS,A, S, TITLE, PHTN,ZL, ABSE, TEMP, ERR, START,
I STOPP,ABSP, SG,» SIG, R, SPECI, REACT, TTART, GUESS,

2 HMIN, HMAX ,L951,YMAX,ERROR,FZLRO.c,FSAVL,Pw,RT
DIMENSION IPC1@), ITYPE(30) :

DIMENSION RS(38,7),A(385,5(38), TITLECT), SIGC10),R(38),
| SPECIC10),REACT(10),YMAX(18),ERRORC10),CC(10,6),
2 FSAVE(2¢);PW(X]@);RT(3G)

DO 12 1=1,10 :

SIGCI)=0.

CONTINUE

D0 30 1=1,N

D0 20 J=1,NS .

IF (SPEGCICJI~REACTCI>) 22,11,20

SIG(JI=C(I)

GOTO 30

CONTINUE

SPECI(NS+1)=SPECI(NS)

SPECI(NS)=REACT(I)

SIG(NS)Y=C(1)

NS=NS+1

CONTINUE

N=NS§S

M=N-1

C(N )=0.

DO 4@ I=1,M

CI(N)>=C(N)+SIG(1)

CCII=SIGCI)

CONTINUE .

IF (SIG(N)Y) 4@1,402,401

C(N)=SIG(N)

NP=0

DO 68 I=1,NR

IF (RS(1,1)) 41,604l

ITYPECI)=2

IF (RSC1,2)) 44,42,44

IF (RSC1,3)-99.) 44,43,44

RS(1,2)=FLOAT(N)

1IF (RS(I,2)-FLOAT(N)>) 47,45,47

IF (RS(1,3)-99.) 47,46,47

RS(1, 3)=0.

IF (RSCI1,2)) 49,48, 49
ITYPECLI)=1

IF (RS(1,2)-9%.) 51,50,51
ITYPE(I)=4



51

53

55
56

~154-

IF (RS(1,3)) 52,53,52
ITYPE(I)=3

IF (RS(1,3)-99.) 55,54,55
RS(1,3)=FLOAT(N)

1F (RS(1,2)-99.) 56,58,56
RCID=ACI)*EXP(-SC1)/TEMP) -
GOTO 69

NP=NP+ 1

SIG(NP)=ACI)

R(1)=ACID)
IP(NP)=1FIX(RS(I, 1))
CONTINUE

SG=0.

ABSP=0.

IF (PHTN) 64,63, 64

RETURN

NO=-1

T=START

CALL PEDERV

MNO=NS
ABSP=120.%SG*ABSP/PHTN
RETURN

END

SUBROUTINE PEDERV

C CHANGE IN VARIABLE NAMES: A>B,PW>A,PC>SG, ABSP>PHOT, RT>RTA

e

11

I 1
i3
14
15

16
17

COMMON NO,N,NR,NP,NS,MF1,KFLGI,KFLAG,JSTART, iP, ITYPE.
COMMON RS, B, S, TITLE, PHTN, ZL, ABSE, TEMP, LRR, START,
1 STOPP,PHOT, SG,» SI1G,» R, SPECI, REACT, TTART, GULSS,

2 HMIN,HMAX, EPS1,YMAX, ERROR, FZERO, Cs FSAVE, A, RTA
DIMENSION IPC12), ITYPE(3B)

DIMENSION RS(30,7),B(30),S(308), TITLE(7),SIGC10), R(30).,
1 SPECIC13),REACT(18), YMAX(18),ERROR(19),C(12,6),
2 FSAVE(20),AC11@2),RTAC30)

DIMEMSION RT(3)

F1=.16666667

F2=.41666667E-1

F3=.83333333E~3

F4=.13388888E-2

IF (NP) 11,1751

SG=p. -

L0 18 I=1,NP

K=IPCD)

SG=SG+SIG(I)*C(K)

CONTINUE

SG= SG*ZL

$S=5G*SG

IF (5G-.21) 12,12,11

PC=(1.~-EXP(~S5G))/SG

GOTO 13 )

PC=1+~-SG*e 5+S5S*(F1-SG*xF2+S5%F3)

PHO T=PHTN*PC :

IF (NO) 110,145,114

IF (S5G-.01) 16,16515

PC=ZL*(1./PC-1.-5G)/SG

GOTO 17

PC=ZL*(SG*Fl~¢S5=-SS*(F2-SG*F3+5S*%F4))/PC

0 20 J=1,N

DO 2@ I=1.,N
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ACCI=1)*N+1)=04
CONTINUE '
DO 180 IR=1,NR

“IF (RSCIR, 1)) 21,100,21
IF (RSC(IR,1)-99.) :28,100.,28

MT=ITYPECIR)

CIF (MT-4) 22,78,22

DO 30 I=1,MT
M2=14+1-1/3%3 .
J=IFIX(RSC(IR,MZ))
MZ21+2-1/2%3

CK=IFIX(RSCIR,MZ))

RT(1)=C(J)>*CC(K)*RC(IR)
CONTINUE

D0 60 K=1,MT
I=IFIX(RSCIR,K)) .

D0 40 L=1,MT
J=1FIXCRSCIR,L))D
I15=CJ=1)#N+1]
ACIS)=ACIS)-RT(L)
CONTINUE

DO 52 L=4,7
J=IFIXC(RSCIR,L))

IF (J) 42,60, 42
15=C1~1)*N+J
A(I5)=ACI5)+RT(K)
CONTINUE

CONTINUE

GOTO 108
J=IFIXCRS(IN, 1))
RJ=RCIR)*SCIR)*PHOT
15=(J-1)%N+J -
ACIS)=ACIS)-RJ
RD=RJ*C(J)*PC

L0 75 L=1,NP

MT=IP(L)
15=(MT-1)*N+J
ACIS)=ACI5)-RD*SIG(L)
CONTINUE

DO 98 K=4,7
I=IFIXC(RSCIR, X))

IF C1) 76.,100,76
15=(J-1)*N+I
AC15)=ACI5)+RJ

D0 80.L=1,NP

MT=1P(L)
I5=CHMT=1)%N+1
ACIS)=ACIS)+RD*SIG(L)
CONTINUE :
CONTINUE : .
CONTINUE

MT=N-1

Do tl@ I=1i,N
I15=C1l=-1)*N+N

ACIS)=0. .

DO 110 J=1,MT .
ACIS)I=ACIBI+ACCI-1I*N+d)
CONTINUE

RETURN

END



-156—-

c DRIVES - DRIVER FOR DIFFERENTIAL LOUATION SOLVER

CHANGES IN VARIAELL NAMLS' START>TQ:STOPP>TLAST:
ERR>EPS, TTART>T, GUESS>H, ABSP>PHO T, C>Y
KFLAG, ERR,NS ARE REDUNDANT

aoa

COMMON NO,N,NR,NP,NS,MF,KFLGl,KFLAG,JSTART, 1P, ITYPE
COMMON RS,A, S, TITLE, PHTN, ZL, ABSB, TEMP, ERR, TO, TLAST, PHOT,
! PC,5I1G,»R,SPECI,REACT

COMMON T, H,HMIN, HMAX, EPS

COMMON YMAX, ERROR, FZERO,Y,FSAVE, PW, RT,KFL

DIMENSION IPC(1Q), ITYPE(30) )

DIMENSION RS(38,7),A(30),5(38), TITLEC(7),SIG(10),R(38),
1 SPECI(18),REACT(12),YMAX(18), ERROR(12),

2 Y(12,6),FSAVE(ZB),PUC10,11),RT(30),KFL(30)

KFL(2)=0

N=NO

T=TO

HMIN=ABS(H) .

HMAX=ABS(TO-TLAST)*. 1

IF (HMIN-.1xHMAX) 3,3,2

e HMIH=. 1 *HMAX

C NOTE: ONLY FIVE LETTERS IN VAR. NAME ARE UNIQUE
3 JSTART=2
EPS=ERR
KHFLAG=0
NHS=@
NTP=g
TOLD=2.
TPRNT=FSAVE(])
MS=IFIX(FSAVE(2))
MT= IF IXCFSAVE(3))
MT1=MT
MS1=MS
TSTEP=TPRNT
GoTO 21
12 CALL STIFF
NQ=JSTART
KGO=1=-KFLG!
GOTO (20,108,200, 300),KG0

20 CONTINUE
.zl IF (T) 211,333,211
211 IF (T-TOLD) l@,1@,2¢
22 TOLD=T
1IF (MT1) 221,221,222
221 MT=1RDSW(Q)
222 IF (MS1) 223,223,224
223 MS=1RLSV(D)
224 D0 26 I=1,N
: IF (YCI)-EPS) 23,23,26
23 IF (Y(1)) 626,24,24
o4 IF (Y(1,2)) 25,25,26
25 IF C(YCIIREPS+Y(1,2)) 626,620,620
620 . IF (Y(I)=1.E-18) 626,26,26
626 L0 630 L=1,NR

L0 630 M=1,3

IF C(IFIX(RSC(L,M))-1) 630;628'630
623 R(I)=0.
630 CONTINUE
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640
26,

31

33

333 .0

026

136

330

sig”

s
355

357

47

52

rEEZ

.. FORMAT(1X)
. IF (NTP-MT)> 336,338,338
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L0 640 MPR=1,6

YC(I,MR)=0.

" CONTINUE
NHS=NHS+1

IF "(NHS-MS) 3@,32,32

-+ IF (T=-TLAST) 31,32,32
" IF (T-TPRNT) 10,32,32
-/NhS=0 .

NTP=NTP+I

IF (T-TLAST) 33;333;333
IF (T=TPRNT) 333,508,580

JWRITE (1,505) ToH.(YC(1),I=1,NS)

FORMAT(6EL2,4) -
WRITE (1,506)

LF (T-TLAST)’IQ:338:338

NTP=D
CWRITE (1,51@) T
FORMAT(/*SPOT CHECK AT TOTAL TIME =‘:Fl® 2

CALL DIFFUN (O, 60)

© .+ WRITE (1,31%5) CFSAVECL), [=1,H)
315

FORMAT(/7X, *NET RATES="', 7Xs 4E1 2. 4/(6L12 4))

... L0 4@ 1=1,NR
A J=1FIX(RSC(E, 1))
L K=IFIX(RS(1,2))
L=I1FIX(R]5C1,3)
= 1F (J) 35, 34,35
“FSAVECI)=0.

GOTO 4@

IF (J-99) 357,355,357
Cod=0
. IF (K-99) 36,38,36 .
FSAVECI)=Y(LI*RCLI*Y (JI*Y(K)
“GOTO. 40 :
‘FSAVE(I)= Y(J)*R(I)*S(I)*PhOT
" CONTINUE

WRITE (1, 326> (FSAVE(1),I=1,NR)
FORIAT(/ *THE REACTION RATES ARE*/(6El12. 4))
WRITE (1,52@) (SPECICI),I=1,N8)

1F (T-TLAST) 10,45,45

“MHS=MS
NTP=9

IF (T-TLAST) 48:47;47

. TPRNT=TLAST
"DLT=TLAST- TOLD

TOLL=0e

" PART=(TPRNT-T)/H

D0 52 I=1,N

'FSAUL(I) Y

=1

,L NQ+1

D0 Sa J=2,L

. 'RR= RR#PART
D0 54 I=1,N

FSAVEC(I)=FSAVEC(L)+Y (1, d)*R
WRITE (1, 565) TPRNT;h;(FSAVL(I))I“I:NS)

" WRITE (1,506)

.

TPRN T=TPRN T+ TSTEP
IF (NTP-MT) 56, 36, 38
IF (T-TLAST) 58,5%, 68

U IF (T-TPRUT) 10, 32,32

LO 64 1=1,N
Y(1)=FSAVECI)
GOTO 709

SEC")

“FORMAT(//5X, * TIME', 6%, * INTERVAL ':4(6X;A5;AX)/(6(6X:A5;AX)/))



100

e

112

150

00

520

185 -

155

205

325

190

-158-

WRITEC(1,125) T )
‘IF (KHFLAG-18)> 112,150,
KHFLAG=KHFLAG+!
HMIN=HM INx*. |
H=Hx*. 1
WRITEC1,115) H
JSTART=-1

GOTO le

WRITE (1,155
GOTO 500

WRITE (1,205) T,H
GOTO 590

WRITE (1,305 T
GOTO 118

CONTINUE :

Y

tl2

FORMAT(// 'KFLAG=-1 FROM STIFF AT T = *,El16.8/

1 *ERROR TEST FAILLED Wl

TH ABSC(H) = HMIN'/)

FORMAT('H HAS BEEN REDUCED TO *,El16.8,
1 * AND STEP VWILL BE RETRILRD'//) .
FORMAT(//*PROGLEM UNSOLVABLE WITH GIVEN INPUT'//)

FORMAT(// '*KFLAG=-2 FROH1

! E16.8/*REQUESTED ERROR IS SMALLER THAN CAN BE HANODLED*//)

FORMAT(// '*KFLAG=-3 FROM

1 * CORRECTOR CONVERGENCE COULD NOT BE ACHIEVEL'/)

CALL CHAINC®CHEMK®)
STOP
END

SUBROUTINE STIFF

C ,CHANGES IN VARIAGBLE HNAMES:

¢

C>Y, TTART>TLKEX 15 UNUSED

COMMON NO,N,NR,NP,NS,MF

STIFF AT T = ',E16.8,"' K =

STIFF AT T= *,E16.8/

EPSI>EPS,iMF I>MFL,KFLGI>KFLAG

+KFLAG,KEX, JSTART, 1P, ITYPE

COMMON RS, A» S, TITLE, PHTN, ZL, ALSE, TEMP, ERR, TO,
t TLAST,PhOT,PC,S1G, R, SPECI, REACT ‘
COMMON T,hs WM 1N, WMAX, EPS

COMMON  YMAML,ERROR,LFZERO,Y.,FSAVE,PW,LL, TQ, P,

! METh,NQ,MAXLER, RT,KFL
LIMENSION IPCi@), ITYPEC

DIMENSION RSC30,7),A4(30),5(30), TITLEC(7), SIG(1€),R(3B),

3e)»

t SPECIC10),REACT(1@),YMAX(13), ERRORCIG),Y(10,6).,

2 FSAVE(20),PYW(110),EL(6),TQC(4),P(5,3),RT(4),KFL(38)

IF (KFL(2)) 98,99.,98

C DATA - DEFINE ONCE ONLY

99

98

1923

C

ANOISE=]1eLk=-7
KFL(2)=1
MITER=0Q
EPSOLL=0.
Di=0a.
KFLAG=0
TOLD=T

1F (JSTADRT) 120,103,200
HSQA=NO=*NO
NSRAI=NSQ+1
N1=NO+|

CALL LIFF'WN UVITH Y AND FSAVE

CALL UIFFIMN(Q, 67)
Lo 1108 I=1,N .
Y(1,2)=FSAVEC(]) =i

b
i
i
i
i
N
%
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ie4
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106
107
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150
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172 -
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174
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180
- 181

200.
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AYI=ABSC(Y(I, 1))

IF CAY1) 185,104,105
AYI=ABS(Y(1,2)) '
IF CAY1) 107,106,107
AYI=1.

YMAX(I)=AY]

CONTINUE

NQ=1

L=2

RMAX=1.E4
EPSJ=SQRTC(ANOISE)
CRATE=1. -
OLDLO=1. :
RC=0.

MFOLD=@

METh=0

HOLD=h

MF=21 :
IF (MF-MFOLD) 122,158,122
MEO=METH

METH=MF/10@

MIO=MITER
MITER=MF=-10*MLETh
MFOLD=MF

IF (MITER-MI10) 123,124,123

IVEVAL=MITER

IF (METH-MEO) 125,150,125
1DOUB=L+1

IRET= |

CALL COSET

RC=RC*EL (1)/0LDLO
OLDLO=EL (1)
EDN=CTOCI)*EPS)*%2
E=(TQC2)XEPS) %x%2

EUP= (TQC3)*EPS)I**2

LNL= (TQC4) *EPS) * %2

GOTO (€16@,170,208), IRET

IF C(EPS-EPSOLD)Y152,160,152
IRET=1

GOTO 140 _
LMAX=AXDER+1 -
EPSOLD=EPS )

IF .(H~HOLD) 162,292,162

Rh=H/HOLD
h=HOLD

1F (RH-hMIN/ABS(H)) 171,172,172
RH=HM IN/ABS(h)

IF (RH-HMAX/ABSCH)) 174,174,173
RH= KHMAX/ABS(h) S

IF (RH-PMAX) 176,176,175

RH= RMAX

Rl=1.

L0 181 J=2,L

R1=R{*RH

D0 180 i=1,N

YC1,J)=Y(i,Jd)xR1

CONTINUE

CONTINUE

li=H*RH

RC=RCx*Rh

1D0UB=L+1

IF (T-TOLD) 690,280,490 .

1F CABS(RC-14)-e3) 202,282,201
{WVEVAL=MITER

T=T+h .
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100=1

CALL LOLOOPCILDO)
0 236 I=1,N
ERROR(1)=0.
CONTINUE .

M=

DIFFUN VITH Y AND FSAVE(N1)
15=68+N -

CALL DIFFUN(®,15)

IF C(IVEVAL)360, 360,232
CALL PEDERV

RX=~EL C1)*H

D0 256 1=1,NSQ

PW (I)=PW(1)*RX
CONTINUE

D0 385 I=1,N

M8= I*N1-ND
PU(MB)=PW(MS)+1.
CONTINUE

IVEVAL=0

RC=1.

CALL DECOMP(CIER)

IF C(IRR) 428, 368,420
0 370 I=1,N

IF (M) 361,365, 361
M8=1+NO

IF (- H*FSAVE(M&)*IBB.-Y(I:I)) 365, 365, 420

M3=1+NO .
FSAVE(MB8)=FSAVE(M8)*H-Y (1, 2)~ERRORCI)
CONTINUE

SOLVE WITH PW:FSAVL(NI);FSAVE;PW(NSQI)

CALL SOLVE
L=0.

D0 398 1=1,N
ERRORCI)=ERRORCI)+FSAVEC])
D=D+ (F SAVEC(I)/YMAX (1)) *%2
FSAVECI)=YCI, 1)+ELC1)*ERRORCI
CONTINUE

1F (M) 391,394,391

IF (.9*CRATE~-D/D1) 392,392,393
CRATE=D/DI

GOTO 394

CRATE=GRATE*.9

IF (l.~2.%CRATE) 395:396:396
RAG=1.

GOTO 397

RAG=2.*CRATE

IF (D*RAG-END) 450,450, 398

"D1=D

M=M+1

IF (M-3) 399,429,399

DIFFUN WITH FSAVE AND FSAUL(NI)
I15=60+N

CALL DIFFUN(6@,15)

GO TO 360

IF CIWEVAL+1) 424,448,424

T=TOLD

‘RMAX=2.

I1D0=-1

CALL DOLOOP(CIDO)

IF (ABS(li)-HMIN*1. ﬂ@@ﬂl) 680;68@:436
RH=.25

GOTO 1792



ol

by

e

Nt

461

T oae2

463

470
471

472
473
474
475
480
481

@2
483

513
Sl4

528

521

550

564G
561

o
o
i
U
&

'~161-

IVEVAL=MITER

GOTO 220

D=0,

DO 460 1=1,N

D=D+ (ERRORCII/YMAX(1))*x%2
CONTINUE

IF (MITER) 461,462,461
IYEVAL=-1

IF (D-%) 463,463,502
KFLAG=92

D0 471 J=1,L

DO 4702 1=1,N

Y(1,J)= Y(Iad)-‘-l’-_l..(J)*LRROR(I)
CONTINUE

CONTINUE .

D0 482 I=1,N

YM=ABS(Y(1,1))

IF (YMAXCID=YM) 472,473,473
YMAXCI)=YM

IF (YM=-1.) 450,480,474 .

IF (YM=-.01%YMAX(I)) 475:480148@
YMAXC(I)=YM

" CONTINUR

579

571,

580

1F (ILOUB-1) 481,522,481
1D0UB=1DOUB- 1

1F (IDOUB-1) 482,482,700

IF (NQ-MAXDER) 483.790.483
L0 498 I=1,N
Y(1,LMAX)=ERROR(1)

CONTINUE

GOTO 7020

KFLAG=KFLAG-1

T=TOLD

1D0=-1

CALL DOLOOP(ILDO)

RMAX= 2,

IF (ABSCH) -1t [N *1.00001) 660,660,513
IF (KFLAG+3) 640,640,514
PR3=1.L20

GOTO 540

PR3=1.E20

IF (NQ-MAXDER) 521,548,521
Di=p. '

L0 532 I=1,N

Dl= Dl+((£RROR(I) Y(IaLMAX))/YMAA(l))**d
CONTINUE

ENQ3=.5/FLOAT(L+1)
PR3=(C(D1/EUP)**ENQ3)*le4+1e 4k~6
ENQ2=.+ S/FLOAT(L)
PR2=((D/E)**xENQ@2)%].2+1. 2E-¢€
PR1=1.E20

1IF (NQ-1) 541.56a,541

D=0.

DO 550 I=i,N o

D=L+ (YCILL)/YMAKCI) ) *%2
CONTINUE

ENQl=+ S/FLOAT(NG)
PRI=CCD/EDN )= ENQ1)*1e 3+14 3E~6
1IF (PR2-PR3) 570,570,561

1F (PR3-PR1) 590,570,570

1F (PRz-PR1) 571,571,580 .
NEYQ=:10

RH=1./PR2

GOTO 626

NEWQ=NG-1
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RH=1./PRI

GOTO 628 . :
590 NEWQ=L ' : : . ;
RH=1./PR3 .
IF (RH-1.1> 618,591,591
591 DO 620 1=1,N . ‘
: KRAG=NEWQ+1 ' ' : : .
] Y(I,KRAG)>=ERRORCI)*EL(LI/FLOAT(L)
@0 CONTINUE s
GOTO 630 ‘ , ;
610 ILOUB=10 ' : .
GOTO 700 _ _ . ;
620 1F (KFLAG) 628,621,628 ' : ;
621 IF (RH-1.1) 610,628,628 v ;
628 IF (NEWQ-NQ) 630,170,630 |
630 NQ=NEWQ . ,
L=NQ+1 " ‘
IRET=2 ‘
GOTO 130 v ;
649 IF (KFLAG+9) 641,670,641 ¢
641 RH=.1 E ' ' .
: IF (HMIN/ABS(H)=-RH) 643;643;642
642 RH=HM IN/ABS(h) _ :
643 h=H*RH ’ . . i

C CALL DIFFUN WITH Y AND FSAVE
CALL DIFFUNCQ@, 68) : : .
D0 650 1l=1,N~ v ' o
Y(1,2)=H*FSAVECI) . '
650 CONTINUE , : |
IVEVAL=MITER ' - ' i
1L0UB=10 : '
IF (NG-1) 651,200,651
651 . NQ=1
‘L=2
IRET=3
, GOTO 130
660 KFLAG=-1 |
GOTO 700 ‘
670 KFLAG==-2 '
. GOTO 720 ' B
668 -  KFLAG=-3 ' ;
GOTO 70@ ; ) . : i
690 TMAX=10. ‘
7@ . HOLD=H
JSTART=NQ . !
RETURN . é
END : ‘

SUBROUTINE DOLOOPCIDO)? ' — .

COMMON NO,N,JFILL,FILLI,Y,FILL2,METH,NQ,MAXDER, RT . .
DIMENSION JFILLC47),FILL1C372),YC108,6),FILL2C(155),RTC4) - ) ;
R1DO=FLOATCIDO) ] .
DO 10 Ji=1,NQ . o
D0 19 J2=J1,N8 . : . ,
J=NQ-J2+J1 . . ?
Do te 1=1.,H N A ;
YC1,d)=YC1,J)+RILO*Y(1,J+1) i . ;

19 CONTINUE :
PETURN : :
END
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SUBROUTINE DIFFUN(KK1,KK2)

C -NAME CHANGE: PC>PR (USEDL IN COMMON ST. ONLY),Y>X,
c FSAVE>X(60+ ), FSAVE(N)I>X(60+N+)

¢ : COMMON NOJN,NR,NP,JFILL, IP, 1TYPE
' ' ‘ COMMON RS;A:S:TLTLE;PHTN;ZL;FlLLl;PhOT:PD
1 SIG,R,FILL2, T,H,FILL3,X
DIMENSION JFILL(5), IP(12),ITYPE(30)
DIMENSION RS(38,7),A(32),S(32), TITLECT),FILL1(5),
1 SIG(lﬂ);R(39);FILL2(20):FILL3(24);X(22@)
D0 90 I=1I,N
X(I+KK2)=0.

9 CONTINUE
- IF (NP) 3,30,3
3 SG=0.

DO 12 I=I1,NP
K=IP(1)+KKI
SG=SG+SIGCI)*X(K)

10 CONTINUE
SG=SG*ZL
. $5=5G*SG
: IF (SG-.981) 12,12,11
11 PC=(l.-EXP(~5G))/5G ¢
GOTO 13
12 PC=1e=SG*e 5+55%(e 16666667~ SG*-941666667+SS*-83333334&-4)
13 PHO T=PHTN*PC
» DO 78 IR=1.,NR

I=IFIX(RSCIR, 1))
IF (1) 31,790,311

31 J=I1FIX(RSCIR,2))

o IF (1-99) 312,311,312
ar 1=0
312 IF (J-99) 32,48, 32

K=IFIX(RS(IR,3))
RT=RCIR)*X(I+KK1)*X(J+KK1)
RT= RT*X(K+KK1)

IF ¢(J) 33,34,33

33 . IRG=J+KK2
XCIRG)IY=X(IRG)-RT
34 IF ¢K) 35,50,35
35 IRG=K+KK2
"~ X(IRG)I=X(IRG)>-RT
- GOTO 5@
w RT=RCIR)*SCIRY*PHOT
RT=RT#*X(I+KK1)
) 1IF (1) 581,502,561
531 XCI+KK2)=X(I+KK2)~RT
02 . D0 60 K=4,7

I=sIFIXC(RSCIR,K))
IF (1) 51,70,51

- IRG= I+KK2
XC(IRGI=XCIRGI+RT
&6 CONTINUE
7 CONTINUE
K=N-1

X(N+KK2)=2.

D0 82 1=1,K

IRG=N+KK 2 ,

XCIRGI=XCIRGI+X(I+KK2)
8o CONTINUE '

RETURN

END
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SUBNODUTINE SOLVE

CHANGES: PW>RU, ( PU(N*NI>PS ), FSAVE>X, FSAVECN )>X(N+ )

‘COMMON NOLN,JFILL -

COMMON FILLI1,FILL2,X,RUsRT
DIMENSION JFILLCA7),FILL1(2B8G), FILL2C152),X(20),
1 RUCLIB)I,RTC30)

MNP I=ti+1

N SQ=NO*0

IP=IFIX(RUNSQ+1))
XC1)=X(N+IP)

0 20 I=2,N
IP=IFIX(RU(NSG+I1))

K=1-1

S=I3.

0 12 J=1,K
S=S+RUCCJ~ 1 )xN+IP)*X(J)
CONTINUE

XCI)=X(N+IP)~-S

CONTINUE

XN I=XCNI*RUCCN=-1 24N+ IP)

L0 4@ K=2,N

1=NP1-K

IP= IF IX(RUCSA+I))

IPi=1I+1

S=0.

DO 38 J=1PI,N
S=5+RUC(J-1)*N+ IP)I%X(J)
CONTINUE
HCII=(XCI)=S)*RUCCI=1)xN+1IP)
CONTINUL

RETURN

END



<

NG

910

-165-

SUBROUTINE COSET
COMMON JFILL,FILL1,EL, TQ,P,METH,NQ,MAXDLER, RT
DIMENSION JFILLC49),FILL1(562),EL(6),TQC4),P(5,3),RT(4)
PC(1)=1.

P(2)=1.

P(3)=.5

P(4)=e1667

P(S)=.24167

P(6I=2.

P(7)=4.5

P(8)=7.333

P(9)=10.42

P(10)=13.7

P(11)=23,

P(12)=6.

P(13)=9.167

PC14)=12¢5

PC15)=1.

EL(2)=1. .

MANLER=S

GOTO (201,202,203, 204, 205),NQ
ELC1)=1 . .
GOTO 928

EL(1)=6+66666667E-01
EL(3)=3«33333333E~1

GOTO 900

EL(3)=5.45454545E= 1
ELC(1)=EL(3)
EL(4)=9.89092929E-2

GOTO 909 i
EL(1)=.48

EL(3)=.7

EL(4)=.2

EL(5)=.82

GOTO 990 .
EL(1)=4.379562G4E~1
EL(3)=8.21167883k-~1
EL(4)=3.10218978E-1
EL(5)=5.47445256E-2
EL(6)=3.64963504EL~3

O 912 K=1,3

T TR(KDI=P(NQ,XK)

CONTINUE
TQC4)=+5%TQ(2)/FLOAT(NQ+2)
RETURN

END



C CHANGES IN NAMES: PW>RLU, ¢ PW(N#N)>RIPS ) ,FSAVE>SCALES

S5

. ne
114

-159

160
172

25
95

26
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SUBROUTINE LECOMP(IER)

COMMON NO.,N,JFILL
COMMON FILL1,SCALES, RLU, RT

DIMENSION JFILLCA47),FILL1C432), SCALES(20), RLUCILI2),

1 RTC32)

N SQ=NO *NO

1ER=0

0 S8 I=1,N
RLUCNSQ+I)>=FLOAT(1)
ROWNR=0.

D0 20 J=1,.N

IF (ROWNR-ABSC(RLUC(J=~1)*N+13)) 11,20,28

ROWNR=ABS(RLUC(J=1)*N+]1))
CONTINUE

J=N0 . :

IF (ROWNR) 21,95,21
SCALES(1I)>=1./ROUNR
CONTINUE

NiT1=N-1

DO 170 K=1,NM1
BIG=a.

L0 119 I=K,N
IP=1FIXCRLU(NSRA+I))
SIZE=ABS(RLUC (K- 1)xN+1P))*SCALESCIP)
IF (SIZE-BIG)Y 118,110,55
EIG=SIZE

IVROW=1

CONTINUE

IF (BIG)Y 112,96,112

IF (IVROY-K) 114,158,114
J=1FIX(RLUQISO+K)) .
RLUCTISQ+K)=LY (I SQ+IVROW)
RLU(NSQ+ IVROW)I=FLOAT(J) '
KP= IFIX(RLU(N SQ+K))

PIVO T=RLI( (K~ 1)*+KP)
PIVOT=1./PIVOT
RLUC(K=1)*N+KP)=PIVOT
KPl=K+1

LO 160 i=XPi,N

IP= IFIX(RLU(NSA+1))
EM=RLU((K-1)*N+IP)*PIVOT
RLUCCK=1)%N+IP)=EM

D0 168 J=XPl,N

PLUCCJ=1)*N+1IP)=RLUC(J=1)*N+IP)-Ei*NLUC(J= 1) *I+XP)

CONTINUE

CONTINUE"

IP=1F IX(RLU(NSAQ+N))
PIVOT=RLUC(N=1)*N+IP)
IF (PIVOT) 25,96,25
RLUCN=-1)xN+1P)=1./PIVOT
RETURN

IER=1

RETURN

ILR=2

FETURN

END
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The measured rate constants, 1/2(Kh)2/3(2g)1/3, for the N205

APPENDIX B. EXPERIMENTAL DATA FOR THE N,O.-0, REACTION

catalyzed decomposition of ozone were summarized in Tables VIII and‘IX.
In the experiments the concentrations of HNO3, NZOS and O3 were measured
for 5 to 10 timé points in a given kinetié run. These time pgintsvfor'
éach species vere least-squares fit to third—order polynomials.

Table XXI conﬁains the polynomial coefficients from‘which the rate
cbnstants were calculated. The concentrapion of eéch species was

evaluated by the equation:

. 2 3
e=aj + alt + a2t + a3t‘ | (100)

where t = time in tenths of minutes. The standard deviation refers

' to how well the polynomial curves fit the experimental points. The

rate constants were calculated for each one minute interval between

T(0) and T(final), and the average rate constant and its per cent

standard deviation arce included in Table XXI for each run.
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Table XXI . Polynomial coefficients for reaction species concentrations in 3 :

the NZOS catalyzed decomposition of ozone.

' |

v !

tan. Dev. ‘

Species ag i_l. . -a_z fl Stan v \
# 1 T@)= 18 TC(FINAL)= 84 MIN. Qe S47L-9 +/- 1.432% i

HNO3 0+169321E+16 ©8.109022E+13 ~0.491253E+09 0Q.195711E+@6 +/- 0.13Ek+14
N20S B« 213460E+16 -0.651254E+12 0+246446L+09 -0+ 994851E+085 +/- 0.30E+13
03 '2.308328E+17 -0.102987E+14 ©@.231352E+09 0.101669E+07 +/~ 0.48E+14

¢ 2 T(B)= 18 T(FINAL)= 84 MIN. Qe 561E~9 +/- [.6082% . ;

HNO3 0+ 121295E+16 0e104098E+13 -0« 194008L+0%9 0.586307L+05 +/- Q. 11E+14
N20S5S 0.148207E+16 ~0.475401E+12 D«531950E+07 -8.333348E+04 +/- G.32E+13 !
03 0Q¢754904E+17 -0.168980E+14 0Q+386559E+10 -0.503323E+06 +/~ B.17E+15 %

# 3 T(Q)= 84 TC(FINAL)= 146 MIN. GeS4TE=9 +/- 0.56%

HNO3 B.12129SE+16 B« |04B98E+13 =0.194008E+09 8. 586307E+85 +/- Be11E+14 !
N20S Q¢ 148207E+16 -0+.4754C1E+12 0¢531950E+07 -0.333348k+04 +/- Q«3GE+13 = -

03 @« 754984E+17 -0.16898QE+14 0¢386559E+10@ -0+ 503323E+26 +/~ B+.17E+15
¢ 4 T(G)= 18 TC(FINAL)= 64 MIN. 2.972E-9 +/- 2.14% z
HV03 Bs 708731E+15 Be¢326985E+13 =0. 154408k+10 . 0.604509E+8€ +/~ B.12E+13 : f

N20S B¢123339E+16 -0+168657E+13 ©0«460749E+09 =02.569092E+EC5 +/- Qe 30E+13. :
03 Be651694E+17 ~0.593458E+14 0.266675E+11 0De3I24836E+07 +/= B 15E+15

# 5. T@)= 18 TC(FINAL)= 92 MIN. 2¢891E-9 +/- 0B.45%

HIO3 0.648933E+15 M+273A47E+13 -0.964224E+09 0-3@7903&+06 /= DellE+14
Nz05 0. 145212E+16 -0 124690E+13 0.566252E+088 0. 7978 70E+05 +/- 0.CGE+13
03 @.540627E+17 -@«636380L+14 0.333335E+11 -0.879094E+07 +/- 2.85E+14

# 6 T(o)= 18 T(FINAL)= 86 MIN. 2¢808LE=9 +/- 1.20%

NO3 B¢G607SEE+1S @e220435E+13 -2+ 3114Q1E+09 089111 4E+05 +/- D« T2E+13
N20S @« 19Q2106E+16 ~De103458E+13 ~0.347971E+08 0« 109553E+06 +/- 0.50E+13
03 DB«505657E+17 -0+735137k+14 (.465733E+11 =3.122725E+28 +/- B.15E+15 ?

&7 T(a)= 18 T(FINAL)= 38 MIN. l2o4¢7£-9 +/-  5.29%

INO3 G+105383E+16 @«734494E+12 @.633312E+10 -2.853711E+87 +/- Q. 78E+13 . [ !
N205 B« 672766E+15 -Ce171692E+413 Qe195683E+10 -« I'SE372E+07 +/~ 0.30E+13
03 B+413938E+17 =0«1470T1E+1S ©.244262E+12 -0.154364E+09 +/- B¢ 13L+15

# 8 T(@)= 1§ T(FINAL)>= 48 MIN. 12+ 385E~9 +/- . 3.912%

HNO3 De657679E+15 B.160590E+13 Be476662E+09 ~0.163053E+07 +/- Be2GE+13
N205 @+475666E+15 =0.997930E+12 0.413494E+089 @G.111372E+06 +/- B.50E+12
03 0+179023E+17 -0.630573E+14 0.948290L+11 -D.51557TE+08 +/- 0.98E+]4
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Species_ ) 32 v . 2l 23 :l
¢ 9 T(BY= " 24 TCFINAL)= 46 MIN. Qe 488E~9 +/- 1.78%

HNO3 0+535481E+15 0.298779E+13 -0.308126E+10 011 7006E+87 +/-
N205 0.929305E+15 -0.194412E+13 ©2.238162E+108 -0.119381L+07 +/-
03 ©B+SSQ141E+17 -0.780850k+13 ©.342930LE+10 0.PBOVCROL+00 +/~

#1090  T(2)= 18 T(FINAL)= 52 MIN. Q. 482L-9 +/- 1.04%

HNO3 @.445739E+15 002068ﬁuh*13 ~Be19T7273E+239 -Q0+56T1S59L+R6 +/-
N205 0« 128181E+16 =0e114356E+13 ~0.160375E+29 0.5796165+06 +/~
03 0.605422E+17 -0.104133E+14 0.296733k+10 215391 1E+0€ +/-

s 11 T(B)= 18 T(FINAL)= 84 MIN. Q. 462E-9 +/- 1.34%

O3 @.422191E+15 2.153886E+13 Q.809281E+08 -0.133960E+3€C +/-
N20S5 @.155654E+16 -0. 101330E+13 ©0.639919L+08 0.« 58564BL+05 +/~
03 0+69697TE+17 -0+ 135841E+14 Q.507668BL+10 <0+ 135101IE+07 +/~

#12  T(@>= 18 T(FINAL)= 6@ MIN. 0.504E=9 +/- Z.52%

HNO3 @«333935E+15 B.155544E+13 ~0+106548E+09 -02.102114L+06 +/-

N205 B 144287E+16 ~0.8B80614E+12 -0.346798L+08 '0.913959E+G5 +/-
03 ©.329138L+17 -G.657700L+13 -0.237306L+10 ©.369561k+07 +/-

# 13 TC@>= 18  TC(FINAL)= 64 MIN. @e499E-9 +/- 2. 14%

HNO3 B¢ 365468E+15 Qe 151042E+13 ~De4696879E+4089 0.207556L+06 +/-
N20S B« 128942E+16 ~0« 127TB2E+13 0+ 127124E+10 =0¢ 7T47377L+06 +/~
03 @G«671012E+17 -0« 117839E+14 0.250325E+10 0«581892L+06 +/~

¢ 14 TC@)= 18 T(FINAL)= 46 MIN. @e 479E-9 +/- 1.€7%
B.154350E+13 ~2.547288E+09 Pe914833L+E5 +/-

. + -
HVO3 8.329697E+ 13 0. 380205E+E0 0+ 2464TBL+DS +/-

N2OS5 0+«69C619E+15 -2« 7T1795E+12
03 @.413597E+17 -P.570984E+13

# 15 T(B)= 20 TCFINAL)= 56 MIN. 2¢558Lk-9 +/- 3.4l
NO3 @+ 7@3342E+15 0.216259E+13 -0.961426L+09 091605®7L+06 +/-

N205S 8.86234QE+15 “B.994688E+12 0.258299E+09 0. 655498E+05 +/-
03 ©0«360191E+17 ~3.345708L+14 0.265608E+11 ~0.915131L+87 +/-

v 16 T(@>= 18 T(FINAL)= 69 MIN. 2-632&-9-.+/- ;é.zaz

O3 @G.5338365E+15 C+154140E+13 -0.1031 72E+09 -0}142133E+Z6 +/=
N205 B+915486E+15 ~0.715109E+12 ~0. 306786L+08 Be 114734L+06 +/~
03 0.283821E+17 -2.297613L+14 0. 17994%2L+1) ~0el29826L+07 +/~

* 17 T(@)= 18 TC(FINAL)= 56 MIN. : 2.597E=9 +/- 1.060%
HIO3 @+472730E+15 @.153163E+13 =0.590785E+09 0;358991E+®6 :/-

NZOS 2.8910878E+15 ~C.758179E+12 0.299827E+09 =-0.178333L+06 +/~
03 ©.367824E+17 -8, 349230E+14 0.224466E+11 -0« 754092E+07 +/-

0e209919E+1@ 0D.000C00L+R0 +/~.

Stan. Dev,

Qe 3CE+13
Qe SGE+12
B.92Ek+ 14

P.3CLE+13
D+5BE+13
Qe 40E+ 14

@e24E+ 14
P.30E+13
Q.93L+14

@« 60E+13
©e10E+13
2.32t+ 14

Ce 40L+13
@e SOL+13
Q.35k+14

@.10E+13
Be 10E+13
Ge 13E+15

Oe 760L+13
Q. 10L+13
Gel4qE+ 15

Ge 6OE+13
@e1PL+13
Ced7b+14

B« 60E+13
Q.10E+13
Q.12E+15



Species  a

o

T(@)= 18

W03 0.369742E+15
N205S 9. 39373BE+1S
03 ©2¢543664E+17

f 19

T(@)e 18

HNO3 0+375325E+15
N20S 0.605516E+15
03 0.479075E+17

# 20

T(@)= 18

HI03 0. 335371Lk+15
- N20S ©04972375k+15
03 0.623069E+17

¢ 21
03
20 S
23

‘o 2
103

Heos
03

¢ 23
15103
Nz05
03

# 24

T(A)= 18
De A630JTE+LS

Ge 113577L+16
6+ GABIOLIE+1T

)= 18
Be E135T9L+15

Be1172€7E4 18
GeT¢3541E+17

T(GI)= 38
Pe442201+15
Ge 12743 2E+16
Q- 764915L+17

T(2)= 18

HNOJ Ge.2649C1E+16
N205 3.165323E+16
93 0.829575E+17

& 25

1033

N235

T(@)= 308

Fe248i5371416
UellLEZIYESLC

-170~ "

s : " a Stan. Dev.

b § 2 4
TCFINALY= 34 MIN. 10.986E~9 4/~ . 2.47%

Ce198933E+13 =B 177495E410 P+ 619479E+06 +/= 9.40E+13
~0+953736E+12 0.926317E+39 -0+ 384456E+06 ¢/~ 2. 10E+13
-8« 107835E+15 0Q.137744L+12 -0+ 712854E+08 +/~ 0.33k+14

TCFINAL)= 4@ MING 10.818E-9 +/- 4.28%
0.224987E+13 =B.199415E+18 0.938322L+86 +/- 0.50L+13
~0.995185E412 8.654214E+09 ~0. 199019E+06 +/- 0.20E+13
-0.130844E+15 0.163348E+12 =0. 774428E405 +/- B.14Es1S
TCFINAL)= 48 MINe - 11.089L-9 +/= 3.89%

.ﬂo207573£+13v°0-1039532410 8+S72157L+06 +/- B8.28Lk+13
-0.851553E+12 @.168457E+09 ©0.337127E+05 +/- 0.10E+13

=0e219733E+15 Qe293923E+12 =0« 143510E+09 +/~ 0. 12E+15 "

TCFLAL)S 44 MIN. GeS546E=9 /= G.83%

0e 1954125413 ~¢eA31716E489 0. 19036LL+aG +/- 8.5GE+13
“Be0TABOTES 12 Do 14233GE+09 ~Ce253576E+@5 +/= 0.10E+13
“Be15653GE+14 De952Z0Z8E+10 =0e51147SE+37 +/~ G 6AL+14

TCFINAL)= 50 4INe - 0e4B4k=9 +/= 2.46

0. 122342E412 Ge€SZ1S1EE0O =Qo TOOTAALSEG +/= Fe €BES]D

=2 ECTTIZE+1IZ =2.1CC49IE+CS Do ZACQZIE+DIE +/~- B.122+)3
=% 137972L+14 Be692TC6TL+12 ~De27262TE+2T +/~ 2.64k+14

TCFINAL)= 65 pilNe. 9. aGaE=9 +/- 2.30%
e ZUCETSEF1S ~Co1030GOES1A  Be 53565 TE+BG +/= e 6uk+13

~5e 1BHA33E41S  D.35568E+0Y =0e 1 TIETE6Z+D6 +/+ T ZBL+1S
“P.210119E+14 G 1964405011 =Ge 1B16YTL+SE +/~ Q.43+ 14

TCFINAL)s 68 MINe 0.436E-9 +/~ 1.03%

0. 266926E+13 0. 173884E+10 B« 777962L+86 +/- O.14E+14
-0.142584E+13 0.914925E+09 0. 399Z08E+B6 +/- 8o 31E+13
~0.103274k+14 0. 363T9ZE+10 -0+ 164719E+C6 +/- B.45E+14

TCF INHAL)= [3%4 MlNg 8-494&‘9 +/~- e 242

e 157951E+13 ~B3367219L+469 ~2.091914E+38 +/- Ge9lEt 1T
“Ge 120Q4SE+413  OeS5Z8TARE+2D =Ge 191 T28L+426 +/~ hezoE+ld

03 0e83T7H5Z2E+17 ~0.139556L+14 BeAILYVZE+16 =00 555243k+ 45 +/- R.15L+14

p 26

T(a)= 16

HIN3 6.2513%4E+16
NEOS 2e111919E+16

03

G.81683715+17

TCHINALY= 46 tilde Be445E-9 +/= 1.91%

£.176592E+13 0.344130E+69 ~Ge T21530E+0C +/= 0.57%#13
~(e9U9OTGE+1E 0. 305872459 -G« 119395436 +/- 2-123¢l3
-0. 103761414 G 1T7T311E+1S G0533267E*@6 +/~ B.99Lk+ 14




e

23 .

Be771922L+17

Sgecies a, . '

bk haiia a 2 4
27 TC(2)=2 18 TCFINALY)= 56 M1V 0 478k=9 +/- 1.52%
:ﬂ03 07335707L*{6 Ce261125L413 01379112410 Ce9S3IZHTL+TE ¢/~
3205‘8-164574£016 “Cel1Z95538L+123 Qe321092E+29 «8.94243TL+4S +/-
03 T.825730E+1T7 -0.1616b4E+14 CeSSIIT7IE+10 ~0.314866EL+26 +/-
# 23 TC@= 1B TC(FINAL)I= 58 i1l GeABTE=9 +/- 1.80%
NO3 0.529514&*!6 2e1916512+13 =0« 601 733L+09 2-48G776%+06 */~-
U205 0.197896E+16 -3.102908E+13 Tes 2C8LIIE+0O -Ora§0329u+65 +/-
03 D.793321:+17 «Z3.16227SE¥14 P 188701E+12 6.687IS6E+56 +/-
#29 T(3)= 20 TCFIdAL)= 56 NIN. | 8.4728-9 +/-  2.50%
?"03:803731453416 De $ T4SL4E+13 z.aaoaszzozv’-z.36519ea+36 +/-
NEDS Bel6540ZE416 =Be116LA3E+LT  CeIJA29BE+GY ~Ue J4ESIEELCE */f
03 36744395E+17 =G 15734TE+14 262157 7E410 =2 933Y22L+0LE +/~
# 30 T(2)a 1§ TCFINAL)= 58 15iN.  BelibG2eF  +/- tedz%
3223,?-351426§+16 0(1759!2&013' De 2175522429 ~0. 28984964066 +/~
MeNS G 1SIGEALP1I6 «G150221E+13 Te 21 I04ZE40S “Ge 1215C0UE+06 +/=
03 BoSSQZSS&*!? =2¢16G2435SE+14 3. COA4GB3E+ 1D *~Te23164CGE+CT #/-
#31  T()a 26 T(FINAL)= 63 MIN. 0+ AB4LE=9 +/- D.63%
RI03 0e24T253L+16 Do 1 TI219%413 =R 417206L+C9 Qe 2169986E+76 +/;

 H205 De1936LRe+16 =Be9U3711IE*1Z Pe23AGBGE+UF =G 12S5TIIE+AS +/-

-A+1853112+14 @.751392L+10 =0e J46T46L+DT +/-

Stan. Dev.

C.222+14
Be592+12
Ge 5714

0. 13E414
3.26E+13
2. 53E+14

Ze 1 TE+14
Do 75L+12
2. S5zk+14

GellE+1a
G TEES1Z
8592+ 14

%el152+14
Ce LHEFLT
Ge 485E+ 14
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