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THE CHEMISTRY OF HOpNOo AND THE PHOTOCHEMISTRY AND
KINETICS OF THE HOy ~ NOy - COy SYSTEM

David Littlejohn
Materials and Molecular Research Division

Lawrence Berkeley Laboratory and Department of Chemistry
University of California, Berkeley, California 94720

ABSTRACT

The objectives of this work were: (1) to investigate formation and
destruction reactions of peroxynitric acid, HOZNO2 and (2) to study the
photochemistry and kinetics of the HOX - NOX - COX system were also
studied. Investigations were done using infrared spectroscopy to
observe the behavior of species involved with the reactions of interest.

Several techniques were used, including expansion of reactants into
an evacuated cell, static cell decays under constant illumination, and
periodic photolysis of flow systems. Infrared absorption cross sections
were obtained for CO, COZS NO, NDZe N2055 HN039 H2029 and HZOE The
spectroscopic measurements were used to derive kinetic information on
the systems under study.

The reaction of HZOZ with NZOS has previously been studied only
in the liquid pha5e06°7 This study investigated the reaction of gaseous
HZOZ and NZOS in the temperature range of 253 K to 283 K and a
pressure range of 10 torr to 80 torr. The reaction occurred primarily

heterogeneously in the apparatus in which it was studied. The upper

Timit for the bimolecular reaction giving the products
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a
HZOZ + NEOS » HNG4 + HNOS

was determined to be ka <1 x 10”18cm3 molecu?e“l second“ie

The reaction of HZOZ with two other species was also examined.
b
HZGZ + N0 » products

c
HZOZ + HN03 » products

Both reactions proceed by primarily heterogeneous pathways and appear to

be fairly slow in the temperature range of 263 K to 283 K. The upper

lTimit for the bimolecular rate constant for both reactions is <l x 10“19

cm3 mo1egule°1 second“’l°

The decomposition products of HNOQQ HOZ and N029 may react by two

pathways
d
HO2 + NOZ + M 2 HNOQ + M
-d
e
HOZ + NOZ » HONO + 02

This study found the ratio ke/kd < 0.05 at 263 K and 30 torr, Using

the equation for kd given by Graham et al., 18 an upper limit for

14 3 1 1

ke <5 x 10777 cm” molecule™™ second ~ was obtained.
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The products of the reaction of OH with HNOQ were determined to be

f
OH + HNO4 » HZG + NOZ + 02

and the rate constant for the reaction was found to be kf = 2.9 ¢ 1.0

X 10”12 cm3 mo?ecu?e“l 1

second = over the temperature range of
263 K to 283 K.

The decay profiles of species in the static cell photolysis of
N029 HZOZ and CO in 0.1 and 1.0 atmosphere of O2 were observed
and compared with numerical simulations.

The appearance of 03 after the initiation of photolysis of the
system was observed. A chemical reaction cycle has been proposed as a

source of 0g in the troposphere; 72111

OH +C0 »H +CO

=

H +0 HO

2
H02 +NO » OH + NO
NOZ +hv » NO +0

0 +0, » O3

net: C0 + 202 » L0, + 0

Numerical simulations indicate that this cycle was not responsible for

the generation of the ozone observed.
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I. INTRODUCTION

In the past few decades, there has been growing interest and concern
regarding chemical processes in the atmosphere. Initially, this
interest was limited to chemistry in the tropospheregl but more
recently interest has spread to the stratosphere as we?iag In the
atmosphere, the chemistry of peroxynitric acid is presently of particu-
lar interest. The chemistry associated with its formation and decompo-
sition is still not completely understood. One currently known method

of formation of peroxynitric acid jg3st

M
HO, + NO, > HNO,. (1)
M
HNO, > HO, + NO, (-1)

The reverse reaction is responsible for its destruction. A reaction that

may compete with (1) for consumption of HO, and NO, is
HOZ + NOZ > HONO + QZ . (2)

Other reactions may also be responsible for the formation and decomposi-

tion of peroxynitric acid. One reaction of particular importance is

OH + HNO4 3 products . (3)
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Work has been done to investigate the formation and destruction processes
of peroxynitric acid.

3 that there 1is an

In the troposphere, it has been noted recently
apparent hemispheric asymmetry in the global distribution of the
measured concentration of ozone. Non-chemical mechanisms for creating
this asymmetry have been investigated previously and appear not to be
responsible for the hemisphere variation of the ozone concentration.
Research was performed to study a possible chemical mechanism that could
account for the observed asymmetry.

One of the Objeétivss éf this research was to study the formation
and destruction reactions of HNOy, particularly formation by tne gas
phase reaction of Hy0, and NyOg, and destruction by attack of OH radical.
Another objective was to investigate the photochemistry and kinetics of

the HDXQNQX@CQX system by observing the response of species to

photolytic Tight in a mixture of HzozS NOy, €0 and 0g.

A. Peroxynitric Acid

Initial investigations of the chemistry associated with HO,NO, began
shortly after the turn of the century. Early investigations of its
formation and behavior in solution were done by D'Ans and Ffiede?ich§6
and somewhat later by Schwarzej They investigated the reactions of
HZOZ and N,Og and H2©2 with HNOg at low temperatures. The first reaction
was reported to be very vigorous. The reaction product (presumably
HNOQ) is very unstable and explosively decomposes at 243K. HNO4 was

found to be stable in room temperature agueous solutions at concentrations

between 20 and 70 percent.
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In recent years, a resurgence in interest in HNO, occurred when
the possibility of its existence in the atmosphere was postulated. The
radicals HO, and NO, are very important in the chemical balance of
trace species in both the troposphere and the stratosphere. Initially
it was believed that they only reacted in a radical disproportionation’

reaction899

HO, + NO, > HONO + 0, (2)
It was noted by Simonaitis and Heicklenl® that HNOQ could exist in
equilibrium with HDZ and NO,

M
HO, + NO, > HNO, (1,-1)

Their measurements indicated a lifetime of HNOy on the order of 50
seconds at room temperature.

Niki §3.§1@3 were the first to determine the infrared absorption
of HNOg with a Fourier transform infrared spectrometer in a mixture of
C129 Hy and NO, photolyzed by black lamps. The absorption spectrum was

confirmed by Hanst and Gaysll

who used a mixture of Clo, NO, and H,CO
in a similar system to that used by Niki.

Levine gg‘glglz investigated the kinetics of HOZ + NO,
reactions in a mixture of HONO, CO, NO, and NO in synthetic air at 700

torr pressure. Along with reactions (1) and (2), they studied

HO, + NO > HO * NO, (4)



They obtained values for the ratios of the three reactions. Their results
indicated that kz/kl ~ 0.7 £ 0.4, kzlk4 ~ (3,043 = (.02 and §<1/k4L
0.058 # 0.02, They suggested that HNO4 may be important in the chemistry

of polluted air.

13

Simonaitis and Heicklen ™ photolyzed a mixture of Nzos HZ’ 029

NO and N02 at 213.9 nm and reported that (1) was the only reaction of

HOZ and NQ2 that was observed. They obtained a value of 6 x 1017

1

exp (-26,000 mole ™ cal/RT) sec“l for the unimolecular decomposition

of HNOQQ

Graham, Winer and Pitts4 prepared HNO4 with relatively low amounts
of impurities and investigated the unimolecular decomposition of HNO4
as a function of temperature. HNO4 was mixed with excess NO, which
L =LA
exp (-2, 7004500/RT)sec™r. From this they calculated thermal

scavenges HO2 by reaction (3). They obtained a value of k
1014
decomposition Tifetimes of HNO4 at one atmosphere total pressure of 12
sec at 298 K, 5 min at 273 K and 1 month 220 K. They reported the ratio
of kZ/k1 < 0.001,

Baldwin §Ea§1f14 estimated the entropy of HNO, to be 71.6 eu.
This value was obtained by correcting the measured value of the entropy
for MeONO, for internal rotation. This estimate was then used to
calculate a high pressure A factor of 1@910A = 15.9 sec”l for reac-
tion (~1). They estimated an activation energy for reaction (-1) to be
in the range of 23-25 kcal/mole from modeling smog chamber experiments

of n-butane photo-oxidation.
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Jesson et al. obtained ultraviclet absorption cross sections of
HNOQ in an aqueous solution at wavelengths between 300 and 360 nm.
These values, along with measured rate constants for reactions (1) and

(4), and estimates of the rate constants for

HNO, *+ C1 5 HC1 + 0, + NO, (5)

HNO, *+ 0 > OH + 0, + NO, (6)
{

HNO, + OH » H,0 *+ 0, + NO, (7)

were used in a one-dimensional numerical model of atmospheric chemistry
and transport to estimate the effect of HNO, on the atmosphere. They
conc luded that maximum concentrations of 1 to 3 ppb could exist in the
stratosphere, but that more information on the kinetics and photo-
chemistry of HNO, were needed.

Howardls used laser magnetic resonance to directly study the

reaction of HO, + NOy in the pressure range of 0.5 to 3 torr. His mea-
surements indicated kp/ky < 0.15. He determined the M gas dependence

of the reaction for M = He, No, 0y and NO, at 300 K.

17

Baldwin and Golden™’ used more recent results and RRKM theory to

predict a revised value of logio of the high pressure A factor = 16.4

sec~! at 300 K for reaction (~1).

18

Graham, Winer and Pitts™ investigated the pressure and temperature

dependénce of the unimolecular decomposition of HNO4. They obtained a
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rate constant for reaction (ml)‘in the second-order regime of 5.2 x 10”6

3 1

exp(~19900 = 500/RT) cm” molec™ sec! for N, pressures up to ~7 torr.

For 278 K, the limiting first-order high pressure value of reaction (-1)

was estimated to be ~0.018 sec“le

10 3

They obtained a Kequﬂ = k_y/kq of

molec cm™

8.1 x 10 using their results with those obtained by

Howard. They developed empirical expressions for the rate constants of

reactions (1) and (-1),

-33 3 -1

ki oy = 7.3x107exp(2000/RT) [M1/(1+4.86x10722[M1%°0%) emdmotecLsec

1

wlz[M]0°6l)sec”

k_yoNy = 5.2 x 10 %exp(~19900/RT) x  [M]/(1+4.86x10

The relative M gas efficiencies from their results are [NZ] = 1 and

[0,] = 0.83 * 0.12.

21,19

Uselman et. made another investigation of the kinetics of

the unimolecular decomposition of HNO4 in a mixture of Clzg Hy and N02
in synthetic air at 700 torr total pressure. From their measurements of

K 1 for reactions (1) and (-1) over the temperature range of 293.3

equi
to 301.4 K, they obtained values of AH® = 23.8 # 2.7 kcal/mole and aS° =

40.5 = 8.8 eu for reaction (=1). Using the entropy estimate of Baldwin

et a19149 they estimate AH°f (HNOQ) ~ -10.8 kcal/mole.

298
More recently, Graham, Winer and Pittszo have determined infrared

and ultraviolet cross-sections for HNOQe From their ultraviolet cross

1

sections and the solar flux intensities of Leighton,” they obtain a

HNOy lifetime of about 3 hours in the troposphere. Molina and Mo]inaZl



have obtained UV cross sections of HNO4 that are considerably lower
than those obtained by Graham et al. at longer wavelengths. From their
values, they obtain a HNO4 Tifetime in the lower atmosphere of ~30
hours. Cox and Patrickzz have made measurements of HNO4 UV cross
sections that are somewhat higher than the measurements made by others.
A comparison of the measured UV cross sections for HNOq is shown in
Fig. 1.

Cox and Patrickzz also studied the kinetics of formation of HNO,
from HO2 + N02 in a modulation system, They obtain values of kwl = 1.5

£ 0,5 x 10‘“’12 cmBmOTec“1

£ 0.5 x 10“31 cm6 molec”

sec™l for the second-order limit and kg =2.5
Zsecml in the third-order limit. They derive a
value for the unimolecular decomposition of HND4 of kl = 1.2 +1.0/-0.6

X lolgexp(~21900$340/RT)sec”ls

From this they obtain an entropy for
HNOQ of S° = 76.2 eu, with the assumption that the activation energy for
formation is zero.

Barker gi,glfzg have investigated the reaction of several species
with HNO40 The products of the reactions were not determined. The
reactions studied and the rate constants obtained are as follows:

7.543.4x10 2exp(~2600+130/T)emmoTec ™ 'sec ™! (6)

i3

0+ HNO4 » products k7

12 3

OH + HNO, > products kg < 3.5x10 "“cm mo]ecml

sec lfor T = 275-297 K (3)

i

05 + HNO, > products kg inxlO“ZOcmBmoiecﬁlsecwl T

e
~—

i

278 K (

H + HNO, » products k = 2.7:0.4x10 *emnotec Tsect T

A%

250 K (8)
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Fig. 1. UV absorption spectrum of HNOQ
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Graham et 61918 “12emdnotectsect for

obtain an upper limit of ~3 x 10
kg, which does not disagreé with these results, Table 1 summarizes the
literature values for the HO»-NO,-HNO, system.

Further work needs to be done to better understand the chemical

behavior of HNO;. Part of the present research was done to provide more

information on this system.

B. Alternate Methods of Producing HNOg

To date, all studies have considered formation of HNO, in the gas
phase only by reaction (1). In solution, several methods of preparation

exist. D'Ans and Freiderichg and Schwavz7

prepared agueous solutions
of HNO4 by reacting HNO4 with Hy09 . They also prepared HNOy by the
reaction of N205 with Hy0, at low temperatures. Since then, Barker and
cgworkergz have deQised other technigues, as well as using the ones
established by ear]éer workers. The three techniques they have used are:
1) Slowly adding 0.9g of 90 percent Hy0, to 2g of 70 percent HNO
at 0°C,
2) Very slowly adding 0.4g NO,BF, powder to 2g of 90 percent H, 05
at 0°C with vigorous stirring,
3)°  Slowly adding 0.2g NO,BF 4 powder to 0.lg of 90 percent HaOy in
g CH3CN (acetonitrile) at 0°C.
It should be noted here that N028F4 is hygroscopic and preparations
utilizing this compound should be done in an atmosphere free of water
vapor.
It was decided to investigate the possibility of forming HNOy Dby
reacting Hy0p with NyOg and HNOg in the gas phase. Two other reactions

that should be considered in analyzing the results of the above reactions



TABLE i
M
HO, *+ KO, » HNO, (1)
HNO, > HO *+ WO (1)
HO, : MO, > HONO + 0, (2}

Reference ky k.1 ‘ kg kpiky
24 —— S— ~ 3 x 10-17 —
25 1.97 x 10-31 —— —— -
12 — —— — 0.7 = 0.4
16 1.0 = 0.25 x 1031 (¥ = He) — < 3 x 10-15 < 0.15

2.1 # 0,52 x 1031 (M = Np)
1.5 + 0.38 x 10731 (M = 03)
6.6 # 3.0 x 10-31 (M = nop)

4 — 1.4 x 1014 exp(-20700/RT) — < 0.001
13 —— 6 x 1017 exp(-26000/RT) — (small)
18 7.3 x 1033 exp(2000/RT) x [Mlefs 5.2 x 106 exp(-9900/RT) x [Mlefs < 5 x 10-16 —

M] .
[Mlefr = {174.86x10-12 % [MJ0-61){ rel. eff.: Nz = 1.0 0p = 0.83 # 0.2
22 1.5 # 0.5 x 10~12 (2nd order Timit) — —

2.5 % 0.5 x 10-31 {3rd order limit)

0t
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are those of Hgﬂg wWwith NDZ and NZQS with nzau Some of the
possible products of these reactions and the enthalphies of reaction are

listed below.

HZGZ + NZQS > HNOS + HONO + QZ AH = -21.5 kcal/mole

> HND + HNO, 213,20

(9)

¥ HNQS + H(32 + NOE + 6.0 "

> H0 + N0y + NO, + 6,0
Hy0, + HNOy > Hy0 + HONO + 0, sHow o120 0

> HZQ + HNO4 - 3.7 " : (10)
Hy0, + NO; » NOy + MOy + H,0  aH =161 * -

> HNO5 + OH 1.7 w w0

Hy0, * 2NO, » HNO5 + HNO, ot = <47.8 " v (11b)
HZOZ + NZQQ » HNO3 + HNOS AH = 34 2 @ # (1ic)
NZGS - HZQ @ HNOB + HNOS AH = ~ 9.5 [ 1] (i£>

The enthalphy of formation for HNO, was that determined by Uselman et al. o

which is uncertain by several kcal/mole.
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These reactions are of potential importance in tropospheric and
stratospheric chemistry. This research is directed toward determining

values of the rate constants and products for these reactions.

C. The Reaction of HNOa with OH

The reaction of OH with HNO4 is of considerable potential importance
in atmospheric chemistry. The atmospheric lifetimes of a number of HQx
and NOK species could be influenced by this reaction. It provides an

alternate mechanism for the OH and HO, by the following reactions.

M
HO, + NO, > HNO, (1)
OH + HNO, » H,0 + NO, * 0, {3)
net: OH + HOZ » HZO + 02 (13)

If reaction (3) is fast, it could significantly affect the lifetimes of
OH, HOZ and HNO4 in the atmosphere.

No definite experimental values for this reaction have been pub-
lished. In a review of atmospherically important reaction rate
constants, Baulch, gg,gifgé assume the reaction occurs by hydrogen atom

abstraction. Considering the rate constant for OH + HNO5, they suggest

~13 .3 1

a value of 1 x 10 cm” molecule™ S&cond”l for the reaction, with the

uncertainty of at least an order of magnitude.

Graham et al. suggest an approximate upper limit of 3 x 10-12¢m3

1

molecule™ second™! for the rate constant of OH + HNO4, They arrived

at this value from observing the concentrations of various species during
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the unimolecular decomposition of HNO, in the presence of NO with and
without added n-butane. The n-butane is an effective scavenger of OH by

the reaction:

n - C4Hig *+ OH > products, k = 2.5610 " 2em3motec tsect, (14)
The OH 1is produced by the reaction
NO + HOZ » HO * NO, . (15)

They observed no detectable change in the unimolecular decomposition
rate of HNO, when n-butane was added. A significant reduction of HNO3
formed by the reaction

M
OH + NO2 > HNO3 (16)

was observed,
1 23

Barker et investigated the reaction of OH with HNO, using
3 flow tube-mass spectrometer system. OH radicals were produced by the
reaction

H + NOZ > OH + NO. (17)
HNO4 was produced by reacting NO,BF, with H,0, and the evolved vapor was

flowed into the flow tube. HNO4 was monitored using the mje = 46 peak in
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the mass spectrometer and OH was monitored by resonance fluorescence,
Their experiments were done with HNQQ concentration in excess of the
OH concentration, so that pseudo-first order kinetics occurred. The
experimental condition that was varied was either the time the reac-
tants were allowed to mix before sampling or the concentration of one
of the reactants, Varying the mixing time gave a value of 3.7 x

10“12 cmd molecule™! second™! for the rate constant of reaction (3).

Varying the concentration of HNO, with a flow tube temperature of 298K

=12 en3 molecyle™? secgﬂdﬁl for {3).

12

gave a value of 3.3 x 10 cm

Similar experiments at 275K gave values of either 3.4 x 107 r

=13 o3

5.4 x 10 em® molecule~! second™! for (3). The apparent rate

constant would alternate between the two values at 275K. Their attempts
to eliminate the variation in the rate constant at 275K were uhsuccessm
ful. They speculate that the observed rate is the sum of homogeneous
and heterogeneous rates and that the slower value of the rate constant
observed is likely to be near to the value of the homogeneous component.
They conclude, however, that their experimental results indicate an

upper limit for the rate constant of reaction (3) of k3 < 3.5 x

-1

lGalzcm3 molecule second“lo

The values for the bimolecular rate constants for hydrogen abstraction

~-14 .3 1

vary widely, ranging from less than 10 em® molecule™ second ~1

3 1

to greater than 1@”11 em3 molecule~! second™!. The best reaction

models for reaction {3) would be reactions of OH with peroxy compounds.

The reactions of OH with H,0, has a rate c@nstant27 of 1.6 x 19@12

3 1

cm” molecule”™ second“l and the reaction of OH with HOZ has a rate
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constant of about 3.5 x 10“’11 cm3 molecu1e”1 gecgndmla The

reactions of OH with other oxyacids of nitrogen are

123

6.6 x 107" cm mo?ecu?e@l

i

OH + HONO » H,0 + NO, K second™}(18)

OH + HNO, » H.,0 + NO 14 i i i

3 > M0+ N3k

8.5 x 107

i

(19)

Since HNO, is less stable than HNO5 and the H atom to be abstracted

is part of a peroxy group, it would be expected that the rate constant
for OH + HNO, to bé Somewhét faster than the reaction rate constant
for OH + HNO3. It would be expected to be considerably slower than
the reaction of OH + HOZG Thus, the expected range for the rate
constant 10”11 to 10713 cm3 molecule™? second”l is fairly wide. Since
rate constants at the extremes of this rangeAwi71 have greatly differing.
effects on atmospheric chemistry; the experimental determination of the
value for this reaction is needed to generate better models of the

chemistry of the atmosphere,

D. 0Ozone in the Troposphere

The concentration of ozone in the troposphere is of interest for a
variety of reasons. Reactions of ozone with a number of trace species
in the troposphere are important in determining their lifetimes, as well
as that of ozone. Its concentration is important in modeling the

chemistry of the troposphere.
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Knowledge of background levels of ozone in "clean air" is needed as
a reference for studying the effect of anthropogenic pollutants in the
atmosphere. In addition, it is important in understanding the transport
mechanisms in the troposphere and the processes that exchange air
between the stratosphere and the troposphere.

For over a decade, there has been considerahle controversy over the
role of ozone in tropospheric chemistry and photochemistry, as well as

28-56  wich of the

the relative importance of ozone sources and sinks.
controversy was centered on whether ozone was an inert species in the
trososphere that originated in the stratosphere, or if it was
photochemically active in the troposphere. Many of the early studies
were hampered by uncertainty in potentially important rate constants and
uncertainty and variability of atmospheric measurements of important
trace species. Local variations in trace species' concentrations made
it difficult to determine mean values of the concentrations.

The traditional view was that ozone diffused down from the
stratosphere into the troposphere. Qzone is produced in the

stratosphere by photolysis of molecular oxygen, generating oxygen atoms

which eventually react with other oxygen molecules to generate ozone.

0, + hv > 0(%) + 0(%) 175 nm < x < 242 nm
0, + v > 00%) + 0('0) 133 am < x < 175 mm (20)
M
o(*n) > o(%p)
3 M
o(p) + OZ > O3
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Because of the large column of O2 above it, essentially no ultra-
violet sunlight with wavelengths shorter than 200 nm is transmitted to
the troposphere. Hence, there is no ozone production in the troposphere
by the mechanism that operates in the stratosphere. The concentration
of ozone reaches a maximum at 18 to 25 km. This appears to support the
concept that the source for tropospheric ozone is the stratosphere and
the major sink is destruction at the earth's surface,

A photochemical alternative to this was proposed whereby ozone was
generated by cycles such as

2NO + 0 2N,
2(NO, *+ hv > NO + 0)
2(00+0,+M 50

2
net: 302 + Z2hv » 203

3+ M

Destruction of ozone could occur by cycles such as

NO + 03 > NOz + 02

03 +he 0, +0

2
NO2 +0 »NO+ 302

net: 203 + hy + 302

This is discussed in more detail by Johnston and Podo?skelz,

This alternative suggested that transport from the stratosphere and
destruction at the earths surface were not the major source and sink for

tropospheric ozone,
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Hemispheric asymmetries in experimental measurements of ozone, CO
and CHQ have been n@tedegs It is difficult to explain the ozone
asymmetry by purely meteorological effects, suggesting photochemistry
may influence ozone concentrations.,

It now appears that stratosphere-troposphere air exchange, trans-
port, and photochemistry are all important in determining ozone con-
centration in the troposphere. Any model that attempts to duplicate the
behavior of ozone should include both photochemistry and transport mech-
anisms. Considerable uncertainty still exists in both these areas,
however, |

53,54

The most recent models of the tropospheric behavior of ozone

indicate a significant fraction of the tropospheric ozone originating
from the stratosphere is photochemically destroyed by

1
(

03 *hy > DZ + 0

D) + HZO » OH + OH (23)

D) A < 320 nm

o(d

net: 0, t HZO » OZ + OH + OH

3

Other chemical sinks exist, such as

NOZ + 0, » NO

30,

5 ¥ N03 » NO + NOZ + O2 (24)

NO + 0

3
NO

» NO, + 0

3 a

net: 03 + 03 » OZ + 02 + 0



and

Hﬁz + 03 » OH + 02 + 62
oH  + 03 » HGZ + 02 (25)
net: 03 + 03 > O2 + O2 + OZ R

but these are considered less important than the photochemical sink of
reaction set (23).

Two series of reactions involving the oxidation of €O and CHy have

51

been proposed as mechanisms for the production of ozone, These

reaction schemes are catalytic in the sense that they regenerate inter-

mediates consumed 1in the reactions. The CO oxidation system is

CO + 0OH » COZ + H

H +0 HO

W

2 2
HOZ * NO » NO, + OH

NO, + hv > NO + 0

2
M
0+ OZ » 03
net: £o + 202 5 COZ + 03

The CH4 oxidation scheme is similar but somewhat more complicated.
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CH4 + OH » HZQ + CH

3
CHB + OZ » CHSQZ
CHBOZ + NO > CHBO + NO,

NO, + hv > NO * 0
03

CHBQ + 02 > HZCO *+ HO,

H92 + NO » N02 + OH

NOZ +hv e NO+ 0

0+0 0

3
HZCO + hv s CO+ HZ :

net: CH, + 40 H

4 5 > 2O + €0 + Hy + 203

Similar systems can be devised for higher hydrocarbons, although thé
nunber of reactions increases considerably. For these systems to be of
importance in the troposphere, each of the reactions involving an inter-
mediate must be the dominant mechanism for consumption of that inter-
mediate. If it is only a minor process, then the chain will ferminate

and it will not be important in ozone generation. In the case of the
1 56

simpler CO oxidation system, Fishman et and Johnston and

112

Podolske point out that if reaction (4) is slow, a reaction system

to destroy ozone can occur,
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O + OH>H +COp

H +0,s HO, + M

2 2 (28)

g ¥ 0320, + 0, OH

net: o+ 0, » CO

HO

+ 0

3 2 2

For this system, the reactions in (26) are generally regarded as the
major pathways for the intermediates involved. The critical reaction in

this system is reaction (4). It competes with

HO2 + 03 > Dg + 02 + OH (29)

and

HQZ + HOZ > HZQZ + 02 - {30)

for the HOZ radical. A vecent measurement of the rate constant for

reaction (4) by Howard and Eveﬁson57

indicates it is fast compared to
(29) and (30). The other factor in the competion between reactions is
the atmospheric concentrations of NO, 03 and HGZQ There is still
considerable uncertainty in the NO and HOZ profiles in the atmosphereagg
It does appear that there is sufficient NO present to make reaction (4)
the dominant pathway for HO, in some regions of the troposphere, and
consequently the CO oxidation cycle is important as a source of tropo-

spheric 03.
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The oxidation cycles for methane and higher hydrocarbons are mbre
complicated and many of the reactions have not been thovoughly investi-
gated. The validity of the concept that this system can generate ozone
in the troposphere cannot be confirmed without more laboratory investiga-
~tions of the kinetics and more atmospheric measurements.

Mith the Tow atmospheric concentrations of the species involved in
these cycles, observation of ozone generation in the atmosphere is
extremely difficult. It is a large-scale, low-level effect. Long term,
simultaneous observations of CO, NO, NOZ and 63 are needed. Careful
laboratory investigations of the photochemistry and kinetics in systems
where ozone generating cycles may occur are needed. It is to this end

that part of the present research is directed.
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CHAPTER 1I. EXPERIMENTAL

A, Methods

Different techniques were utilized for each of the experimental
studies that were done in this research. However, all techniques are
based on determining concentrations of various species by conventional
infrared absorption spectroscopy. A folloiwng section will discuss the
methods involved in determining infrared cross-sections.

1. Expansions

To investigate the kinetics and reaction products of the following

reactions

N205 + H202 » products

HNOB + HZOZ » products |

NOZ + HZOZ » products {31
ZO » products

NZOS * HZO » products,

a technique 1is needed in which one can guantitatively observe the
conversion of reactants into products. For this research, this was
satisfied by expanding the reactants into the cell from two bulbs, each
containing one reactant. Following expansion into the cell, the decay
of reactants and the buildup of intermediates and products can be

observed.



24

The possible products of these reactions were outlined in the
previous section. In the case of the reaction of NZOS with
Hgozs two of the product sets, those of HNO4 + HNOB and H02 + NOZ +
HNO39 can give similar results because of the equilibrium between
HNO4 and HOZ + NOZQ The actual products can be determined in this
situation by the addition of nitric oxide to the reactants and carrier
gas. At low temperatures, the equilibrium between HNO4 and HOZ * N02
is slow. Consequently, if the products are HOZ + NOZ + HNOBB the added
NO can scavenge most of the HO2 by reaction (4) before it reacts with
NO2 to produce HNO4, If the products are HNO4 + HNO33 the HNO4 will
decompose slowly, so that it will exist in significant amounts during
the observation period. In all other cases, the reaction products can
be determined by their characteristic infrared absorptions.

Kinetic information can be derived from the rate of decay of reac-
tants or rate of buildup of products. In most cases, the rate of flow-in
of the reactants will have to be taken into consideration. The flow-in
of an inert specie will follow the behavior

[x]t -t/t
o= -e

) (32)

where to is a time constant characteristic of the flow system used, and
[x] s the ultimate concentration of x.
Several heterogeneous reactions must be taken into consideration

59-62

when H2027 N205 and HNO4 are present. These 1include



HZO + N0 » HNOS + HNO

2% O
HZOZ > HZD + 1/2 02
HNO,, » products (33)
H

20 + BNOZ > HNGB + HONO
HZOZ + ZNGZ > HNO3 * HNO3 .
In certain situations, these reactions can be dominant loss processes
for the species invoived.

2. Static Cell Photolysis

The study of the CO oxidation cycle listed in equation (26) was
conducted by flowing the reactants HZOzg NOZ and CO in QZ carrier gas
into the cell. After concentrations of these compounds reached steady-
state, the flow was stopped. 7o initiate the cycle, the photolytic
lamps, with output in the near ultraviolet region of the spectrum, were
activated and maintained at a constant illumination level. The ultra-
violet Tight photolyzed NOZ and HZOZ to generate the absent inter-

mediates in the CO oxidation cycle.

NO, *+ hv > NO + o(3p)

—
(&%)
N

~—

Ho0, + hv » OH + OH

272
In order to adequately characterize the kinetics of the reaction

system, the behavior of a number of species had to be observed. Since

the apparatus was a conventicnal infrared spectrometer system, each

species had to be observed separately. One set of operating conditions

was maintained until all species of interest had been observed.



26
For the low pressure investigations, a similar procedure was used,
Once steady state flow conditions were achieved, the cell was rapidly
pumped down to the desired pressure. The photolytic lamps were turned
on and data were collected on the species under observation. As before,
the procedure was repeated until all species had been observed,
In this system, the possible occurrence of several heterogeneous

reactions should be noted. Three that have been mentioned previously are

1
HZOZ > HZO + §*02
5t HZQ » HNOB + HNQB (35)

HZGZ + ZNQZ > HNDB + HNO3 R

NZO

The first and last reactions represent a significant loss mechanism for
Hyo0p. The last reaction may be responsible for the presence of
HNO5 in the absence of photolytic Tight.

Because of the complexity of this system, meaningful analytic rate
expressions are difficult or impossible to generate. There are over 15
species of significance present during photolysis. To adequately des-
cribe the photochemistry and kinetics of the system, a set of over 60
reactions is needed. To accurately analyze a reaction set this size,
numerical techniques are needed. Solutions for the chemical behavior of
all species of interest can be generated in this manner.

3. Flowing Photolysis

An investigation of the reaction of OH with HNOg was performed by

flowing NoOg and HoOs in Ny carrier gas into the cell to generate HNO4.
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Black lamps were used as the photolytic Tight source. The lamps were
turned on and off pericdically at a very low frequency. This induced a
concentration fluctuation 1in species affected by photolysis or by the
photolytic products. NOE is present as the decomposition product of
N,Og and HNOg. With black lamps as the photolytic Tight source,

NO, is the only species that has a significant photolysis rate in the

system,
E 13 {2e
NQZ + hv » NO + O("P) (36)
The 0 atoms are likely to react with NO, to produce more NO,
NGZ + 0 s NO + 02 (37)
The NG can then react with HO, generated by HNO, decomposition to
produce OH,
NO + HQE » OH + NOZ o (4)

Thus, the OH concentration variation will be. closely coupled to the lamp
flashing rate. There will be competition among the following reactions

for the consumption of OH
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M
OH + NOZ > HNO3 (16}
OH + HNO, » products (3)
OH + HNO; » H,0 + NO, (19)
OH + H202 > HZO + HOZ . {38)

The relative rates of these reactions can be determined by observing the
behavior of various species associated with these reactions. Since the
rate constant for reactions (16), (19) and (38) are known, the rate
constant for reaction (3) can be obtained by comparing it to one of the
known reactions.

As with the other systems studied in this investigation, the ocur-
rence of heterogeneous reactions is a possibility that must be consider-
ed. However, most‘hetercgeneous reactions should not be affected by the
photolytic light. The occurrence of these reactions should have an
insignificant effect on the concentration variations created by the
photolytic light, and they should not have to be considered in the
analysis.

The results obtained from the experiments can be analyzed by using
them in an analytical expression that adequately describes the kinetics
of the system. They can also be compared with computer simulations of
the kinetics and photochemistry to determine how well the known reactions

describe the chemical system.
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4. Numerical Simulation of Chemical Systems

Since the chemical systems being investigated are complex in teyms
of both the number of reactions and the number of species, exact analyt-
ical expressions often cannot be developed. To be able to predict the
behavior of a complex chemical system, numerical technigues must be
utilized. The set of chemical reactions that are important in determin-
ing the behavior of the system can be written as a system of ordinary
differential equations. Generally, the ordinary differential equations
will have widely varying time constants, and consequently are known as
“stiff" systems@63 Conventional numerical integration techniques have
a tendency to exhibit instability and inaccuracy when used on stiff
systems. Recently, several techniques for solving stiff systems have
been developed. They are available as computer subroutines to provide a
basis for a program to predict the time depeﬁd@nt behavior of a chemical
system. One of the most powerful technigues devised to analyze stiff

systems is that developed by C. W. Gear954 A version that has been

modified by Hindnarsh®

prggraméﬁ used in this research,

is the basis for the CHEMK chemical kinetics

To simulate the expansion experiments, the flow-in rates of the
reactants, and the reactions and reaction rate constants considered to
be of importance are used as inputs into the program. Estimated rate
constants are used where rate constants have not been established for
reactions. The first order or second order equivalent rate constants

are used to simulate heterogeneous reactions where necessary.
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The output from the program provides a time dependent profile of all
of the species involved in the %eactioﬁsg as well as periodic rate infor-
mation. This can be compared with experimentally determined profiles to
gain an understanding of the chemical behavior of the system.

Simulations of the static cell photolysis experiments were done by
inputting the initial concentrations of the reactants, the set of reac~
tions and rates needed to describe the system, and the light intensity.
The photodecomposition rates of various species in the system were deter-
mined by either experimental observation of the decay of the isclated
specie in the presence of the photolytic light, or by the calculation of
the "j" value, which is the product of light intensity, cross section
and quantum yield integrated over the wavelength region of interest.

Comparison of the experimental profiles with the numerical predic-
tions can give insight into the chemistry of the system and assist in
the selection of experimental conditions that wll be the most informa-

tive,

B. Apparatus

1. Reaction Cell and Temperature Control

The reaction cell used in these investigations consists of a gquartz
cylinder 28.0 cm inside diameter (28.9 cm outside diameter) by 102.0 cm
Tong, whose ends are enclosed in nickel-plated stainless steel end caps.
The cell is sealed by double silicone o-rings at each end of the cylin-

der. The end caps are maintained at a fixed separation by four Kovar
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beams. Three mirrors and mounted in the cnd caps in a White cell coniig-
uration with a base pathlength of 1 meter. The optical pathlength of
the cel may be varied externally by a fine adjustment screw. Usable
path lengths vary from 4 to 32 meters. The volume of the cell is 63.0
liters, as determined by expansions from bulbs with calibrated volumes.

This provides a surface to volume ratioc of 0.175 cm”’”1

, when the sur-
face of the mirror mounts is included.

The entire apparatus and optical system is mounted on a Newportl
Research Corporation vibration damping table. The cell framework is
isolated from the metal surface of the table by nylon pads and 5 cm
thick high density closed cell neoprene foam. Thermal isolation from
the laboratory envirvonment is provided by 20 cm of rigid polyurethane
foan backed by 5 cm of aluminum foil backed fiberglass on all sides and
on top of the cell.

Cooling within the insulating box is provided by a finned radiator
mounted above the cell framework. Coolant is circulated through the
radiator continuously. For temperatures above Z80 K, pressurized chil-
led water is used as a coolant. For lower temperatures, methanol chil-
led by a Neslab LT9 low temperature refrigerator is flowed through an
elevated 22 liter accumulator and into the radiator above the cell.
Methanol flow is maintained by a combination of siphoning action and
gravity.

Temperature control is maintained by resistive heating wire wrapped
around the ?adiatéﬁ@ The current through the wire is regulated by &
proportional temperature controller utilizing a precision thermistor as

a temperature sensing element. A 50 Viter/second muffin fan actively
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circulates the air»arcund the cell for even temperature distribution.
The temperature distribution inside the insulating box is monitored by a
conventional alcohol thermometer as well as four iron-constantan thermo-
couples. Three of these are distributed around the cell, while the
fourth is placed in a sealed stainless steel tube which extends 30 cm
into the cell. The maximum temperature differential indicated within
the insulating box is 0.5 K.

A schematic diagram of the apparatus is indicated in Fig. 2. The
reaction cell can be pumped out by a 3arge capacity mechanical roughing
pump for high pressures, or a liquid nitrogen trapped oil diffusion pump

for low pressures. The cell can be evacuated to less than 10“3 torr,

2. Optical System

A1l optics external to the cell are enclosed within a plexigas
housing. The housihg and the monochromator are purged with a steady
flow of dry nitrogen to minimize absorption of infrared light by water
vapor and carbon dioxide. The light sources used are an Infrared
Industries regulated 2mm by 12 mm cylindrical Nernst glower for work in
the infrared domain aﬂd a General Electric No. 1142 tungsten bulb with a
cuwrené regulated power supply for work in the visible domain. Selection
of the light source is done by a mirror. The Nerst glower is operated
at 1700k, as measured by an optical pyrometer. The tungsten bulb was
operated at 12.6v and 1.44A. Light from either source is chopped at 400
Hz by American Time Products tuning fork choppers driven by regulated

power supplies. The light is then directed on a collection mirror which
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focuses the light through the entrance windows and into the cell. There
are two windows for both the entrance and exit Tight paths. The outer
window is KBr and is sealed to one end of a Pyrex tube. The inner
window and the other end of the tube are mounted in one of the cell end
caps with sil.cone o-rings. The Pyrex tube contains a packet of dessi-
cant and is evacuated to prevent damage to the windows by water vapor
and to reduce thermal conduction from the cooled end cap during low
temperature experiments. The inner windows were CaF, for early
experiments and BaF, for more recent experiments. The light exiting
the cell is focused by another collection mirror onto the entrance slit
of the monochromator,

The internal mirrors are coated with gold cver a chromium undercoat.
This was followed by a 2000 A MgF, overcoat to prevent coating degrad-
ation by chemical attack, particular?y from Héoza Thinner overcoats
on gold or aluminum were found to be susceptible to chemical attack.
~ The optical system is designed to underfill the internal mirros and the
second collection mirror and overfill the monochromator entrance slit to
minimize vibration induced light fluctuations. The McPherson one meter
monochromator can be used with 75 Tine/mm, 150 line/mm, 300 line/mm and
600 Tine/mm gratings with 12 uym, 6 ym, 3.5 ym and 1.6 um blaze wave-

lengths, respectively.

3. Detectors
A variety of detectors were available for use in this work, They

are listed in Table 2 with typical bias voltages used and their useful



Detectors
Wavelength
Detector Bias Range
RCA 1P28B S5 photomultiplier tube ~-700 to -1250v 200 to 700 nm
RCA 4832 GaAs photomuitiplier tube =500 to -1200v 200 to 900 nm
EG and G SGD-100A Si photodiode 50 to -100v 400 to 1200 nm
Rofin 7460 Ge photodiode 0 to -l5v 600 to 1900 nm
SBRC ATO PbS detector +300 to +400v 1 to 3.5 um
SBRC ITO PbS detector! +300 to +400v 1to 4.0 um
SBRC InSb photovoltaic detector? oV 2 to 5.5 um
SBRC HgCdTe photoconductive detector? +1y 4 to 15 um
SBRC Ge:Cu photoconductive detector3 +135v 4 to 30 um

Notes
1. Operated at dry ice temperature,
2. Operated at liquid nitrogen temperature.

3. Operated at liguid helium temperature,
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wavelength ranges. Much of the work was done using the HgCdTe detector,
The housing of this detector allows it to be used with either the
McPherson monochromator, or a circular variable filter (CVF), which acts
as a low resolution monochromator. The housing is illustrated in Fig. 3.
The CVF consists of two germanium half discs which support a thin dielec-
tric film whose thickness increases radially around the disc. The wave-
length transmitted by the CVF varies linearly with angle around it. One
half disc covers the wavelength range of 3.1 to 6.2 um and has a peak
transmission of 25 to 45 percent. The other half disc covers the wave-
length range of 6.0 to 12.1 um and has a‘peak transmittance of greater
than 40 percent. The CVF is positioned by a 200 step/revolution step-
ping motor driven by a controller that determines the direction of
rotation and the stepping rate. The transmission curve of the CVF at

one position and at positions two steps adjacent to it are shown in Fig.
4, The CVF has a resolution of about 1 percent. Because of the spec-
tral overlap problems that existed in the experiments that were done,

the CVF was unsuitable for use as a monochromator and was noi used.

4. Electronics

A variety of preamplifiers were used in these experiments. The
Ge:Cu infrared detector signal was amplified by an op amp preamplifier
which has been discussed elsewhereas7 A Princeton Applied Research
Corporation CR-4A low noise amplifier with selectable gain and bandwidth

was used in conjunction with the HgCdTe infrared detector. The power
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supply of the amplifier was modified to improve stability and reduce the
60 Hz ripple. The InSh detector was used with an AZ10 matched preampli-
fier from Santa Barbara Research Corporation. The photomultiplier tubes
were used with a FET input op amp shown in Fig. 5.

Signals from the preamplifiers mentioned above and signals from the
PbS (both ATO and IT0), Si and Ge detector were fed into a Princeton
Applied Research Corporation Model 124 lock-in amplifier with a Model
116 low noise, high impedance differential reamplifier. The lock-in
amplifier amplifies and rectifies the 400 Hz signal and provides a dc
voltage output whose level is proportional to the light intensity
incident on the detector.

The dc signal from the lock-in amplifier is monitored with a digital
voltmeter and recorded with a Fabritek 1074 hardwired signal averager.
The analog signal is fed through a RC filter and is digitized by a 12
bit ADC. The digitized signal is stored at selectable intervals as 18
bit words in quadrants of the 4k of memory available. The data can be
manipulated using a PDP 8/% computer which is interfaced to the Fabritek.
The data can be stored on paper tape or be transferred to a PDP 8/e
computer via an interprocesser buffer for storage on magnetic tape.
Signals can be displayed on an oscilloscope or be plotted on a X-Y

recorder.,

5. Photolytic Light Sources

Two types of photolysis lamps were utilized in these investiga-

gations. 30 watt General Electric G30T8 Tow pressure mercury germicidal
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Tamps were used to provided photolytic light consisting of ultraviolet
mercury emission lines. 30 watt General Electric G3078-BL black lamps
provided broadband ultraviolet ?ﬁght in the near ultraviolet region.,
Four lamps are located symmetrically around the axis of the cell at a
distance of 8 cm from the exterior cell surface. Sheets of Alzak high
reflectivity aluminum surround the cell on three sides to increase uni-
formity of the light distribution. Six volt transformers are used to
heat the lamp electrodes to a red glow to assist in turning the Tamps
on. Further assistance is provided by a Tesla coil discharge applied to
wires connected to the center of the lamps.

The lamps can be powered by either of two lamp driver systems. One
is a 700 volt regulated power supply utilizing “brute force" techniques
to requlate the lamp current with large ballast resistors. The power
suppiy can switch the lamps on and off eiect%enica?%y in ?esponsé>ts a
Tow freguency reference 5quaré wave,

The other lamp driver uses more sophisticated methods to control the

‘current to the lamps. The power dissipated by the lamps is easily con-
trollable and the lamp's output can be modulated in a variety of wave-
forms about a dc level. The schematic diagram of this lamp driver is
illustrated in Fig. 6. The lamps can be driven at current levels from
0.04 to 0.7A per lamp and the Tamp current can be modulated up to 90
percent.

Lamp output is monitored with a EG and G UVI0OB ultraviolet enhanced
silicon photodiode. Since a silicon photodiode is most sensitive to

visible and near infrared radiation, the radiation it receives must be
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filtered. A 254 nm interference filter with 12 percent peak transmit-
tance and 15 nm FWHM bandwidth is used in conjunction with the germicidal
lamps. A Schott UG-5 glass filter, which has broadband transmission
between 300 and 400 nm, is used with the black lamps. The current from
the photodiode is fed into a LH0042 op amp acting as a photodiode follow-
er with feedback resistance switchable between 100 k@ and IMQ. The knee
frequency of the amplifier response is well above that of the Tamp modu-
lation system, The maximum photodiode current generated with this system
is within its linear response region., The output voltage is monitored on
a digital voltmeter and recorded on a X-Y recorder, The photodiode is
located inside the temperature~controlied box and its output increases
approximately 7 percent from 300 to 250K,

Spectral distribution of the emission from the photolytic lamps was
determined by directing the light from the lamps through an American
Time Products 400 Hz tuning fork chopper into a McPherson Model 218 0.3
meter monochromator with a RCA 1P28B photomultiplier tube. The amplified
400 Hz signal from the PMT was rectified by the PAR Model 124 lock-in
amp lifier and recorded in the Fabritek, The emission in the 290 to 460
nm region of the black lamps is shown in Fig. 7. The spectrum has been
approximately corrected for variation of PMT response and variation of
grating efficiency with wavelength. The mercury emission lines super-
imposed on the broadband emission of the phosphor can be seen in the
figure. The 577 - 579 nm lines and the 546 nm Tine are present, but are
not shown 1in the spectrum. Their intensity is comparable to that of

the 436 nm line,
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The G30T8 germicidal lamps were fitted with cylindrical gaseous
chlorine filters. These consist of a sealed double-wall concentric
quartz jacket filled with an atmosphere of chlorine. The lamps were
inserted inside the filters. The chlorine ultraviolet absorption
spectrum6 is such that it selectively absorbs light in the 300 to 400
nm region. This allows near ultraviolet mercury lines to be attenuated
with relatively little effect on the 254 nm line, and the longer wave-
Tength mercury lines are only weakly apparent. The spectral distribu-

tion is in good agreement with that given by the manufacturer .69

C. Gases and Flow System

The carrier gases used in these studies were supplied by the Lawrence
Berkeley Laboratory. High dry grade nitrogen was flowed through a
Matheson moisture and particulate filter and through a column containing
PZOS before use. High dry grade oxygen was passed through a column
containing copper turnings at 700K and a column of 5 percent palladium
on an alumina substrate at 600K to convert hydrocarbon impurities to
COZ and HZOG The flow as then passed through ascarite and P205
columns to remove the COZ and HZOg respectively. The oxygen is then
flowed through a silica gel packed U-tube maintained at 196K with a dry

ice~isopropanol bath for further drying. The gas supplier gives the

following specifications for maximum impurity concentrations:
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High Dry Nitrogen High Dry Oxygen
N» 99.999 percent min., 500 ppm
02 1.5 ppm 99.5 percent min.
Ho0 1.5 ppm 1.5 ppm
€O n 10 épm
AR 5 ppm 400 ppm

Carbon monoxide from Matheson Company of 99.9 percent purity was pas-
séd through a silica gel trap maintained at 142K with a liquid nitrogen
n-pentane slush bath for purificationa An dmpurity, apparently a metal
carbonyl, stained the silica gel a light brown color after extended use.

Carbon dioxide of 99.9 percent purity from Pacific Oxygen Company
was checked for impurities using infrared spectroscopy. None were found
in concentrations that would significantly affect results. The gas was
used only for making cross section determinations of COy.

Distilled water of 99.9 percent purity was degassed and vacuum
distilled, discarding the initial and final fractions. It was then used
without further purification. Hydrogen peroxide of 98 percent purity
was obtained from the Becco Chemical Division of FMC Corporation and
used without further purification. The major impurity was HZO@

Nitric oxide of 99.0 percent purity from the Matheson Company was
passed through a silica gel trap maintained at 196K by a dry ice-iso-
propanol slush bath. The major impurity was NDZs which was trapped as

NoO3. It was then used without further purification.
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Nitrogen dioxide of 99.5 percent purity from the Matheson Company
was collected at 196K and purified by vacuum distillation and stored
under an atmosphere of oxygen to oxidize any remaining NO to Nﬁgn The
oxygen was then pumped off and two further vacuum transfers were done.
The remaining white solid was stored at 196K.

Preparation of dinitrogen pentoxide was performed by the technique
of Schott and David50ﬂ970 Oxygen coming from the purification line was
divided into two flows. One flow was directed into an Ozone Research and
Equipment Company ozonator, which generated a flow of approximately 5
percent ozone in oxygen. The other stream passed through a regulating
needle valve and flowmeter and was bubbled through a bulb with liquid
NO2 and N204 which was maintained at 274K. The two flows were recom-
bined, where N02 and 03 react to form NZOSO The heat of reaction
heats the tubing just beyond the mixing region to about 305K. The flow
carrying NO2 is regulated so there is an excess of ozone in the mixing
region, indicated by the oxidation of natural rubber. The flow passes
through a previously evacuated Pyrex saturator. The saturator is cooled
to 196K in a dry ice~isopropanol slush bath after the mix has flowed
through it for about 15 minutes. This is to allow HNO3 formed by the
contact of NZOS with the interior walls of the saturator to be
transported out of the vessel.

NZOS is collected until all the N02 in the bubbler has been
consumed. Residual O2 and 03 are then pumped off the needle-shaped

white crystals in the saturator. The N205 is then stored at 196K.

Less than 1 percent NOZ is present in the N2059 as determined by
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infrared absorption. HNOB is present at levels of about 10-15 percent.
It is apparently formed by a heterogeneous reaction of NoOg with

water on the interior surfaces of the gas handling system. The system
was not designed to to bakeable; so, the total removal of water was not
possible.

The gas handling manifold was constructed of Pyrex. A1l stopcocks
on the system were Kontes high vacuum stopcocks with teflon bores and
Viton o=-rings, which were greased with small amounts of Apiezon Type N
grease. Gas lines to the manifold were connected with stainless steel
Ultra-Torr fittings or stainless steel Swagelock fittings with teflon
ferrules. A liquid nitrogen trapped glass oil diffusion pump was used
to evacuate the system.

Hastings thermocouple vacuum gauges were used to monitor the pressure
on the Tow side of the diffusion pumps. For measuring pressures in the
0-100 torr range, a MKS Instruments Baratron Model 220-246-100 capacitance
- manometer was used. For higher pressure measurements, a Texas Instruments
Model 145 guartz Bourdon precision pressure gauge and a MKS Instruments
Baratron Model 310 BHS-100 capacitance manometer were used. Comparison
of pressure readings on the three instruments showed excellent agreement.

The flow rates of gases used during the flow experiments were moni-
tored with either Fisher and Porter Corporation or Manostat Company
flowmeters. The flowmeters were calibrated by timing the period needed

for a ga% flowing through a flowmeter to fill a calibrated volume.
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In some flow experiments, gases are filowed into the cell through two
Pyrex disperser tubes, Each tube has fine holes on alternate sides at
2.5 cm intervals along its length. The diameter of the holes is such
that the pressure drop across the holes is large compared to the pressure
drop along the-tube. These tubes create turbulent mixing within the cell
and provide an even distribution of gases. The gases are exhausted
through a port in one end of the cell,

Other flow experiments were doné by mixing the gases prior to entry
into the cell and flowing them in through one disperser tube. The gases
were exhausted through the other disperser tube.

In the flow experiments involving NOy, HoOp and CO, the carrier
gas was split into two flows. One flow passed through a regulating
needle valve and a flowmeter and then was bubbled through Tiquid NO,
and No0, before going into the cell. Another flow of carrier gas
was passed through a regulating valve and a flowmeter before going
through a temperature regulated saturator containing Ho0o. A flow
of CO passed through a regulating needle valve and a flowmeter and was
mixed with the other flows. When a more dilute mixture of reactants was
desired, a third flow of pure carrier gas was added and monitored with a
flowmeter. The pressure drop across the cell and the flow system was
dependent on flow rate. It was generally less than five torr at one
atmosphere total pressure.

In the flowing photolysis experiments, the flow of nitrogen carrier
gas was split into three streams. All three flows passed through regu-

lating valves and flowmeters. Two of the flows passed through tempera-
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ture controlled saturators containing either Hy0, or NoOg . These
flows were mixed with the third flow and directed into the cell though
one of the disperser tubes. At the flow rates used in these experiments,
the pressure drop was about 7 torr across the flow system and the cell.

In the expansion experiments, the reactants were jetted into the
evacuated cell from pressurized bulbs. Each bulb was connected to one
of the disperser tubes, preventing mixing of the reactants ocutside of
the cell. Each bulb was filled with the desired pressure of the reactant
and then filled with carrier gas. The total pressure in the bulbs was
contrci?ed;sa that the pressure-volume products of the two bulbs were
equal. The stopcocks sealing the bulbs from the cell were opened simul-
taneously, so that both reactants would enter the cell at the same tfime.

The flow behavior of the gases can be described by
fraction of gas in cell at time t = (1 - exp(mtltg)) (39)
where t, is a time constant characteristic of a particular expansion

system. The time constant for the system used in these experiments was

about 4,3 seconds.
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ITI. ABSORPTION CROSS SECTIONS

A. Infrared Cross Sections

The experimental apparatus described previously was employed as a
single beam spectrometer to determine absorption cross sections. The
regulated Nernst glower proved to be a very stable source of infrared
radiation. Very little change was observed in fts output over the
course of several hours, and any change was generally fairly constant
throughout the spectral region of interest.

Absorption cross sections were determined by recording IO(A) and
then recording I(»). The cross section, o, was determined by calculating

g as

where n is the concentration in mo?ecuies/cm3

and 2 is the optical
pathlength in cm., If necessary, baselines of the absorption spectra
were adjusted linearly to zero in spectral regions where no absorption
occurred,

A1l absorption cross sections determined in this study were measured
with the 150 line/mm grating and with 2 mm entrance and exit slits on
the monochromator. The resulting resolution was 0.013 ym in first order
(4-12 wm) and 0.0065 pm in second order (2.4-4 ym). Spectra were obtain-

ed by scanning the monochromator at 0.16 um/minute for all species except

H)0, and 04, which were done at 0.40 ym/minute. The signals were
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digitized and recorded at 0.4 second intervals and with a 0.4 second time
constant. In all cases the spectral region scanned during one time con-
stant was less than or equal to 0.1 times the resolution determined by
the slits., The optical path length used in all measurements was 800
cn.  The faster scan rates were used for Hy0, and 03 because of
their significant heterogeneous decay rates,

The wide range of conditions involved in these experiments necessi-
tated the measurement of absorption cross sections as a function of
total pressure, temperature, and concentration of the absorbing specie.
Measurements were made at temperatures of 263K, 293K and 313K, and at
pressure of 0.1 and 1 atmosphere. Many species displayed a marked
absorption dependence on all three variables, presumably due to broaden-
ing of rotational lines. This is addressed in more detail in Appendix B.

The Beers law formulation of
OD (=3 c;ﬂj& (41)
where 0D is the optical density and o is the cross section at the wave-
length of interest was modified to accommodate the species that exhibited

a dependence on concentration. It was rewritten as

n = 00%0y orn = 00%0" (42)
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where o is the correction factor for non-Beers law behavior. In the
measurements made in these studies, o ranged from 1 to more than 2.

This expression was further modified into

n o= 10(@ 7@9(QD) + 5) (43)

where 8 = ~log (0%), for computer analysis of decay curves. The o and 8
coefficients for each species observed are tabulated in Table 3, for the
three temperatures and two pressures used in these studies. The one
exception to this formulation is the cross section for NOZ at 6,258

um. The cross sections determined by Conne??67 were in good agreement
with those determined in this investigation, and were used in the same
formulation.

Another factor that had been taken into consideration was that of
spectral overlap. In conditions where there are a number of species
present, a number of absorption bands may overlap and cannot be used for
concentration determinations without deconvolution. Fig. 8 schematically
illustrates the absorption bands and their approximate strengths. This
figure is not necessarily complete and the locations and strengths are
only approximate. Overlap problems are particularly severe with the
nitrogen oxides and oxyacids of nitrogen. Spectral regions to monitor
concentrations of species were chosen where little or no overlap problems
existed.

Cross sections for N02 at 3.428 uym were measured by expanding a

measured pressure of purified NO, from a 108l cm3 bulb into the



TABLE 3

Infrared Cross Sections

n = 0D® 108 {n - molecules/emd, OB - optical demsity)

T = 263K T = 293K T = 313K
Compound Pressure  y{um) @ 8 y{wm) « 8 v{um) @ 8
NOp 1 atm 3.428 1.09+0.02 16.26+0.01 3.428 1,16%0.02 16,29401.01 3.428 1.0420.03 16.2720.02
0.1 atm 1.3920.04 16.60+0.03 1.40+0.04 16.59»0.03 1.4250.05 16.6420.03
€0y 1 atm 4.238 1.2840.05 15,15%0.02 4,238 1.2020.02 15.1940.01 4,233 1.39+0.03 15.1540.02
9.1 atm 1.0420.05 16.01+0.04 1.4820.03 16.13+G.02 1.6420.05 16.2240.05
o 1 atm 4.609 1.5020.02 16.7440.01 4,610 1.58#0.03 16.9120.02 4.607 1.5420.04 16.83+0.01
g.1 atm 1.70%0.04 17.77+0.03 1.170.03 17.97+0.03 1.76+0.04 17.88+0.03
N0 1 atm 5.242 1.65%0.02 16.93+0.01 5.246 1.4820.02 17.,12#0.01 5.242 1.5620.02 17.06%0.01
0.1 atm 1.84+0,002 17.9225.01 1.56+0.05 18,1220,04 1.81#3.03 18,12+0.02
HoO 1 atm 6.634 1,2720.10 16.60+0.07 6.634 1.40+0.04 16.7520.01 6.634 1.5520.07 16.4620.02
0.1 atm 1.52+0,10 17.58+0.08 1.32%#0.06 17.51£0.05 1.43#0.07 17.3120.05
Oy note 1 7,158 1.6 15.32 7,158 1.0 15.32 7.158 1.0 15.32
12.315 1.8 15.35 12,315 1.6 15,35 12.315 1.0 15,35
HNOa note 1 7.400 1.0 15,83 7,400 1.0 15.83 7.400 1.0 15.83
8,284 1.0 16.62 8.264 1.0 16.62 8,264 1.0 16.62
%20 note 1 7.400 1.0 16.03 7.400 1.0 16.03 7.400 1.0 16.03
7,960 1.0 15.04 7,960 1.0 15.04 7.960 1.0 15,04
8.040 1.0 14.82 §.040 1.0 14.82 8.040 1.0 14.82
Holp 1 atm 7.896 1.3840,20 15.4320.10 7,896 2.850,10 16.18+0.03 7.896 1.49+0.10 15.5120.05
0.1 atm 2.3040.20 16.90+0.10 2.82+0.20 16.9020.10 2.1450.20 16.842(.08
1 atm 8.040 1.4420.20 15.6140.10 8,040 2.15#0.10 16.2840.03 8.040 1.4420.10 15.5820.,03
0.1 atm 2.10%0.20 16.90+0.10 . 2.23£0.20 16.66%0,10 2.0840.20 16.9320,10
1 atm 8.264 1.06%5.10 16.4740.1¢ 8.264 1.9840.10 17.6720.,10 8.264 1.2640.04 16.5120.07
0.1 atm 1.0640.20 17.10+0.30 1.85%3.20 17.67%0.30 1.2720.20 17.0120.30
03 1 atm 9.478 1.03s0.04 15.47%0.03 9.478 1.1020.04 15.48+0.02 9.476 1.05+0.003 15.1720,01
.1 atm 1.1340.05 15.64+0 .04 1.0640.05 15.5720.04 1,1320.10 15.3940.05
N0z 1 atm 6.258 o = (1.04-0.1 0B} x 10-18 6,258 4 = {1.00-0.1 0D) x 10-18
note 2 co?fmolecyle cm2/mplecyle
Note l: There was no change in cross section with pressure or concentration :
Hate 2: The change in cross section with conceniration was not fitted to the a, & format.

]
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evacuated cell, and then filling the cell to 0.1 or 1 atmosphere total
pressure with nitrogen. Low pressures were measured with the MKS
Baratron and higher pressures were measured with the TI Bourdon gauge.
Corrections were made for the dimerization of NO, into N,O4, using

the results of Verhoek and Daﬂieisg7l

when determinﬁng_N@Z concentra-
trations in the bulb and in the cell. N0, illustrated a significant
¢ross section dependence on concentration as well as pressure and temper-
ature. The NOZ absorption at 3.428 um was free of interference from
absorptions by other species. A representative absorption spectrum at
0.1 and 1 atmosphere total pressure is shown in Fig. 9, which was taken
at 313K.

The NGE cross sections of 6.258 ym were obtained in a similar
manner. Measurements were ﬁade at 1 atmosphere total pressure only.
The wavelength at which NO, is monitored occurs at an absorption
minimum between the P and R branches of a Ho0 absorption. At one
atmosphere, the absorption cross section of HQO is less than 10*3
times that of the NOZ cross section. In most cases, HZO will have

an insignificant effect on the optical density obtained at this wave-
length, A typical absorption spectrum is shown in Fig. 10.

ng cross section determinations were made at 4.238 uym at 263K and
293K, and at 4.239 ym at 313K. Mixtures of CQZ and Ny were prepared
in a 1081 cm3 bulb in ratios of 1:50 to 1:100. Fracticns of these
mixtures were expanded into the evacuated cell, and nitrogen was added
to the desired pressure. Because of the large cross section of €05,

the double dilution method was used to obtain reasonable optical
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densities for the cross section deteminations, Fig. 11 itlustrates a
typical absorption spectrum of CGZ at 313K for 0.1 and 1 atmosphere
total pressure,

Cross section for CO were measured at 4.609 um at 263K, 4.610 um at
292K, and 4.607 ym at 313K. The rotational lines in the absorption band
were partially resolved and the monitoring wavelength was shifted to
match the largest peak. Purified sampies of (0 were expanded into the
evacuated cell. Expanded presgureé were measured with the MKS Baratron
gauge, and nitrogen was added to either 0.1 or 1 atmosphere total pres-
sure, The CO absorption band at 313K is shown in Fig, 12 for 0.1 and 1
atmosphere,

NO cross sections were obtained at 5.242 ym for 263K and 313K and at
5.246 um for 293K. The methods used in their determination were similar
to those used to determine the CO cross sections. Care had to be taken
to avoid the éresence of 0, which would oxidize the NO to NO, and
give abnormally high apparent cross sections. The rotational lines of
NO were partially resolved, as indicated in Fig. 13, which illustrates
the absorption band at 0.1 and 1 atmosphere total pressure at a tempera-
ture of 313K. The irregularities of the long wavelength end of the
spectrum are due to the roll-off of the detector spectral response.

The NOy, CO,, CO and NO cross section determinations were done
largely with the InSb detector. Alil other cross section measurements

were done at longer wavelengths. The HgCdTe detector was used for these

measurements. Hp0 has a broad infrared absorption that extends from

below 5 ym to above 8 uym. The pattern of rotational lines is compiex,
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but the lines are widely spaced. The Tine at 6.634 um was used for cross
section determinations at all temperatures. It is one of the strongest
lines in the spectrum at the resclution used for these measurements. It
was necessary to make baseline correction at a considerably different
wavelength from that used for the cross section determination because of
the broad absorption. To do this a reference measurement was made and
the mﬁﬂochromator was then rapidly slewed to the absorbing region, where
standard measurements were done. For the measurements, purified HZO
in liquid form was evaporated directly into the evacuated cell to the
desired pressure. At 263K5 the Ho0 pressure had to be maintained below
two torr to prevent condensation within the cell. At higher temperatures,
this was not a problem. The restriction of low Hy0 pressures at 263K
made accurate determination of the o and g factors difficult. A spectrum
of Hy0 in the rggion of measurement at 313K dis shown in Fig. 14 at 0.1
and 1 atmosphere total ressure.

Because H202 and 03 exhibit heterogeneous decomposition at the tem-
‘perature range in which these experiments were done, the techniques pre-
viously used were not useful in determining their cross sections.
Previous cross section measurements had been done by Q%guere72 with

Hy0, and by McCaa and Shaw73

with 039 but these were not appli-

cable to these studies. It is difficult to make concentration determin-
ations from pressure measurements because it is unknown what fraction of
the pressure of the gas expanded into the cell is due to the decomposi-

tion products.
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Since the ultraviolet cross sections of HZG§19?4375 and 326977
are well known, it was decided to utilize them in concentration determin-
ation for the infrared cross section measurements. The measurements were
done using a Tlow system in which the compound to be measured and the
carrier gas were flowed in the disperser tubes of the cell and out the
exhaust port at the end of the cell. The flow out of the cell was
directed through a 98 cm long, 2.5 cm diamter Pyrex tube with 2 mm thick
CaFZ windows. Light from a deuterium Tamp was chopped at 400 Hz by a
tuning fork chopper and then focused through the cell with an off-axis
spherical mirror of 21 cm focal length. The light passing through the
cell was directed intoc a McPherson 218 0.3 meter monochromator with a
2400 linefmm grating. The dispersed light was detected by a 1P28 photo-~
multiplier tube operating at -800 volts. The output signal was amplified
and fed into a lock-in amplifier constructed by the Chemistry Depéﬁiment
electronics shop. The output from the lock-in amplifier was directed to
- a digital voltmeter and a recorder for monitoring. The system is shown
in Fig. 15.

The flow into the monitoring cell can be quickly switched between
the flow out of the cell and the flow of pure carrier gas. This allowed
rapid sequential determination of I and I, to determine the concentra-
tion of the absorbing species. The regulated deuterium Tamp exhibits
good short term stability and some slow long term drift, HZQZ Was
monitored at 200 nm, near the short wavelength 1imit of the operating
system. Nitrogen was used as a carrier gas since oxygen has a signifi-

cant absorption at this wavelength. 0y was monitored at 300 nm, which
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allowed use of oxygen as a carrier gas. The large ozone absorption cross
section at shorter wavelengths caused excessively high Tight absorption
at the concentrations of interest,

This system provided real-time detection of HQO2 and 03 and
was simple to use. It is considered highly superior to titration techni-
gques in this application.

To determine HZOZ infrared absorption cross sections, nitrogen
carrier gas was flowed through a temperature-controlled saturator con-
taining HZQZ° The flow passed through the cell and through the UV
monitor. Concentration determinations were made before and after each
run. For low pressure measurements, a concCentration measurement was
made and the cell was quickly pumped down to the desired pressure and an
infrared scan was done. The HZOZ decomposition was then monitored
and used to correct the low pressure measurement. A spectrum of HZOZ
at 313K and 1 atmosphere pressure is shown in Fig. 16. Two peaks due to
H205 a decomposition product, can be seen at the short wavelength end
of the spectrum. Cross section measurements were made at the Q branch
(at 7.896 um) and on the P branch (at 8.040 and 8.264 um) to minimize
interference by HZO lines. Accurate low pressure measurements were
difficult to obtain because of the low vapor pressure of H202$
particularly at Tow temperatures.

03 cross section measurements were performed by passing an ozone-
oxygen flow from the ozonator into the cell and the UV monitor. Ozone
concentration was controlled by regulating the power of the discharge in

the ozonator. For lower levels of ozone than were obtainable directly
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from the ozonator, the czone-oxygen mixture was diluted with more oxygen.
The concentration was determined before and afier each infrared scan at
1 atmosphere. The technique used for low pressure Ho0o cross section
measurements was also used for low pressure 04 cross section measurements.
It was found that the 05 decomposition was slow enough that corrections
were not needed. Early measurements were made with CaF, windows on the
cell, which have an absorption cutoff near 10 um. Hence, cross section
determinations were made on the R branch. Fig. 17 illustrates the 04
absorption band at 313K and 1 atmosphere total pressure.

The cross sections fo% NoOg and HNO5 have been previously

determined by Conne?3$67 Graham978 79

and Harker,’” using systems
similar to the one used in these experiments. To confirm these measure-
ments, the technigue similar to that of Connell was used.

N.Og was flowed into a 3.06 liter bulb éﬁd then purified oxygen
carrier gas was added to the desired pressure. This mixiure was expanded
into the vacuated cell and the absorbing region was scanned. C(ross

/8 were used to deitermine the amount of

sections obtained by Graham
HNOS present and the concentration of N,Op was obtained. The

Nzog absorption cross sections are shown in Fig. 18 for 263K and 16
torr total pressure and are in good agreement with the previously
determined values of Connell, Graham and Harker. The N-0g cross
section appears to be independent of pressure for < 10 torr to 1

atmosphere total pressure and independent of concentration from < 1 x

1014 molecules/cmd to » 2 x 1015 m@%ecuieglcmga
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HNOB cross sections were checked by filling a 3.06 liter buib with
Ngﬁg to the desired pressure and then adding excess HZO vapor, Carrier
gas was then added to the bulb and the mixture was expanded into cell.
The absorbing region was scanned and the cross section determined from
the initial pressure of NZDS used. This technigue produced somewhat
variable HNOB concentrations after expansion due to the tendancy of
HNO3 to adhere to cell surfaces and to the heterogeneous nature of the
conversion of N205 to HNO3@ The results, while somewhat uncertain,
aré in agreement with those obtained by Conne?i?679 Graham’S and
79

Harker, Fig. 19 shows the HNOy absorption band at 273K and 39

torr total pressure.

Absolute cross sections for HNO4 were not determined. The values
1 20

determined by Graham et using a Fourier transform spectrometer
were used in these studies. A comparison of ihe relative peak hefghts
of the Q branches determined iﬂ.these studies was in good agreement with
the published values. An R branch of HNO, used by Graham gﬁ}glfzg

was used in monitoring HNO, in these experiments because the cross
section is independent of pressure, temperatur39 concentration, and
resolution effects over a fairly wide range. There is also freedom from
overlapping absorptions in this region. A cross section of 5.6 x 10@19
an®/molecule at 12.315 wn was used. Fig. 20 illustrates the HNO,
absorptions in the 7 to 8.5 um region after other absorptions due to
HNO4 and Ho0, have been subtracted. The 7.2 to 7@4‘pm region is

somewhat noisy due to a dip in reflectivity of the mirrors in this

region. Fig. 21 shows the longer wavelength HNO, absorption, which
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includes the R branch used in monitoring concentrations. The 11.0 to
11.5 wm HNO3 absorption is also illustrated on this figure. The
HNO4 concentration is roughly twice that of HNOg4.

The cross sections for HONO used for this work were obtained from
published saurcegegoiglﬁgz HONO has two isomeric structures, that of
cis~HONO and trans-HONO. The trans form is about 0.5 kcalfmole more
stable than the cis form, and the barrier to internal rotation is about
12 kcal/mole. The cis form has a strong absorption in the 11 to 12 um
region and the trans form absorbs at slightly longer wavelengths in the
12 to 13 um region. The Q branches are at 11.72 ym and at 12.61 wum.
Wnile somewhat uncertain, the absorption cross sections appear to be
approximately 1.0 x 10”18cm2/mo?ecu?e for both Q branches at 298K.

The pressure, temperature and resolution dependence of the cross sections
at these wavelengths is not known,

It was noticed in the determination of infrared cross sections that
Q branches of absorptions tend to exhibit markedly different character-
istics than the P and R branches. The P and R branches of an absorption
generally exhibited similar response to temperature, pressure and resolu-
tion variations. In many cases, the Q branch response would be markedly
different from that of the P and R branch response. For this reason, P
and R branch absorptions were often chosen for monitoring concentrations

over Q branch absorptions. '
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B. Visible Cross Sections

N029 NOB and 03 have absorption baﬂdé in the visible region of the
spectrum. In photolysis experiments, visible Tight from the black Tamps,
particularly the 546 nm mercury line, can photolyze or excite these
species. Visible photolysis of NO3 is particularly important, since
no ultraviolet absorptions are known. The visible absorptions are also
potentially useful for monitoring concentrations of these species in
chemical systems.

0f these three components, N03 and 03 are photolyzed throughout most
of the visible region. The absorption cross sections for these molecules
determined by Graham78 are shown in Fig. 22. The thermodynamic cutoff
for photolytic production of NO2 and O(BP) is 580 nm, The primary
quantum yield for production of NO2 and O(BP) at wavelengths shorter
than 580 nm is about 0.85 and the quantum yield for the production of NO

78,113

and 02 is about 0.15 NOZ has a thermodynamic cutoff for

photolytic production of NO and O(SP} at 398 nm. However, a small

3

pressure~dependent quantum yield for production of 0("P) atoms extends

to 440 ﬂm839

Since the absorption bands of the three compounds overlap, it would
be difficult to monitor a particular species when the others are present.
The NO3 absorption b and appears to end around 710 nm. The absorption
bands of NO, and 03 which extend into the near infrared were finvesti-
ated as possible concentration monitoring regions.

Ozone was prepared by flowing a purified oxygen stream through the

ozonator. The flow containing oxygen and ozone was passed through the



Absorption Cross Section {cmﬁ‘}‘
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540 580 620 660
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XBL806-5342

Fig. 22. Visible absorption bands of NOB and OB
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cell at one atmosphere total pressure. MWhen the oczone concentration
inside the cell had stabilized, scans were made from 500 to 900 nm, using
a IP28 PMT and a silicon photodiode. Ozone cross section determinations

by Grahamlg

574.7 and 602.5 nm were used to calibrate the absorption
curve. The spectrum obtained is shown 1in Fig. 23. The absorption
appears to terminate at about 840 nm.

NOZ spectra were obtained by filling the cell with purified NOZ
to the desired pressure and scanning the region of interest with a RCA
4832 PMT and silicon photodiode. The spectra were found to be indepen-
dent of pressure from 10 torr to 1 atmosphere at the resolution at which
the spectra were tékene The spectra obtained are illustrated in Fig. 24.
The left-hand spectrum was obtained with the PMT and the right-hand spec-
spectrum was obtained with the silicon photodiode. The spectira are in
good qualitative agreement with those of Gillispie and Khaﬂ,gé who

provide a theoretical interpretation of the structure,

C. Ultraviolet Cross Sections

Ultraviolet absorption cross sections are needed in the interpreta-
tion of the photolysis experiments. Since the cross sections for the
molecules of interest are generally well-known, there was no attempt

made to obtain new values. The spectra for N0283 N20§59869 0§65/79

58987 and H2024975 are shown in Fig. 25. The spectrum of HNO, was

HNO
shown previously in Fig. 1.
The cross sections were used to obtain j-values by numerically inte-

grating the cross section — lamp emission product over wavelength at
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1 nm intervals. The spectrum of HONO was omitted for the sake of clarity,

{ox and Derwenth

report it to have diffuse pands between 310 and 380

nm and a strong broad absorption centered about 215 nm. With the excep-
tion of HNO,, the photolysis products have been determined fér these
compounds. Since HNO4 does not exist in large concentrations in the
static photolysis system, the photolysis products were not of importance,
In the flowing photolysis system, the overlap between the black lamp out-

put and the HNOQ absorption spectrum was small, so the photolysis rate

was small and not important.
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CHAPTER 1V. THE REACTION OF N0, + H,0,
275 277

A. Experimental Procedures and Data

1. Reactant Decomposition and Flow-in

The experiments were performed by expanding the reactants and the
carrier gas from two bulbs into the evacuated cell. Prior to expansion
a bulb was filled to the desired pressure with a reactant, and purified
carvier gas was then added. There are separate lines connecting the
bulbs to the disperser tubes in the cell; so, the reactants did not mix
until they flowed into the cell. This was done to prevent the ocCurrence
of any reaction between the reactants before flowing into the cell., A
previous worker, Peter Connell, has shown that the turbulent jetting of
the reactants from disperser tubes in the cell provides adequate mixing
of the reactants by comparison of this technique with a method where the
reactants were mixed prior to expansion into the cell.

A 3.06 liter Pyrex bulb was used for holding NZOSs HNO3 and NOZ
when they were used as reactants. A 5.33 liter Pyrex bulb was used for
holding HZOZ and HZO when they were used as reactants. The carrier gas
pressure in each bulb was adjusted so the pressure-volume product of the
two bulbs were approximately the same. The stopcocks on the bulbs were
opened simultaneously, allowing the reactants and the carrier gas to
enter the cell at the same time. The temperature of the bulbs and the

Pyrex lines connecting them to the cell was 295 = 2K.
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The reactants H?OZ and N?O5 were stored in evacuated, temper-
ature controlied Pyrex containers prior to use. The HZOZ was stored
in an ethylene glycol bath at 295K, Although significant heterogeneous

decomposition occurred by the process

1

.0 Surgace HoO + 3

4)
297 2 0, (44)
at this temperature, lower temperatures did not provide sufficient
H202 yapor pressure for these experiments. Prior fo filling the 5.33
liter bulb with HZOZ’ the saturator was pumped onh to remove the decom-
position products, both of which have much higher vapor pressures than
89,90
H202 at 295K,

The N205 saturator was kept at 273K in an ice-water bath,

Decomposition by the processes

N205 > NOZ + NOB
NOZ + NO3 > NO + NOZ + 02 (45)
NO + N03 > NDZ + NOZ

occurred more rapidly at higher temperatures. HNO3 was present with
N205 due to its formation in the process of preparing NZOEQ The
ratio of vapor pressure of HNO3 to the vapor pressure of NZOS is
lower at higher temperatures. The temperature used was a compromise
between minimizing Ny0. decomposition and minimizing the fraction of

HNO3 present. The NZO5 saturator was pumped on periodically to
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remove the NO, and 0, decomposition products. In between series of
experiments, the NZOS container was stored in a dry ice-isopropanol
siush bath.

The vapor pressuregl

of Hy00, Ho0, Nolr, NO, and HNOjy are
tabulated in Table 4 at various temperatures of interest.

To minimize the heterogeneous decomposition of the reactants, the
walls of the bulbs used in the expansions were conditioned by exposing
them to the reactants for an extended period before experiments were
done. After sufficient-exposure to NoOg, heterogeneous production
of HNO3 in the 3.06 Titer bulb was insignificant. The decomposition
by the series of reactions in (45) was determined by observing the pres-
sure increase in the 3.06 liter bulb and the manifold to which it was
attached using the Baratron pressure gauge. The net reaction f@r decom-

position is
N0y > 2M0, + 5.0, . (46)

Thus the change in pressure will be proportional to 1.5 times the amount

of N5Og decomposed. The rate of decomposition was found to be

approximately 15 percent/hour, less than the decomposition rate of

Ho05. Therefore, the 3.06 liter bulb was filled before the 5.33

titer bulb. Since the NyOg was in the bulb for less than ten

minutes, the amount of decomposition was considered unimportant.
Although HQOZ decomposition in the 5.33 liter bulb remained

s%gnifféant after conditioning, it appeared to be fairly reproducible.



293K
283K
273K
263K
253K
196K

87

Table 4

Vapor Pressures of Compounds Used in

Temperature

(K)

Expansion Experiments

1.95
0.78

91

Vapor Pressures

(torr)

N205 HNDB
284 46.8
124 27.0

50.7 14.9
19.4 7.9
6.9 4.0
o 0.02

(from CRC Handbook of Chemistry and Physics, 1970-71)

NO
560

™S

317
172
88.8
43.6
0.05
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The pressure increase due to Hy0p decomposition was monitored in the
same manner that the N,0p decomposition was monitored. The decom-
position reaction indicates that the change in pressure will be propor-
tional to 0.5 times the amount of Hy0, decomposed. The experimen-
tally determined decay profile is shown in Fig. 26. The error bars
indicate the maximum variation observed in the decays. Since the rate
of decomposition was fairly reproducible on short time scales, the
expansion of the reactants into the cell was always done four minutes
after filling the bulb with Ho0o.

The concentrations of the reactants in the bulbs at the time of
expansion must be known to analyze the kinetic results. From the ratio
of the vapor pressures of N205 and HNOs, it is expected that HNO+
should be about 23 'percent of the total amount of gas in the bulb. This
is in good agreement with infrared absorption measurements made immedi-
ately following expansion of N,Og into the cell. This technique gave
values of 20-25 percent HNO4.

The relative amounts of Hy0, and Hy0 in the 5.33 liter bulb at the
time of expansion were determined from the rate of H,0, decomposition
obtained by pressure measurements. This could not be confirmed by infra-
red measurements because of the continued heterogeneous decomposition of
Ho0o in the cell. The initial fraction of H,0, in the bulb was
determined by assuming that the pressure increase observed one hour

after the addition of Hp0, to the bulb represented complete decom-

position of Ho0,, From this value and the observed rate of decom-
position (Fig. 26), it was determined that 40 # 5 per cent of the gas

admitted to the bulb was HZOZ at the time of expansion.
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Fig. 26 Rate of HZO decomposition in bulb used in expansion
experiments
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When HZO and NGZ were used as reactants, they were prepared in
the same manner as that for the cross section measurements. NOE was
corrected for Nzﬁqg both in the bulb and in the cell. When HNO3 was
used as a reactant, it was prepared by the heterogenecus reaction of N205
with excess HZOS No NZO5 was observed in spectra obtained of the
expanded mixture. The concentration of HNOB obtained is somewhat

uncertain due to the tendency of HNO3 to adhere to wall surfaces.

2. Expansion methodology

The rate at which the reactants and carrier gas flow into the cell
must be known accurately to interpret the kinetics that occur when the
reactants initially mix., The fraction of the gas that has flowed into
the cell at a time t after expansion is equal to (1 - exp(mt/to))§
where tO is the time constant for the flow system, determined by the
conductance of the tubing connecting the bulbs of the cell, The time
constant was determined by connecting the Baratron pressure gauge to a
port on the cell and feeding the gauge output into the Fabritek signal
averager. The bulbs were filled with carrier gas and expanded into the
cell. A typical output trace is shown in Fig. 27a (upper curve).

The accuracy of this technigue was checked by monitoring the buildup
of NZOS in the cell by infrared absorption. The bulbs were filled
with N205 and O2 carrier gas and expanded into the evacuated cell.

A typical profile is shown in Fig. 27b (lower curve). The time constant
obtained 1in this manner was in good agreement with that obtained by the

first method. The average value obtained was ty = 4,3 = 0.3 seconds.
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Kinetic information for a reaction system can be obtained by observ-
ing the decay of reactants and build-up of products following expansion
of the reactants into the cell. The design of the apparatus allows only
one wavelength to be monitored at a time. In order to observe all the )
species of dinterest in a reaction system, a number of expansions had to
be performed under similar conditions. It was found that the concentra-
tions of the reactants and the pressure of the carrier gas in the bulbs
were reproducible to & 5 percent.

| In addition to monitoring one wavelength during an expansion, scans
were made following an expansion to detect any new absorptions. Expans-
jons and scans were done at a number of pressures and temperatures to
chserve the effects of these variables on the reaction system. The con-
centrations of the reactants were varied to determine their effect on

the reaction kinetics.

3. Investigation of Complicating Factors in the Ho05-No0p System

Some of the complicating factors in these investigations were the
heterogeneous decompositions of N,Og into HNO3 and Hy0, into
HZQ and Oze Being heterogeneous, there were some variations ih
these rates from run to run, Also, the tendency of HNOB to adhere to
surfaces, particularly at low temperatures, makes it difficult to obtain
guantitative information on its production or destruction.

The species monitored in the expansion experiments and the wave-

lengths used to monitor them are listed below.



NOo 3,428 um
NO 5.249 um
HoO 6.634 um
HNOg 7.158 um (47)
HNO 7.400 ym
NoOg 7.960 ym
HN04 12.315 um

The wavelength at which NO, is monitored is free of interfering
absorptions, as are the wavelengths for NO and HZDQ The 7.158 um
absorption of HNDQ does not overlap with absorption bands of other
species in the system, but is located at a reflection minimum of the
mirrors in the cell. This wavelength was used to monitor HNO4 in
initial experiments when CaF, windows on the cell prevented use of
wavelengths longer than 10 wm. 7.400 wm was used to observe HNO5 to
avoid overiap problems with HNO,. The cross section at this wave-
length is low enough that excessively high optical densities are not
incurred at high HNO5 concentrations. The optical density at this
wavelength was corrected for the weak absorption due to NoOg. NoOg
was observed at 7.960 um to avoid overiap problems with HNOB and to
obtain a reasonable cross section. Hy0, does absorb weakly here, but
the optical density obtained was not corrected since the contribution was

generally less than 5 percent.
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HZOZ could not be successfully monitored by infrared absorption in
this system. The strongest absorptions were overlapped by one or more
absorption bands of other species which had considerably larger cross
sections than H202° The only band free of interfering absorptions was

21 cm2 molecule 7

at 3.8 um, which had a cross section of less than 107
under the conditions of the experiments. This is too small to be of use
in these experiments.

A slight shift in baseline would occasionally occcur with the pressure
increase caused by the expansion of gases into the cell. A wavelength
free of any absorptions near the monitoring wavelength was used as a
reference to correct for this shift, if it occurred.

Both of the reactants heterogeneously decompose after expansion into
the cell. The approximate rates of the reactions were needed to analyze
the experimental observations. The decomposition rate of HZOZ in the
cell was determined at all temperatures of 263K, 273K and 283K by expand-
ing Ho0, and 0, carrier gas into the cell. The HEO2 decay was
observed at 8.040 um, The first order decay rate ranged between 2 x

-3 -1

107 and 2 x IO“QSec , depending on cell conditioning. The rates

appeared to increase with a decrease in temperature, presumably due to
the greater tendency of HZOZ to adhere to cell surfaces at low
temperatures.

The decompasition of NZOS is regarded as being primarily hetero-

geneous. Morris and Nﬁki59

10”4 sec”l with a 67 liter Pyrex cell, COﬂn81767 reported a varia-

3 -1

reported a first order decay rate of 6-8 x

tion in first order rate of 1 x 107 to 7 x 10“5 sec ~ with the

cell used in these experiments. The values obtained under the condi-



G5
tions used for these experiments ranged from about 5 x 10“4 sec™! to

-4 Sec”i after the cell was well conditioned. The

fess than 1 x 10
presence of HZOQ deconditioned the cell walls, and the larger value
is the best estimate for the decomposition rate that occurred during
experiments.

The reaction of N205 with Ho0 must he taken into consideration, since
HoO is present in significant quantities with Hp0,. Morris and Niké59
investigated this reaction and reported that it occurs both heteroge-
neously and in the gas phase. They gave an upper limit of 1.3 x 1@“20
cm3/ molecule~second for the homogeneous rate constant.

This reaction was investigated by expanding Ho,0 and N,0Og into
the cell and observing the decay of N,Og. Fig. 28 illustrates a
semilog plot of four N,Og profiles in the presence of excess H,0.
The decays of NoOg should obey pseudo-first order kinetics under

these conditions. The initial concentrations of the reactants and the

approximate first order decay rate for N,Og are listed below.

Run (N0 ] (H,0] k(sec™)
A 5.6 x 1014 1.7 x 1016 7.6 x 1073
B 7.3 x 10t 9.7 x 1015 5.0 x 1073
C 7.3 x 1014 9.5 x 1019 5.0 x 1073
D 8.8 x 10 5.5 x 1012 6.0 x 1073

D'Ans and Friede?%ﬁké and Schwarz

used the reaction of HZG2 with

HNO3 in solution to generate HNOg, This reaction system was investigated

by expanding HNO3 and H,0, into the evacuated cell. Hy0,p was

monitored at 8.040 um, where there is a minimum in the HNO, absorption
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Fig. 28. Decay profiles of NZOS in the presence of H,0

2
Curve A: ENZOS] = 5,6 x 1@34 mo?ecu?eg/cmg
[H,01 = 1.7 x 10" !
Curve B: [N,0.] = 7.3 x 104 . "
[H,0] = 9.7 x 100 »
Curve C: [N,0;1 = 7.3 x 10'* ’
[HZOj = 9.5 1015 " B
Curve D: ENEOSj = 8.8 x 1014 " "
EHZOE = 5.5 x 3915 it 1
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bands. The Hy0, decay rates were within the range of those obtained
with Hy05 alone. The HNOy first order decay rates were 1 to 5 x
10"”4 segond“1% and were less than or equal to the observed HZOZ
decay rate. When a series of expansions were done in succession, the
decay rate for HNDS decreased with each run. There were no detectable
absorptions by HNOg4 or HONO, which are possible products of the reac-
tion of HNOy with Hy0,.

The reaction of NOp with Hy0 and Hp0, should be considered
since NOo will be formed by the decomposition of NoOg. Kaiser and

92

Wu?? and McKinnon et a1.%0 have investigated the reaction of NO,

with H209

2NO, + H,0 » HNO3 + HONO (48)

2 2

The gas phase rate constants given by refs. 60 and 92 are kg = 1 x 1Ow37
Cm6/mo1ecu]e2wsecond and kr ~ 1.5 x 10”17cm3/moiecule~seconde
The reaction apparently proceeds more rapidly heterogeneously. The
reaction of H,0, with NO, can proceed in a similar fashion

ZNO2 + HZOZ » ZHNO3 . (49)

Gray Ei.il”62 investigated the reaction of NO, with Hy0y and concluded

it was primarily heterogeneous. The reaction was investigated by expand-
ing Hy0, and NOo into the cetl, The Hp0, decay rates were

within the Timits obtained with H,0, alone. There was no decay of

NO, observed within the limits of experimental uncertainty. Scans
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taken 200 seconds after expansion indicated the presence of approximately

13 wotecutes/om® of

1 x 1@14 mglaéulegiﬁmg of HNO3 and < 5 x 10
HOND .

When HNO4 is formed in a chemical system, a major loss mechanism is
that of heterogeneous decomposition. To obtain approximate values for
this mode of decay, HNO4 was synthesized by the technigues developed
by Barker §§\§j:23 so that its decay could be observed without large
concentrations of other species present. The gases evolved from the
mixture were flowed into the cell to determine the concentration of
HNO4 obtainable. However, no HNO4 was detected. It appears that
all the HNOQ in the flow decomposed on the tubing walls before enter-
ing the cell., The HNO4 heterogeneous decomposition rates used in this
study were obtained from its decay in the presence of significant con-
centrations of other species, which introduced some uncertainty to the

value.

4, Products and Reactant Concentration Dependence of H202+N205

NZOS and HZOZ were expanded with OZ carrier gas into the evacuated
cell, as described previously, The decay of NZOS was more rapid than
the decay that occurred in the NZQSMHZO system., Scans were made
after expansion to determine which species were present.

Fig. 29 illustrates a typical scan obtained following the expansion
of HZOZ and NZOSQ The scan was taken 200 seconds after expansion
with a cell temperature of 263K. The noise in the spectrum between 7.2
and 7.3 pm is due the reflection minimum in the cell wirrors. The

7.0-7.3 um absorption band is due to HNOQQ HNOB and HNO4 absorptions
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overlap in the 7.4 to 7.8 um region. Subtracting absorptions due to
HNOgg NZO5 and HZOZ from this figure yielded the spectrum sh@wn in Fig.
19. No absorption due to HONO was observed.

Initial work was done with CaF, windows on the cell, which limited
infrared transmission to wavelengths shorter than 10 uym. These were
replaced with BaF, windows to allow observation of the HNO, band
between 12 and 13 wm (Fig. 20). This absorption is free of interference
by other species and has a larger cross section than the 7.1 to 7.3 um
band. No HONO was observed in this region.

The presence of HN04 indicated the products of the reaction of

HpO0p with NoOg with one of the following sets.

Hzoz + N205 > HNOQ + HNOB

> HO, + NO, + HNO

2 2 3

HO, and NO, can quickly combine to form HNOz. To discriminate
between the product sets, a small amount of NO was added to the cell
prior to expansion.

NO scavenges HO, by reaction (4), the rate of which is more than

an order of magnitude faster than the rate for reaction (1) given by
1@18

Graham et If the primary products of HZDZ and NZQS are

HNOBB HOZ and NDZ9 the HNO4 concentration will exist at observ-

able levels when NO is present. If HNO, is formed directly, the HO,
formed by HNO, decomposition will react with NO. This will reduce the

HNOQ concentration somewhat, but the concentration will still be

observable.
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Approximately 0.3 torr of NO was added to the cell prior to the
expansion of HZOZ and Nzoge Such a Tow pressure does not signi-
ficantly interfere with the expansion of gases. The process was repeated
three times so that the profiles of HNoég HNOB and N205 could be
observed. The profiles are tabulated in Table 5. The profiles without
NO are listed in Table 6.

The dependence of HNO4 concentration on each of the reactants was
determined by independently varying the concentrations of NZOS and
HZOZE These expansions were done at a cell temperature of 263K, and
at final pressures of 33 and 66 torr. The HNO4 profiles are shown in
Figs. 30-33. For the runs in Fig. 30, the initial HZOZ concentration

15 mo1ecules/cm3 while the NZO5

15

was held constant at 1.8 x 10

concentration was varied from 3.6 x 10 moTecu‘les/cm3 (curve A) to

14 3

2.1 x 1077 molecules/cm” (curve G). Similarly, in Fig. 31, the

15 mo?ecu1es/cm3 and the

15

initial HZOZ concentration was 1.8 x 10

initial N205 concentration was varied from 8.9 x 10 3

14 3 (

molecules/cm

(curve A) to 8.7 x 107" molecules/em” (curve E).

The runs shown in Fig. 32 were done with an initial NZOS concen-

15

tration of 1.3 x 10 mo?ecu'!es/cm3 and the HZOZ concentration

15 14

mo?ecules/cm3 (curve A) to 2.1 x 10
15

was varied from 1.8 x 10
mo1ecuies/cm3 (curve F). The NZOS concentration was 4.1 x 10

m@lecu}es/cmB for the runs shown in Fig. 33, and the HZOZ concen-

tration was again varied from 1.8 x 1010 3

14

molecules/cm” (curve A) to

2.1 x 10 mo?ecu?es/cmB (curve E).
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TABLE 5
Temp., = 273K Pres. = 71 torr
Time | Concentration (Molecules/cm3)
(Seconds) [HO2NOZ ] [N205] [HNO3]
0 — — i
10 2,9E14 3.9E15 4,3814
20 4,7814 4,1E15 7.1E14
30 5.8E14 3.8E15 1.3E15
40 6.1E14 3.6E15 1.3E15
50 6.6E14 3.5E15 1.4E15
60 6.8£14 3.4E15 1.4E15
70 7.0E14 3.2E15 1.6E15
80 7.3E14 3.1E15 1.8E15
90 7.3E14 3.0E15 1.9E15
100 7.3E14 2,9E15 2.0E15
110 7.4E14 2.8E15 1.9E15
120 7.3E14 2.7E15 2.1E15
130 7.3E14 2.7E15 2.1E15
140 7.2E14 2.6E15 2.3E15
150 7.1E14 2.6E15 2.4E15
160 6.9E14 2.5E15 2.3E15

170 6.8c14 2.4E15 2.5E15
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TABLE 6
Temp., = 273K Pres, = 71 torr
Time Concentration (Molecules/cm3)
(Seconds) [HO2NOp ] [N20s5] [HNO3 ]
0 — — .
10 5.7E14 3.7€15 6.4E14
20 7.8E14 3.8E15 1,2E15
30 9.4E14 3.6E15 1.7E15
40 1.0E15 3.5E15 1.7815
50 1.0E15 3.3E15 1.9E15
60 1.1E15 3.2E15 2.0E15
70 1.1E15 3.,1E15 2.2E15
80 1.2E15 3.0£15 2.3E15
90 1.2E15 2.9E15 2.4E15
100 1.2E15 2.8E15 2.7E15
110 1,2E15 2.8E15 2.7E15
120 1,2E15 2.7E15 2,7E15
130 1.2E15 2.7E15 2.8E15
140 1.2E15 2.6E15 3.0E15
150 1,2E15 2.6E15 2.9E15
160 1.2E15 2.5E15 350515

170 1.2E15 2.5E15 3.0E1S
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HNO4 profiles following expansion of NZOS and HZGZ
15

{H2023 = 1.8 x 10

18

15 . 3
» 1077 molecules/cm

<
>

Curve A: LN2053 = 3,

Curve B:  [N,0,] = 2.5 x 10> ’
Curve C: [N,051 = 1.5 x 10!° " ;
Curve D: [N2653 = 1.1 x 100 " r
Cur?% E: [N295] = 8.0 x 104 i i
Curve F: [N,0,] = 4.0 x 10! 0

Curve G [N,0] = 2.1 10!t n



106

Sit1=208 18X

0S

¢

08

4

O

e

(spuodss)awij

m

{

|

00¢ 0sI 0Oc¢
! T I

g

I

i i i

110} €¢

I - 9ouapuadap S¢

DIJUBIUOD




107
Fig. 31 HNO@ profiles following expansion of NzO5 and HZGZ
[HZQZJ =1.8x10° maiecu1es/cm3 for all curves

15 mo?ecuiés/cmB

? 5 88 [

Curve A: ENzOgj = 8.9 x 10

Curve B: {NZOSJ = 5.6 x 10

Curve C: [N,05] = 3.6 x 10! "

. - ? 5 o i
Curve D: [NZOSZ = 1.8 x 10

Curve E: [N,0.] = 8.7 x 1014 . "
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Fig., 32 HNOQ profiles following expansion of NZOS and HZOZQ

[Nzosj = 1.3 x 3015 moiecu?es/cmB for all curves.

15 m@?ecuies/cmg

15 " "

Curve A: [HZOZJ = 1.8 x 10
Curve B: [HZOZ] = 1.3 x 10

Curve C: [Hzozj = 9,5 x 1014 " .
Curve D: [HZOZJ = 6.9 x TOm " !
Curve E: [Hy0,] = 3.3 x 10 "

Curve F: [Hy0,] = 2.1 x 0% "
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Fig. 33 HNO4 profiles following expansion of N205 and HZGZ

[NZGSE = 4,1 x TG?S mo]ecuies/cmB for all curves

Curve Az [H,0,] = 1.8 x 10" motecules/cm’
Curve B: [HZOZJ = 1.0 x 107 “ o
Curve C: [H,0,] = 6.3 x 104 " .
Curve D: EHngj = 3.6 x 10" " "

Curve E: [HZOzj = 2.1 % ?OIQ . "
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The effects of temperature and pressure on the product profile were
investigated. Expansions were done with a cell temperature of 253 K,
263 K, 273 K and 283 K. In most cases, the concentration profiles of
HNOQ, N2059 HNO3 and NO2 were observed. In some cases, HZO was also
observed. The cross sections of NOZ and HZO at temperatures where
they had not been determined were obtained by interpolating from the 293
K and 263 K values. Since NOZ was generally present in low concentra-
tions and the 0.1 atmosphere cross section is small, there is consider-
able uncertainty in the concentration. HZO was present in fairly large
concentrations, but the low cross section made it difficult to obtain
accurate values of its concentration.

HNO4 was the only species monitored during the expansions done at
253 K. The expanded pressures of HZOZ approached 70 percent of the
extrapolated HZOZ vapor pressure at 253 K. It was noted that HN04
was generated by expansion of NZOS alone into the evacuated cell
when the preceding expansion contained HZOZG Apparently, HZOZ
exhibits a strong tendency to adsorb to surfaces under these conditions,
or else a significant amount of condensation occurs. The HZOZ could
be removed by pumping on the cell for several hours or by adding NZOS
to react with it. The HNO4 profiles obtained are illustrated in Fig.
34, The initial HEOZ and N205 concentrations for each curve are

listed below in units of molecuies/cmB=
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Fig, 34 HNO4 profiles following expansion of NZOS and HZOZ at 253 K

[HZOZ] = 1.8 x 1015 mo?ecu?es/émg for all curves

Curve A: [N2053 = 3.5 x 1014 mo'?ecuies/cm3

Curve B: [N205] = 2.9 x 3014 " "

Curve C: [NZQSJ = 5.6 x 1074 i W
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, ‘ 4
Curve A [H)0,] = 1.8 x 101° [N,0] = 3.5 x 10

Curve B - 1.8 x 10%° = 2.9 x 1044
Curve € _ 1.8 x 10%° - 5.6 x 1004

The expanded pressure was 33 torr for these runs.

The problem of HZOZ adhering to the cell surfaces was not observ-
ed at 263K or higher temperatures. Sample runs at 263K, 273K, and 283K
are illustrated in Figs. 35-37 and tabulated in Tables 7-9, respectively.
The initial HZOZ and N205 concentrations for these expansions are

as follows, in units of mo?ecules/cmgz

5 14
263K [H,0,] = 1.8 x 10t [N,05] = 9.3 x 10
273K - 1.8 x 10° 5.6 x 101
283K - 15 5.6 x 10°4

1.8 x 10

Runs were done at each temperature under several sets of conditions, to
obtain a good understanding of the kinetics.

The pressure dependence of the HNDQ profiles was examined under
two different initial concentrations of NZOS and HZOZS The
HNO4 profiles are illustrated in Figs. 38 and 39 and tabulated in
Tables 10 and 11. The initial concentrations of HZOZ and

3

in molecules/cm” are listed below.



Fig. 35 Concentration profiles of HNDBE HNégg N2®5 and N@Z

., at 263 K

following expansion of N205 and H 2

20

ENZQSE = 9.3 x @Oig m@?%cu?%s/cmg
[H,0,] = 1.8 x 101> * "
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Fig. 36  Concentration profiles of HNO

30 HNQ4s NZDgg NOZ and HZQ

and H 0., at 273 K

following expansion of NZQ oY

5

ENZOSJ = 5.6 x 3014 molecu‘ies/cm3

[H,0,] = 1.8 x 10'° Z
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Fentiratdan Y L3 - mE BN !,,% . EQ g ) 4 . and . :
Concentration profiles of hN@S@ aNSQE &zﬂég N@Z and ﬁdﬁ

following expansion of N,0. and H?@? at 283 K
53 = 5.6 x 10 mgiéiaﬁégfcmg
? 4 3] 86
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Temp. = 263K
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TABLE 7

Pres, = 68 torr

Time Concentration (Mgiéguieg[¢m3)
(Seconds)  [HOoNOs] [NoOs ] [HNO3 ] [NOs ]
0 - -
10 1,314 8.9£14 1.4E14 4.0813
20 2.5E14 8.9E14 3.7E14 4.0E13
30 3.4E14 7.6E14 5.5814 9.5E13
40 3.8E14 6.9E14 6.3E14 2.5813
50 4,1E14 6.4E14 6.6E14 3.2813
60 4.4E14 5.6E14 7.4E14 5.7E13
70 4,8E14 5.0£14 7.7EL4 1.8E13
80 5.1E14 4.5814 8.8E14 2.5E13
90 5.3E14 4,1E14 8.9£14 4.0E13
100 5.5E14 3.7E14 9.5E£14 9.5E13
110 5.7E14 3.4E14 9.6E14 3.2E13
120 5.7£14 3.1E14 1.0E15 3.2E13
130 5.8E14 2.8E14 1.0E1S 6.6E13
140 5.9£14 2.6E14 1.1E15 5,7E13
150 6.0E14 2.4E14 1.1E15 3.2E13
160 6.0E14 2.2E14 1.1E15 3.2E13
170 6.1E14 2.1E14 1.1E1S 8.5E13
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TABLE 8
Temp., = 273K Pres. = 73 torr
Time Concentration (Molecules/cm3)
{Seconds) [HO2NO2] [N20s5] [HNO3 ] [NO2 ] [Ho0]
0 — — I — _—
10 6.7E13 5.8E14 2.6E14 1.0E13 1.7E15
20 1.1E14 5.9£14 | 5.5E14 1.2E13 2.3E15
30 1.3E14 5.4E14 5.6E14 2.4E13 2.4E15
40 1.5E14 5.2C14 6.4E14 5.4E13 2.2E15
50 1.7E14 5.0E14 /.3E14 7.2E13 2.4E15
60 1.8E14 4.8c14 5.7£14 4,6E13 2.5E15
70 2,0E14 4.45E14 7.0E14 | 1.7E13 2.5E15
80 2,2E14 4,2E14 6.1E14 2.4E13 2@5515
90 2.,4E14 4.0E14 | 7.6E14 3.8E13 2.5E15
100 2.5E14 3.8E14 8.2E14 3.8E13 2.5E15
110 2,714 3.6E14 8.1E14 2.4E13 2.4E15
120 2.7E14 3.4E14 7.9E14 2.4E13 2.5E15
130 2.9E14 3.2E14 8.4E14 2.,4E13 2.6E15
140 2.9814 3.1E14 8.4E14 5.4E13 2.5E15
150 3.0E14 2.9E14 8.8E14 1.7E13 2.5E15
160 3.0E14 2.8E14 8.7E14 2.4E13 2.6E15

170 3.1E14 2.7E14 8.6E14 1.7E13 2.5E15
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TABLE 9
Temp. = 283K Pres, = 75 torr

Time Concentration (Molecules/cm3)

(Seconds) [HO2NO2 ] [NoO5 ] [HNO3] [NO2 ] [H20]
0 _— . — . o

10 2.5E13 6.3E14 5.4E14 6.5E12 9.7€15
20 5.1E13 6.8E14 6.9£14 6.5E12 2.9E15
30 7.1E13 6.4£14 7.7€14 3.0E13 4,2E15
40 8.7E13 6.1E14 7.4E14 3.0E13 3.6E15
50 9.2E13 5.9£14 7.8E14 3.0E13 3.9E15
60 1.1E14 5.7E14 7.7E14 1.1E13 4,2E15
70 1.2E14 5.5E14 7.8E14 1.1E13 4,2E15
80 1.3€14 5.3E14 8.0E14 1.5E13 4,2E15
90 1.4E14 5.0£14 8.4E14 1.7€13 4,2E15
100 1.5614 4,9E14 8.8£14 3.7E13 3.9E15
110 1.5£14 4,7814 8.7E14 2.3E13 3.9E15
120 1.7£14 4.5E14 8.0E14 1.1E13 3.9E15
130 1.8E14 4,314 8.8£14 1,1E13 2.9E15
140 1.8£14 4,1E14 8.7E14 6.5E12 2.9E15
150 1.9€14 4.0E14 9.2E14 1.1E13 2,9E15
160 1.9E14 3.8£14 9.1£14 6.5£12 2.3E15
170 2.0E14 - 3.7E14 9.4E14 1.5E13 2.3E15
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50

9 at

Fig. 38 HNO4 profiles following the expansion of H and NZO

2 5

different pressures

[N205} = 1.1 x 10° mo"lecu?es/cm3

[H,0,] = 2.1 x 104 "
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Fig. 39 HNO4 profiles following the expansion of HZQZ and NZOS

at different pressures
15 mo?ecuies/cms
j 5 133 1

[NZGSZ = 3.5 x 10
EHZ?ZJ = 1.8 x 10
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TABLE 10
Temp, = 263K Pressure Dependence - 1
Time ~ Concentration (Molecules/cm3)
(Seconds) [HO2NO2 ] [HO2NO2 ] [HOoNO2 ]
0 S — —
10 9.6E13 1.0E14 8.9£13
20 1.1E14 1.3E14 1.3€14
30 1.4E14 1.6E14 1.5£14
40 1.6E14 1.7E14 1.6E14
50 1.7E14 1.7E14 1.7£14
60 1,714 1.8E14 1.7€14
70 1.7E14 1.8£14 1.6E14
80 1.9E14 1.9E14 1.7E14
90 1.9E14 1.9E14 1.7E14
100 2.0E14 1.9e44 . 1.7e14
110 1.9c14 1.8E14 1.6E14
120 1.9€14 1.8E14 1.6£14
130 2.0E14 1.7E14 1.6E14
140 1.9614 1.7€14 1.6E14
150 1.9£14 1.7E14 1.5E14
160 1.9£14 1.6E14 1.5E14
170 1,914 1.6E14 1.4£14

Pres bb torr 40 torr Y torr
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TABLE 11
Temp., = 263K Pressure Dependence - 11
Time Concentration (Molecules/cm3)
(Seconds) [HOoNO2] [HO2NOZ ] [HOLNO ]

0 — N e

10 5.0E14 4.6E14 4.2€14
20 7.3E14 6,9E14 6.4E14
30 8.1E14 7.6E14 7.2E14
40 8.3£14 7.8E14 7.5E14
50 8.5E14 7.9E14 7.5E14
60 8.2E14 7.8E14 7.2E14
70 8.0c14 7.6E14 7.0E14
80 7.9E14 : 7.5E14 6.8E14
90 7.6E14 7.2E14 6.6E14
100 7.4E14 6.9E14 6.2E14
110 7.1E14 6.6E14 6.0E14
120 6.8E14 0.4E14 5.7E14
130 6.6£14 6.2E14 5.5E14
140 6.3€14 5.9E14 5.3E14
150 6.2E44 5.6E14 5.0E14
160 5.9E14 5.5E14 4.8E14
170 5.7e14 5.3E14 4.6E14

Pres . 60 torr 40 torr 19 torr
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Run I [H202]

il

2.1 x 10t [N,05] = 1.1 x 1015

Run 11 15 15

1.8 x 10 3.5 x 10

i
i

Both runs were done at 263K.

The effect of cell volume and surface-to-volume ratio were investi-
gated by inserting sealed Pyrex tubing into the cell. Thirty-two 0.9 cm
diameter tubes 85 cmklsng were Joosely stacked in the cell and kept

2

separated by Pyrex rods. This added 7600 c¢m” surface area, increasing

the surface area of the cell by 70 percent. The surface-to-volume ratio
of the cell was increased to 0.303 cmgle

Expansions were done immediately preceding and following the
insertion of the tubes to observe the effect of added surface. The
expansions were done with a cell temperature of 283K. Three HNO4
profiles are shown in Fig. 40. Curve A was obtained without the extra
surface, and curves B and C were obtained after the extra surface had

15

been added. The initial concentrations were 1.8 x 10 mQ?ecu?%S/CWB

15

for Hy0p and 2.7 x 10 mciecu7eSIcm3 for NZOS in all three

runs.

B. Results and Discussion

1. Other Reactions in the NoOg-H,0, System

The presence of contaminants and decomp@éiticﬁ products in the
samples of Hy0, and NpOg mixed together in these experiments
complicate the kinetics of the system. The contaminating species can

react with HZOZ or N205 and make the reaction between them



Fig. 40

133

HNO4 profiles following expansion of HZOZ and N205 |

Curve A - cell in standard configuration
Curves B, G- cell with additional surface ares
[N205] = 2.7 X 7015 mo‘lecu?es/cm3

- T 5 3 Hi
[HZQZ] = 1,8 x 10
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difficult to observe. The major contaminants are H,0 and HNOg,- as
well as some NO,. |
Reactions involving these species, as well as the heterogeneous
decomposition of the reactants in the cell, were investigated to
determine their effect on the kinetics.
The reaction of Hy0 with N»Og has been investigated by Morris

and Niki.>d

It was investigated in this system to see whether it
occurred primarily homogeneously or heterogeneously. Typical curves
of NoOg decay in the presence of H,0 at. 263K are shown in Fig. 28.
The curves exhibit some curvature, which is more pronounced at 1Oﬂgef
time scales. The average slopes of the lines did not correlate well
with either of the initial reactant concentrations or with the product
of the concentrations. It was concluded that the reaction is primarily
heterogeneous in this system. This conclusion is in agreement wiﬁh
other gtudieSGQS However, a significant amount of NZOS is lost in
this manner.

The possibility of a reaction between Hy0, and HNO; was investi-
gated. The Hy0, decomposition rate was the same as that of Hp0,
alone. The HNOB disappearance rate decreased with succeeding runs,
suggesting a heterogeneous process was occurring. There was an absence
of absorption by any of the likely products of the reaction of H,0,
with HNO3 in scans taken following their expansion.

HN03 exhibits a tendency to absorb or adhere to a surface, and

this could explain the disappearance of HNO3, Morris and Niki®?
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noted a slow, long term loss of HNOg from the gas phase with an esti-

4 second“la The values gbtained

mated first order loss rate of <10~
in this system, which has a similar surface-to-volume ratio to that of
ref. 59, were in the range of 0.8 to 5 x 107% second™. From these
results, it appears that the reaction between Hy0, and HNOg in the
gas phase is very small, if it occurs at all. The upper limit for the
rate écﬂstant for this reaction was determined to be ~1 x 10“19 cmBi
molecule-second.
NO, will be formed in the Hy0,-N,05 system by the decomposition

of NyOg and HNO4. Ho0 will be formed by the decomposition of Hy0,.
The reaction between Ho0 and NO, has been invest%gated‘by'refs@ 60
and 92. The concentrations of HNO3 and HONO observed afteé the expan-
sion of Hy0p and NOp into the cell were well in excess of the

amounts that would be produced by the gas phase reaction of NO, and

HoO if the values for the rate constant in ref. 60 are correct.

HONO exists in cis and trans forms only the trans absorption was

monitored following the expansion of Hy0, and NO,. From the equilib-

rium constants given by Altshuller,?? the cis form should be present in
somewhat lower concentrations than the trans form, indicating a total HONO
concentration of ~5-7 x 1013 m@?ecu1e5/cm3§ somewhat less than that of

the HN03 observed. At the time of expansion, HZO was present at levels
approximately 50 percent higher than HoO, due to the decomp@s%tion of

H202 in the bulb prior to expansion. The majority of the HONO was

apparently formed heterogeneously by
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HZO + ZNOZ » HONO + HNQ3 (51)
An equilibrium exists between HONO and H209 NQZ and NO,
ZHONO » Hp0 + NO» + NO . (52)

<€

If HONO was present at levels of ~7 x 1013 moieau?es/cmgg NO would

15 mo?ecuies/cm3

exist at levels of ~1 x 10 if the system was in
equilibrium. While the absorption band of NO was not monitored, the
conversion of this much NO2 into NO would have been observed when
NOZ was monitored., HONO was apparently not equiltibrated with the
products in (52) at the time of observation.

Since HNO3 tends to adhere to the cell walls, the amount of HNO3
generated was presumably present in larger concentrations than observed
and was present in excess of the HONO concentration. The difference
could be due to loss of HONO through the equilibrium process into HZOS

NO, and ND. P

Alternatively, some HNO3 could have been produced

by the reaction of HZOZ with NO2 or N204° The N204 concentration was
about 1 percent of the NO2 concentration in the runs where this was
investigated. In either case, the reaction is slow and is not important
in the system under study. The upper limit for the rate constant for
the reaction of H,0, with NO, in the gas phase is < 1 x 10”19
cm3/mo1ecu1ewseconda No information was obtained on whether the

reaction occurred by a heterogeneous pathway.
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92

Kaiser and Wu”" investigated the possibility of a reaction of

HNO, with NOZ and H?O and did not observed any noticeable reaction.

3
Consequently, these reactions were not investigated in this system.

2. HAnalysis of the reaction of N,0. with H,0, Scans taken
after the expansion of HZOZ and NZOS into the cell dndicated the
presence of HNO4 and the absence, within detectable 1imits, of HONO.

13 mo1ecu1es/cm39

The detection limit for HONO is less than 3 x 10
HNO4 could be formed directly by the reaction of NZOS with HZOE
or indirectly from the recombination of HOZ and NOZQ Tests were
made to determine the reaction product set by adding ~0.3 torr of NO to
the cell prior to the expansion of the reactants. NO scavenges HO2 by
reaction (4), which is more rapid than the reaction of HO2 with N02
to form HNO4 under the experimental conditions of 0.1 atmosphere
pressure and 273K,

If the products of the reaction of HZOZ and NZOS were HO2
+ NO2 + HNOBQ the HNO4 concentration would not rise to detectable
limits, If the products were HNO4 and HNO39 HNO4 would be present
at levels somewhat reduced from that without NO. This is due to loss of
HNO4 by dissociation into NO2 and HOZB which would react with NO.
The experimental observations were in good agreement with those predicted
for the reaction products of HNO4 and HNO3B This product set was >
90 percent of all product channels.

If the reaction occurs in the gas phase, it may proceed though an

complex re-arrangement because of the geometry of the molecules.
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Electron diffraction studies’® of N,0g indicated a central angle

of 95 * 3° and an 0-N-0 angle of the end nitro groups of 134 = 9", The
central N-O distance of 1.468 and the end N-0 distance of 1.21A were
obtained, H,0, has C, symmetry and an H-0-0 angle of 102°. The

0-0 distance is 1.48R and the 0-H distance is 0?98§?26

The rearrange-
ment of these molecules into HNO and HNOq would be Tairly complex.
The rate expression for the HNO,4 buildup and decay in the cell

will be:

d[HNQ4]
— = k7[H202][NZOSZGRBEHNOgj+k9[H02][Nozj@k21[HN04] (53)

using the numbering system in Appendix C. The concentrations of Ho0p

and N,Og during expansion will be described by the flow-in equation

[x] = [x]y (-exp(=t/t ) (32)

where [x]o is the final concentration in the cell if species x is
inert. The value for t, is 4.3 seconds for the expansion system used.
For approximately ten seconds following the start of expansion, this
equation is adequate for describing the flow-in of the reactants
[H)0o] and [N,0g] can be determined from the reactant concen-
trations in the bulbs at the time of expansion. Also the reactions

affecting HNO, other than (7) will be small and

d[HNOQZ 2

= k7£H202] [NZOS] (l-exp(~ t/4.3)) (54)
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The build-up of HNQ4 can be obtained by integrating the above equation

[HNO, ]y ~ ky[H,0,] [N205] .

[t+8.6 exp(-t/4.3) - 2.15 exp(-2t/4.3) - 6.45] (55)

The bimolecular rate constant for reaction (7) can be obtained by the
HNO4 build-up and the concentrations of the reactants in the bulbs.

The effect of independent variation of reactant concentrations on
the HNO4 profile observed can be determined from the results used to
generate Figs. 30-33. The ratios of the NZOS and HZOZ initial
concentrations, along with the ratios of the HNO4 concentrations at 20
and 40 seconds after expansion and at maximum, reTative to the minimum
values are listed in Table 12. The ratios for the HNO4 concentrations
are generally less than those of the reactants because of reactions
which compete with reaction (7). A low value of [HNO4] obtained in
run G of Fig. 30 is probably the cause of the t = 20 second [HN04]
ratios being higher than the [NZOS] ratios.

The time of occurrence of the maximum HNOQ concentration is
usually longer than 40 seconds. It can be seen from Table 12 that the
[HNO4] ratios approach the ratios of [NZOSJ as the time of observ-
ation approaches the time of expansion. From Table 12, it is apparent
that [HN04] ratios approach the [HZOZ] ratios as time increases

following expansion.
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TABLE 12

From Fig. 30

Run [N,05 1 g (N0, Ty posec  EHNOp Ly nggec  [HNOgly .y
AJG 16.9 19.5 8.2 4.7

B/G 11.9 17.4 7.9 4.4

C/G 6.9 11.9 6.5 4.1

D/G 5.0 9.1 5.3 4.0

F/G 3.8 6.0 3.8 3.4

Fl6 1.9 2.8 2.2 2.0

6/G 1.0 1.0 1.0 1.0
From Fig. 31

Run [N,05 1 g LHNO4 1y opsec [ANOy L Lggsec LHNO Jpay
AJE 10.3 5.0 3.2 2.1

B/E 6.5 3.8 2.5 1.6

C/E 4.2 2.9 2.2 1.4

D/E 2.1 1.9 1.6 1.2

E/E 1.0 1.0 1.0 1.0
From Fig. 32

Run L2054 g LiNO4 )y p0sec  [MNOgliogosec  [HNOgJmay
AJF 8.8 2.2 2.3 2.3

B/F 6.5 2.3 2.5 205

C/F 1.6 2.1 2.3 2.3

D/F 3.4 1.9 2.0 2.0

E/F 1.6 1.1 1.2 1.2

FIF 1.0 1.0 1.0 1.0
From Fig. 33

Run [N,053 g LHNO, 14 _oosec [HNOy Sy ia0sec LHNO Jpay
AJE 8.8 3.2 3.4 3.9

B/E 5.0 3.1 3.2 3.6

C/E 3.0 2.1 2.2 2.4

D/E 1.9 1.6 1.6 1.6

E/E 1.0 1.0 1.0 1.0
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Computer simulations were done of the HNOQ dependence on reactants
using a simplified version of the reaction scheme shown in Appendix C.
Reactions 2, 3, 6, 7, 20, 21 and 22 were used. These simulations indi-
cated that the [HNO4] ratios should approach the ratios of either
reactant at times near to the time of expansion. This disagrees with
what was cbserved when the Hy0, variation was tested. ”

The experimentally observed effects of pressure on the HNO4 pro-
files were shown in the previous seétiona The most apparent effect is
that the final HNO, concentration is larger at higher pressures. The
total pressure of the system will affect the rate constants for unimolec-
ular decomposition of NZOS and HNOg, but will not affect the equilibrium
of these species with their decomposition products. The pressure will
also affect the rate of diffusion to the walls, where heterogeneous
reactions may occur. The pressure dependence of the heterogeneous decom-
position of NoOg HZOZ and HNOg4 is unknown. The time for a molecule to
diffuse a given distance at 19 torr will be about one-third of the dif-
fusion time at 66 torr.

Computer simulations were made of the effect of pressure on the
reaction system using the complete set of reactions in Appendix C. The
only significant effect of pressure in the simulation was a ~ 25 percent
decrease in the concentration of NO, as the pressure doubled from 34
to 68 torr at 263 K. This suggests the effects observed are due to
heterogeneous processes.

The experimental profiles of the spectra observed at 263 K, 273 K

and 283 K were simulated using the CHEMK chemical kinetics program and
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the reaction sei in Appendix C. The rate constant for reaction (7) was
varied to provide the best fit with the experimental data. There was
some difficulty in obtained a good fit because of the variability of the
heterogeneous decomposition rates of Ny0g, Hy05 and HNO4. Typical
simulation profiles along with the experimental profiles are shown in
Figs. 41-43 for cell temperatures of 263K, 273K and 283K, respectively.
The upper curves are those obtained from the computer simulations., The
most prominent disagreement between experimental and simulated curves
occurred with Hy0 and NO,. The experimental curves of these com-
pounds were the most uncertain because of the weak absorption by these
species. The experimental NOZ profiles indicate that some NO, was
present with the NoOg at the time of expansion. The build-up of

NOZ occurs largely in the first 20 seconds after expansion. The rate
of change during later periods is much lower. This factor was not in-
cluded in the simulations. There was some varijation in the best rate»
constant for reaction (7) to fit the experimental data at each tempera-
ture, and the rate constants tended to be higher at lower temperatures.
This is in contradiction to what would be expected for a gas phase
bim@?e;uiar reaction. The rate constants used for simulations in Figs.

“17cm3/mcieculewseconds respectively.

41-43 were 0.8, 1.0 and 0.3 x 10
Another unusual feature found was that the calculated HNO, con-

centration generally would initially be lower than the experimental

values. The initial observed build-up HNO4 for several runs is shown

in Fig. 44. The temperatures and [H,0,] [NoOg] product corres-

pondiﬁg to the curves are listed below.
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A 263K 7.4 x 1030 mo}ecuieggicmé
B 263K 2.2 x 1039 " "
C 273 3.2 x 10°Y u "
D 273K 7.4 x 1030 " .
£ 273K 1.1 x 1030 “ "
Pk 4.1 x 10%° “ g
6 283K 7.4 x 10°° " g
H o 283K 1.1 x 10% “ u

Many of the curves exhibit a marked change in slope between 10 and
15 seconds. From équatioﬁ (55), the HNO4 concentration at a given
time will depend on the rate constant and the product [Hy0,] [NoOg] .
From the curves and the values of [HQOZ] [NZOS] listed, the unusual
temperature dependence can be seen.,

The HNOy profiles obtained from campute% simulation, equation (55)
and experiment are compared in Fig. 45. Curve A is experimentally
obtained. Curves C and E are calculated from equation (55) using kg =
5 X 10”18 and 1 x 10“17 cmglmo‘iecu‘iewsecendS respectively. Curves

18 and 1 x

B and D are from computer simulation using k; = 5 x 107
10;17 cm3/mc1ecuﬁemsecondg respectively, CLurve F is the build u§ of
kthe total gas concentration in the cell divided by 3500. The curves
obtained by computer simulation and equation (55) are in good agreement
during the period initially following expansion. The other reactions

involving HNO4 become importaant after several seconds and cause the

deviation between the curves.
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Fig. 45 Calculated and observed concentration profiles following

expansion

Curve A - HNO4§ experimental

Curve B - HNO49 computer simulation

k, =5 x 10718 cmB/mo1ecuie=second
Curve C - HNO,, calculated from eqgn. (55)
| k, = 1 x 10717 en®/motecute-second
Curve D - HNOQS computer simulation
k, = 5 x 10718 cnd/motecute-second
Curve E - HNOQQ calculated from eq. (55)
k=1 x 1077 en® fmotecule-second

Curve F - total pressure divided by 3500, experimental
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The experimental curve is in poor agreement with all of the ¢a1cu%
lated curves. It is unlikely that the observed behavior is due to the
reactants not cooling until several seconds after expansion. The process
of expansion should provide significant cooling and the gases should be
adequately prechilled by the lines before mixing. It is also unlikely
that heterogeneous decomposition is responsible for the lack of agree-
ment., The computer simulation includes a first order decomposition of

3 secand“l) which is used to simulate a hetero-

HNOg4 (k = 1 x 107
geneous decomposition. The rate would have to be much larger to be
responsible for the observed behavior. Such a large rate is inconsis—
tent with the behavior of HNO4 at Tonger time periods. An estimate of
the heterogeneous rate constant can be obtained from the experiments in
which NO was present with the reactants. The difference in HNO,4
concentrations in the expansion with and withoui NO is due to the
decomposition of HNO4 into HO and NOp. The HOp reacts with NO

and cannot reform HNO4. The unimolecular decomposition accounts for
part of the loss and the rest is due to heterogeneous decomposition.
From computer simulations of these expansions, it is estimated that the

3

HNO,4 heterogeneous rate is 5 x 107 second™ or Tess. This is in

the same range as that observed for H,0, and N,0g.
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It is unlikely that the observed behavior of the HNO4 build-up is
due to HNO4 reacting with another species in the system. The species
present were substantially the same as those present in systems used by
other workers who observed no anomalous behavior.

The observed concentrations of HN04 following expansion of HZOZ
and NZOS was used to obtain a value for the rate constant for reac-
tion (7) using equation (55). The results are listed in Table 13 for
the runs listed in Tables 7-9 for one to fifteen seconds after expansion.
For times shorter than ~10 seconds, there should be < 10 percent error
in the calculated rate constant due to complicating reactions., A1l of
the HNO4 profiles exhibit a decrease in apparent rate constant of
reaction (7) with time. The range of rate constants calculated varies
widely and does not exhibit any trend with temperature. This type of
behavior is highly unlikely in a gas phase bimolecular reaction.

The possibility of reaction (7) occurring by a heterogeneous pathway
was investigated by observing the decay of N205 after expansion into
the cell with HZOZ, semilog plots of the decay of NZOS are shown
in Fig. 46. The solid lines are experimental observations and the dashed
line was obtained from a computer simulation. The N205 concentration
was several times lower than that of HZQZ in all observations shown.
Curvature occurred in the simuiated result because NZO5 is involved
in a number of reactions. The experimental decays exhibit variable decay

behavior that is indicative of a heterogeneous reaction. The reaction

of NZQS with HZOZ is its major loss mechanism,
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TABLE 13
263 (1 , 30 2, .6
able 7) £H262]£N205] = 2.0 x 10°Y molecules™/cm
Time (seconds) [HNOQJmoiecules/cmB kg(eff)cm31m01ecu1easecond
1 —
3 3.0 x 1013 5.1 x 10-1
5 7.2 x 1013 3.5 x 10-17
7 1.2 x 1014 2.8 x 10-17
9 1.7 x 1014 2.4 x 10-17
11 2.2 x 1014 2.1 x 10-17
13 2.6 x 1014 1.9 x 10-17
15 2.8 x 104 1.6 x 10-17
(Table 7) [H202]£N205] = 1,15 x 10""molecules”™/cm
Time (seconds) [HNO4]mo1ecu1es/cm3 kg(eff)cmg/maiecuieasecond
1 — S
3 1.9 x 1013 5,7 x 10-17
5 3.8 x 1013 3.2 x 10-17
7 5.4 x 1013 2,2 x 10-17
9 7.2 x 1013 1.7 x 10-17
11 8.6 x 1013 1.4 x 10~/
13 9.2 x 1013 1.2 x 10-17
15 1.1 x 1014 1.1 x 10-17
273K (Table 7 - 30 2/ P
e 7) [HZOZ][NZOSJ = 1.1 x 107" molecules™/cm
Time (seconds) ‘ [HNO4jm01ecuies/cm3 k9(eff)cm3/mo1ecu1e«second
1 4,5 x 1012 2,7 x 10-16
3 2.0 x 1013 6.1 x 10-17
&) 2.8 x 1013 2.5 x 10-17
7 4,3 x 1013 1.8 x 10-17
9 4,4 x 1013 1,1 x 10-17
11 6.0 x 1013 1.0 x 10-17
13 7.3 x 1013 9.5 x 10-18
15 7.1 x 1013 7.4 x 10-18
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The data taken with the additional surface in the cell were somewhat
noisy but indicate that the HNO, decay rate is larger when more surface
is present., The increased surface did not increase the apparent rate of
‘reaction (7) suggesting that the reaction may be occurring primarily on
the metal end caps. An alternative explanation is that there is increas-
ed heterogeneous decomposition of the reactants, preventing an increase
in the products of reaction (7).

The results of the investigation of the reaction of H,0, and
N,Og indicate the reaction forms primarily HNOg and HNO4 as
reactio5 products. The reaction is predominantly heterogeneous in the
reaction system used to study it. The evidence for this comes from the
reactant concentration effects, the temperature and pressure dependence
and the characteristics of the initial build-up of HND49 The unusual
behavior of the HNO4 dependence on H,0, concentration is not what
would be expected from a homogeneous reaction. The increasing apparent
rate constant with decreasing temperature also suggests a heterogeneous
mechanism. The H,0, heterogeneous decay exhibits an increase in rate
at lower temperatures. Both reactions could be related to the tendency
of Hy0o to adhere to surfaces at low temperatures. The appearance
of HNO4 when NoOg was expanded into an evacuated cell previously
exposed to Hy0, at 253K supports this contention.

The variable behavior of the initial build-up of HNOQ and the
variability of the N,Og decay in the presence of excess Hy0,
also indicate the occurrence of a heterogeneous process. The results of

expansions with extra surface in the cell does not disagree with this.
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With the exception of the production of HiOg, the chemistry of the
Ho0o-No05 system was adequately modeled by computer simulation,
indicating the kinetics of the system are reasonably well-known.

Some further information that can be obtained from these studies is
related to the relative rates of reactions (1) and (2). The HNO,
formed by the reaction of Hy05 and NoOg will undergo unimolecular,
and possibly heterogeneous, decomposition to form HO, and NO,. These
species can react to form either c% the products in (1) or (2},

12

Levine et al.”® obtained a ratio of k,/ky of 0.7 % 0.4 at 1

‘atmosphere total pressure and at 298K. @rahamvggaglfé obtained

kofky < 0.001 at 1 atmosphere and at temperatures from 254 to 283K.

ngardlé obtained an upper limit for kz of 3 x 19”15 cm3/ molecule~

second and a ratio of ko/ky < 0.15 a 3 torr and 298K.
Scans through the regions where HONO absorbs following expansion of

Hy0, and NoOg indicated no detectable absorption by HONO with a detec-

13

tion sensitivity of < 3 x 10 mo]ecu?es/cm3@ These expansions were

done at 263K and final pressures of 30 to 70 torr., From computer simula-

-14 cmZ/mo1eguiemsecaﬂd@

tions, the upper Timit for k, is 5 x 10
Using the equation of Graham gg}ilﬁq for ky, an upper Timit of ko/ky <

0.05 is obtained for 263K and 30 torr.
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CHAPTER V. The Reaction of OH + HNOQ

A. Experimental Procedures and Data

1. Reaction System for the Investigation of OH + HNO,

T

Any chemical system used to investigate the reaction of OH with
HNO4 will be complicated. A1l useful methods of preparation of
HNO4 in the gas phase contain impurities, and not all methods are
capable of generating HNO4 concentrations large enough to be easily
observed using infrared techniques. HNOQs as well as some of the
impurities, undergo heterogeneous reactions, ruling out the use of a
static system for this study.

Not all of the preparation methods are capable of generating steady
flows of HNOQQ The preparation used is the reaction of NZOS with
HZOZ’ which is primarily heterogeneous in the apparatus used.
Attempts were made to use the preparative method for HNO4 developed

by the group at SRI,Z3

Flowing the evolved gases into the cell
yielded Tittle or no HNOds as determined by infrared absorption. Any
attempt to increase the amount of evolved HNO4 from the preparation
would produce violent bubbling, culminating in a pressure exp1osion997
This technique was abandoned in favor of the H202~N205 preparation
method.

Stable flows of HZOZ and NZOS were produced by passing "high dry"

grade nitrogen through temperature-controlled saturators containing N205

and HQOZQ The nitrogen was passed through a silica gel trap immersed in

an isopropanol-dry ice slush bath prior to entry into the N205 saturator



NZOS saturator to minimize production of HNO3 by the heterogeneous
reaction of NpOg with Hp0 in the carrier gas. The flows of Hy0p
and N 05 were mixed outside the cell., The combined flows were flowed
through one of disperser tubes into the cell. Nitrogen was added at the
mixing region to dilute the concentrations of the reactants and to gen-
erate the desired flow rate. The flow passed out of the cell through
the other disperser tube and was exhausted into a fume hood. The flow
rates were monitored with calibrated flow meters.
HNO4 concentrations in excess of 2 x 10'° molecules/cm® were
generated in this way. Higher concentrations probably could have been
generated by increasing the concentrations of the reactants, although
no attempt was made to do so. The HNO4 concentrations appeared to
be quite stable with time, with less than 5 percent variation over a
period of several hours. The major impurities, besides the uﬁﬁeécted
reactants, were HNO3, Ho0 and ﬂozg HNO3 is produced by the reaction
of Hy0y and NyOg, as well as being an impurity in N,0y and a product
of the primarily heterogeneous reaction of Hy0 and NpOg. Hy0 is a
product of the heterogeneous decomposition of HZOZQ NO» is a
decomposition product of NoOg and HNOg.

OH was generated by a multi-step process initiated by the photo-

lysis of NO,,

NOZ +hy » N0 +0

0+ N0, > NO. + 0,
2x(HNO, + M 3 HO, * NO, + M) (56)
2x(NO * HO, > OH + NO,)

net: ZHND4 + hy » 20H + ZND2 + 0
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Black lamps were used as the light source for photolysis. The output of
the lamps (Fig. 7) provides good overlap with the near UV NOZ absorp-
tion band, The other compounds absorb only weakly in this region,
minimizing the effect of interference by their photolysis products.

To minimize the effect of heterogeneous reactions on the kinetics of
the system, the black lamps were turned on and off periodically to induce
periodic changes in the concentrations of the intermediates such as NO,
0 and OH. The f1uctuatiohs in the intermediates will induce changes in
the concentrations of the reactants and products which can be observed
by infrared absorption. The technique of molecular modu?ation98 is
based on this concept.

In the absence of interfering reactions, the reactions that will
occur following the reactions in (56) will depend on the competition for
OH by various species in he system, If OH + NO2 + M is faster than
other OH reactions and NO2 is present in large amounts,

2HNO, + hv > 20H + ZNO2 + 02
2x(OH + NO + M » HNO 5 + M) (57a)

net: ZHNO4 + hv > ZHNOS + 02

will occur, If almost all of the OH is consumed by reaction with HNO45

then the following scheme will occur.

ZHNO4 +hv > 20H + ZNOZ + 02
2x{0OH + HNO, > H,0 + NO +0,)
4 2 2 2 (57b)

net: QHNO4 + hy » 4NO, + 2H.0 + 30

2 2 2
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These extreme cases indicate the effect of the relative rates of reaction
of OH with NO, and HNGQO

If OH veacts primarily with I N0y, considerable amounts of HNOg

uld be generated. The quantum yield for HNOy destruction should be
two, and the concentration of NOy should not change as the lamps are
turned on and off,

If OH veacts primarily with HNOy, no HNOg should be generated,
The quantum yield for HNO, destruction should be twice as high as in
the previous situation. Production of N0y would occur while the Tamps
are on, and the amount of NO, produced should equal the amount of
115\4(}4 destroyed.

The actual situation is likely to be intermediate between these two
extremes. The reldtive amounts of HNO4 and NO, produced should
provide an indication of the rate of OH + HNO4 relative to the rate of
OH + NOZ + M,

The presence of NoOg and Ho0p will complicate the chemistry,
as they can generate reaction cycles that consume NO, but do not

involve HNDQQ
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NOZ“*"h\) » NO + 0
0+ NO2 > N0+ DZ
ZX(N205 > NOZ + N03>

2x(NO + N03 > NOZ + NOZ)

net: 2N205 + hv » 4NG, + 02

NO, + hv > NO + 0

0+ NO, > NO +0,
2x(NO + HO, >
2x(OH + H,0, >

The chemistry of the system becomes more complicated as these cycles
are taken into consideration. The important gas phase reactions for this
system are listed in Table 14. The number of OH radicals produced per
photon will be reduced due to the reactions competing for the consumption
of oxygen atoms and NO. Once OH is produced it may react with either
NOZQ HNO49 HZOZ or HNOBa The branching that occurs here will
have an effect on the amplitudes of the concentration fluctuations
observed as the lamps are turned on and off.

There are a number of heterogeneous reactions that occur in the
system. HNO4 and HZOZ decompose on the cell walls. A number of

the heterogeneous reactions discussed previously and e?sewhere59”62’92
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3 0
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1
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could occur in the system as well, With the exception of NO, the concen-
tration of none of the species involved in the reactions varies strongly
with the lamp output. The heterogeneous reaction of NO with H,0,

appears to be s?@wgﬁz

and consequently is unimportant in this system.
The rates of the other heterogeneous reactions should not be strongly
affected by presence or absence of the photolytic Tight., Thus, the
observed fluctuations in the concentrations of the species monitored

should not be influenced by heterogeneous reactions that may occur,

2. Experimental Technique

There are a number of three body reactions that are of importance in
this system. The pressure regime in which the experiments are done will
strongly affect the kinetics of the system. At one atmosphere pressure,
reaction (3) in Table 14 will compete with reaction (2) in Table 14 for
oxygen atoms and reduce the amount of NO produced, as well as generate
more NOy. The net effect will be that fewer OH radicals will be pro-
duced at one atmosphere pressure than at lower pressures. The reaction
rate of reaction (11) (Table 14) is fast at one atmosphere pressure and,
in most cases, will be a major loss term for OH in the system. At lower
pressures, however, the equilibria between HNOy » HOZ + NOy and
NoOg » NO, + NO3 will be slower than they would be at one atmo-
sphere.

It was decided to operate at one atmosphere pressure for these
experiments., There is less diffusion to the walls, reducing the effect
of heterogeneous reactions. The infrared cross sections of N0y,

HZOZ and Ho0 are larger at one atmosphere, making these species
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eaSier to monitor. The flows of the reactants and carrier gas are easier
to control and stabilize at one atmosphere than at lower pressures. The
HNO4 and NoOg equilibria will be faster, making the equilibria

more useful for predicting HO, and NO» concentrations.

The experiments were done at 263 K, 273 K and 283 K. Limitations og
the temperature range that could be studied were imposed by the black
lamps and by the kinetics of the system. The output of the Tamps
decreases with temperature. The amplitudes of the fluctuations induced
by the tlamps is proportional to the lamp output, and below 263 K, the
fluctuations would be difficult to detect and would require extensive
averaging. At temperatures above 283 K, the ratio of NO, to HNO4
becomes large enough that virtually all of the OH will react with
NOs. The NOp concentration must be kept low enough such that not
all the OH will react by reaction (11) (Table 14). It must be large
enough to generate a detectable signal when the lamps are turned on and
off. The amplitude of the fluctuations induced by the lamps will be
‘proportional to the amount of NO,, as well as the light intensity.

The experiments were performed by producing stable flows of
NoOg, Hp0p, and N, carrier gas through the cell. The concentrations
of HN03S HNOg, Ho0p, HoO, NoOg and NOo were monitored first without
and then with the photolytic lamps turned on. If necessary, the flow
rates were adjusted so there was sufficient HNOy present and that
thé NO,/HNOg4 ratio was not too large. In addition, neither of the
reactants could be in large excess because they would ﬁ@miﬁate the

chemistry by the cycles mentioned above.
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Once the desired flow had been obtained, the lamps were turned on and
off periodically by a stable Tow frequency square wave source driving
the lamp flasher. Early experiments were done using molecular modulation
techniques to obtain phase and amplitude information for each specie
observed. With lamp flashing frequencies in the range of 0.06 to 1.0 Hz,
the amplitudes were too small to be observed without excessively long
averaging periods, with the exceptiqn of NOZB The technique was aban-
doned in favor of directly observing the optical density fluctuation of
each specie as the lamps were turned on and off at a very low frequency.

These experimenfs were‘done by flowing the reactants and carrier gas
through the ce??.with the lamps flashing with a period of 480 seconds.

At this frequency, concentrations changed sufficiently to be observed by
conventional infrared spectroscopy. After the concentrations had stab-
ilized, each specie of interest was observed‘in sequence, The moho@
chromator was set to a wave?engtﬁ on an absorption band of the molecule
to be monitored. The transmitted light intensity was converted to vol-
tage and fed into the Fabritek signal averager for storage. The signal
was monitored for eight lamp flashing cycles. The process was repeated
for é?} the compounds to be observed. The wavelengths to monitar'¢0ﬁcen«
trations are as follows:

NO» 6.258 um Ho05 7.896 um

Ho0 6.634 um NoOg 8.040 um

HNO3 7,400 um HNOg 12.315 um
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The transmitted light intensities are recorded before and after each
experiment with the cell evacuated and filled with one atmosphere of
carrier gas. These values are used to calculate the optical density at
each wavelength. The wavelengths at which H,0, and N,0g were monitored
overlapped with other absorptions. Holp was monitored on its Q branch,
which overlapped with HNO3, NoOg and HNOg4. The wavelength at which
NoOg was monitored contains an absorption due to Ho0n. The cross
sections of NyOg, HNO3 and HNOg at 7.896 um were determined relative

to the wavelengths at which they were monitored. The contribution due
to HNO3 and HNO4 was subtracted from the observed optical density at
7.896 wm., The resulting curve was stored. The contribution to this
curve by NoOg was fairly small; so, the uncorrected 8.040 um curve

was used to subtract out the N,0g contribution. The 7.896 um curve

was then used to correct the 8.040 um curve. The corrected 8.040 um
represents only N,O5 and was used to make the final correction to

the 7.896 um curve which was stored earlier.

The optical density curves are summed over the eight lamp periods
to reduced noise and eliminate small random fluctuations in concentra-
tions. The optical density curves are converted into concentrations
by using the cross sections determined earlier. Cross sections for
the curves obtained at 273 K and 283 K were obtained by interpolating
between the values obtained at 263 K and 293 K. A least squares linear
regression program is used to obtain slopes of the curves for each
quarter and half of the lamp period. In & few cases, the curve

exhibited a net upward or downward slope due to a small increase or
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decrease in concentration during the course of tho run., This was cor-
rected for by adjusting the net slope of the curve to zero. The rate of

change of the curves was small, ranging from somewhat larger than 1011

3

molecules/cm”-second to less than 109 mo1ecu?es/cm3?secoﬂde

The concentrations of the species observed were in the range of about

1@13 10 1015 ma?ecu?es/cmgg

3. Actinometry

The Tight intensity produced by the black lamps must be known accu-
rate?y in order to analyze the observed behavior of the species in the
reaction system. The light intensity will directly affect the amount of
NO generated and consequently it will be related to the amount of OH
produced. The emitted light will primarily photolyze NO,, although
the long wavelength tails of the UV absorptions of NoOg, Halp, HNOg
aﬁd HNO3 overlap slightly with the black lamé output.

The light intensities were determined by photolyzing NO, in one
atmosphere of N, at 283 K, 273 K and 263 K, and observing the decay
of NO, at 6.258 um. Three types of measurements were made. In the
first two measurements, a bulb was filled with a measured pressure of
NO, and then expanded into the evacuated cell. Nitrogen was added
to one atmosphere pressure. In the first type of measurement, the
NO, profile was recorded in the Fabritek signal averager while the
lamps were on at a constant current. In the second type of measure-
ment, the lamps were turned on and off with a period of 480 seconds

while the NO, profile was recorded in the Fabritek.
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The third type of measurement invoved {lowing NO, in one atmosphere

o
of nitrogen while the Tamps were turned on and off periodically. The
fluctuation in N0, concentration was again monitored with the Fabritek.
The NO, profile was analyzed in the same manher as the profiles obtain-
ed from the Ho0p-NoOg flow experiments.

The observed decays were analyzed by compar?ng them with computer
simulations with different Tight intensities using the CHEMK kinetics
computer program. An average near-UV cross section of 4.8 x 1DW19
cmzlmaiecuie was used for NO, in the simulations. This was derived
~from the prbduct of the caorrected lamp spectrum and the NO, UV absorp-
tion spectrum at one nm intervals, which werekthen summed for A = 290 to
460 nm and divided by the integrated lamp spectrum. Any error in the
value of the average N0, cross section will be compensated by the cal-
culated Tight intensity, since the product of the cross section .and the
light intensfty determines the number of molecules photolyzed,

Similar calculations were done for NoOg, Holo, HNO4 and HNO3 to
determine how significant the photolysis of these species was. The
photolysis rates of all of these compounds were less than 0.5 percent
of the photolysis rate of NO,.

The light intensities derived from the second and third types of
measurements were in good agreement, being within 10 percent of each
other. The light intensity obtained from the first type of measure-

ment was somewhat higher. This was due to the type of source activa-

ting the lamp driver. A lower current was supplied by the very low
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frequency generator than that supplied for the dc experiments. Thus,
the lamps had greater output during the dc runs.

There was a tendency for the lamp intensity to decrease slightly
during the course of an experiment. During the four minute period for
lamps were on, the drift in the output was generally less than #3
percent of the average. Tﬁe lamps do exhibit an initial output spike
when first turned on,

Since the second and third types of actinometry measurements more
closely simulate the experimental conditions, the light intensity
values obtained from these runs were used in the analysis onthe

results. The light intensities at each temperature were:

263 K 0.5 x 1015 DhOiDnS/CmeSECOﬂd
273 K 1.0 x 1010 " " u
283 K 2.5 x 1019 d " "

B. Results and Discussion

The observed concentration profiles of NOy, HNOz, HNO3, NoOg

and Hy0, provide a basis with which the rate constant for the reac-
tion of OH with HNOg can be determined. The profiles can also pro-
vide information on the products of this reaction., Typical experi-
mental profiles of the observed species are illustrated in Fig. 47
(from run F). NOp and HNOp generally had the largest fluctuations

in concentration., The lamps were on during the first half of the run,
and off during the second half of the run. The run shown was done at

283 K.
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Fig. 47 Concentration profiles during one lamp cycle,
starting when the lamps are turned on.
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The concentrations of N029 HNOg, HNO3, H»0» and N-0Og for the seven
runs used in the analysis are listed in Table 15. The average slopes
of the concentration profiles for the half cycle during which the lamps
were on were obtained by a linear regression program run in the PDP-8/2
minicomputer interfaced to the Fabritek. The experimentally derived
slopes for all the runs are Tisted in Table 16 with the standard devia-
tions from the least square fit analysis. Actual uncertainties may be
larger in some cases. This is due to errors in the correction for
spectral overlap, and correction for drift in concentration during a
run.

To be able to develop a value for the rate constant of the reaction
of OH with HNOs, a method must be devised to analyze the slopes in
terms of the rate constant. Analytic expressions for the chemical
system are difficult to generate because of its complexity and the
large fluctuations in concentrations of the intermediates, particularly
NO, 0, and OH. Use of the steady-state approximation is unlikely to
be valid for these three intermediates.

Another difficulty is the occurrence of heterogeneous reactions in
the system. These reactions can affect the concentrations of a number
of the observed species. The use of light modulated at a low frequency
should reduce their influence, since the heterogeneous rates should not
be influenced by the presence or absence of light. An exception to
this are heterogeneous reactions involving NO, since the NO concentra-

tion is closely coupled to the light output.
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TABLE 15
concentrations in m@?eculesicm3
NOZ HN04 HN63 HQQQ Ng@g
263K

Run A 1.6 x 1014 1.8 x 1015 3.0 x 1015 7.2 x 1014 5.5 x 1013
273K
Run B 1.7 x 1014 1.5 x 1015 2.7 x 1015 1.0 x 105 1.7 x 1014

Run ¢ 9.3 x 1013 7.0 x 1ol 1.4 x 1015 2.4 x 1015 6.4 x 1013
Run D 1.7 x 101 7.9 x 1014 1.5 x 1015 5.3 x 1014 1.2 x 1014
283K

Run £ 1.6 x 1014 8.1 x 1014 1.7 x 1015 2.4 x 1015 1.6 x 10l4
Run F 6.0 x 1014 1,0 x 1085 2.7 x 1015 2.1 x 104 4.2 x 1014

Run 6 3.5 x 1014 6,0 x 1014 1.6 x 1015 4.8 x 1014 1.4 x 1014

>






Slupes in

TABLL 16

units of molecules/cmS-second

N@Z HN% HNG MZQZ NZ’Ui

763K

Run & 2.9 %+ 0.4 x 1010 3.8 +0.6 x 1010 1.3 21.3x10% -3.5= 2.0« 109 1.5 ¢ 1,0 x 109
273K

Run 8 7.9 # 0.2 x 1610  -7.6 = 0.5 x 1010 1.0 £ 1.0 x 1010 2.0 20,5 x 1010 0.5 2 4,0 x 109
Run 2.7 20.2 x 1010 4.3 205 x 1010 .3.5250x 1010 -4.820.5¢ 1010 -2.5=22.0x10%
Run B 6.5 % 0.6 x 1010 7.6 20.8x 1010 _2.2220x10l0 4.,324.02%109 -4.52 2.0« 509
283K

Run 0 1.6 +0.1 x 10l -16=20.2x10ll 2522541010 _1.020.2%x 1010 -9.023.4x 1010
Run F 6.6 = 0.2 x 1080 -4.7 2 0.2 x 108} 4.4 = 1,0 x 1010 _3.4 20,2 x 1010 _-1.620.2 x 10l
Run G 3.6 £ 0.2 x 10}1  -3,0=20.2 x 10l 5.0# 2.0 x 1010 5,7 20,4 x 1010 _-7,9=20,2 %100

STA
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An alternative to deriving an analytic expression for the rate
constant can be developed by tracing the destruction channels for inter-
mediates after they are produced. A fairly simple mechanism can be
developed, although the assumptions used to generate it may not be
entirely valid.

The initial step of the system is the photolysis of NOZQ reaction
1 in Table 14. The O atom will react primarily with NO2 to form the
products NO + O2 (reaction 2) or NO3 (reaction 3). The relative
rates of these reactions are known for one atmosphere pressure. The NO
produced here will react with either HOZ or NO3° The HO2 can be
considered to come from the decomposition of HNO4Q The NO3 can be
considered to come from either reaction 3 or from NZOS decomposi-
tion. The equilibrium constants for HNO4 and NZOS can be used to predict
the relative concentrations of N03 and HOZ from the observed concen-
trations of NZOSS HNO4 and NOZQ These values, in turn can be used to
calculate the relative rates of reactions (5) and (6) in Table 14,
which determines the fraction of NO converted to OH.

If the assumptions made so far are valid, the number of OH radicals
produced per photon absorbed can be determined, as well as the amount
of formation or destruction of NOZ’ HNO4 and N205° The OH
produced will be consumed by reactions (11)-(14) in Table 14. With
the exception of reaction (12), the rate constants for these reactions
are known. The relative rates of consumption of OH by these reactions

will have an effect on the rate of change in concentration of NO,,

HNO39 HNO4 and HZOZS If the rate constant for OH + HNO4 is small, most
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of the OH will react with'NOZ and Hpo0p. NO, production will be small,
HND4 production large, and HNOg destruction small when the lights are
on. If the rate constant is large, HNOy can effectively compete with
NOZ and Hy0, for OH. This will increase NOjp production, decrease HNOE
production, and increase HNO, destruction during illumination of the
system,

This simplifed mechanism ignores a number of somewhat slower reac-
tions, the flow-in and flow-out of all the species involved and assumes
that HO, and NO3 remain in equilibrium with N0y, and HNOy and NoOg,
respectively. It does qualitatively illustrate the behavior of the
system and its dependence on the rate constant of OH with HNOg. The
use of the equilibria of reactions (8) and (9) in Table 14 to deter-
mine HOp and NO3 coﬁcentraiﬁgns is not likely to be valid at low
temperatures, wﬁere'the férward and reverse rates will be slow, Tﬁe
flow out of intermediates can be an important factor in the deierminm
ation of their concentration. This is particularly true for NO.

| Since the observed rates of change of concentrations when the
lamps are on are in the range of 10“4 to 1070 of the total concen-
tration per second, fairly small production or destruction terms can
significantly affect the observed result., To be able to guantitatively
predict the rate of change of the observed species, and consequently
obtain a value of the rate constant for reaction (12) in Table 14, a
method is needed to accurately determine the behavior of all of the
important species in the chemical system. The CHEMK chemical kinetics

computer program described previously was used for this purpose.
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The 1ist of reactions and rate constants usec for modeling the chemi-
cal system used in this study is included in Appendix C. Inputs into
the program included temperature, light intensity and lamp flashing
period, The flow-in rates of NOo, HNOg, HNO3, HoOp and N»Og were
adjusted until the calculated concentrations agreed with the observed
values., The flow-in rates help to correct for any unknown reactions
not included in the reaction set. A reaction producing a species can
be replaced by a flow-in term for that species if the reaction proceeds
at a steady rate. A number of heterogeneous reactions may occur in
this system and their occurrence can be compensated for by the flow
terms. The program was run for a sufficient number of simulated lamp
cycles such that there was little or no change in the concentration of
any species from cycle to cycle. The final cycle of the output was
used to determine the rate of change in concentrations during the
period the lamps were on and the period when the lamps were off.

Programs were run to simulate each experimental run. The flow

-12 cm3/m01ecuie@second

rates were adjusted using a value of 1.0 x 10
for the rate constant of reaction (12) in Table 14. Programs were then
run with this rate constant assigned values ranging from 2 x 10“13 to

-11 cms/moleculemsecond without further adjustment in the

2 x 10
flow rates. There was some variation of the concentrations of several
species with the rate constant of OH + HNOg. NO, was the species

most strongly affected by this rate constant. These changes in concen-
tration did not significantly affect the calculated rate of change of

concentrations. Concentration profiles for NO,, HNOg4, HNO3, H»0y
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and NpOg are shown for a typical simulation in Fig. 48, The simutation
done was of the experimental run shown in Fig., 47. The rate constant for

12 emd/motecule-second.

the reaction of OH + HNO, used was 2 x 10
The rate of change, or slope, of a concentration during a half Cycze
was determined by calculating the slope from the concentrations computed
at various times during the half cycle and averaging them. In situa-
tions where either the concentration or slope did not change by large
amounts during the half cycle, the initial and final concentrations
were used to déterm%ne the slope. Slopes from the simulations were
obtained for NOo, HNOg, HNO3, Hy0, and NoOg, which ére the same
species for which the experimental values of the slopes were obtained.
The experimentally determined slopes and the slopes from the simula-
tions were then compared to determine which value of the rate constant
Fér the reaction of OH + HNOy used in the siﬁuiatians provided t%é
best agreement. The slopes ffom the computer simulation for NO, and
HNOg during the half cycle when the lamps were on are plotted against
‘the rate constant used for OH + HNO4 in Figs. 49-55 for experimental
runs A through G. The experimentally determined slopes for NO, and
HNOg4 are superimposed on the curves. The error bars indicate one
standard deviation uncertainty in the experimental values.
Typical curves for calculated slopes of HNO3, Ho0, and'Nzeg
vs. OH *+ HNO4 rate constant are shown in Fig. 56 along with the

experimental values from run C, the run being simulated. The cal-

culated slopes of HNO3, Hp0, and NoOg usually do not exhibit a very

strong deperidence on the rate constant of the reaction of OH with HNO4.
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Fig. 48 Calculated concentration profiles during one cycle,
starting when the Tamps are turned on,
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In general, the experimentally

Hy0p and NoOg did not agree well with the calculated values.

&

There are a number of

k]

between calculated and experimental values for HNGy, Holo and W

The HNOg slopes were generally small and the total HNOy concentra-

tion was large. The optical system exhibits a Transmission minimum in

the region that HNOy is monitored, possibly due to the o
' N

on the mivrors in the cell, This resulted 1n a fairly small

with which HNOy was monitored. The HNOy profiles usualtly exhibited

a net change in concentration, even afier the cycles were averaged, As
a vesult, most of the runs required a correction to eliminate this,

The concentration of nitric acid tended to be the most variable of the
species monitored. It also has a tendency to asdhere to the cell walls,
increasing the p0551b3 ity of its involvement in heterogenevus veactions.
NoOp also absorbs weakly at the wavelength at which HNO5 wes monitored,

and corrections had to be made when this absorpiion was significant. These

factors created considevable un ainty in the HNOy profile and made

it unreliable as an indicator for the rate oo

stant Tor OH + HNO4.

Hayly and NyOg are both somewhal unstable and decompose
%@E%T@ééﬁé@ﬁ53y@ Their heterogeneous decomposition rates are variable
and are dependent on the conditioning of the cell surfaces. Since it
was not possible to observe all the species simultaneously, the hetero-
geneous decomposition vrates could be differeat at the time of observa-
tion of different gp@ciesa’ However, these rates should not contribute
significantly to the observed slopes, unless a variable intermediate

such as NO s dnvolved in the decomposition mechanism,
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The wavelengths used to monitor Hyo0o and NoOg overlap with other
species. Absorption bands for Hy0, and N»Og that are free of inter-
fering absorptions are either too weak to be of use or are outside the
spectral range of the optical system. The interfering absorptions
were approximately corrected for by subtracting their estimated optical
density contribution from the total optical density obtained at the
m@nitoring wavelength. For Hy0,, this involved making corrections
for HNOg, HNO3 and NoQOg. The wavelength used to monitor NoOg has
an interfering absorption by Ho0p. This required first correcting for
the HNO3 and HNO4 absorptions and then making iterative corrections
for NoOg and Hp0p. The accuracy of the corrections is not as high
as would be desirable. The correction for HNOy introduces a signifi-
cant amount of noise into the curves. The temperature, pressure and
concentration depenéeﬂce of the cross sections of the interfering
species at these waQeTengths is ann@wn, and this introduces uncer-
tainty to the corrections.

These factors make the reliability of the data obtéined for
changes in Hy0,, NyOg and HNO3 Tow. In a number of runs,
the slopes obtained for these species are small, contributing to the
uncertainty. The poor agreement between the experimental data and
the simulations supports the contention that the Hy0,, NoOg and HNO3
results are not very reliable. Thé uncertainty and the potential error
in the experimental data and the insensitivity of the slopes from the
simulations to the rate constant for OH + HNOg supported the decision

not to use them in the rate constant determination.



The data obtained from the observation of Bq and HNGQ should

be relatively

from the problems

Nolg and HNOg. The slopes of both

for all the vuns., The simulations

“’"v}q:_

rly sensitive to the OH %NGQ rate constant.

The values for the rate constant for the slopes of HNOg and NO»

from each run were obta from the rate con

[#3]

ve from the simulations agreed with the cxperime

as indicated in Figs. 49-55, The uncertainties for these values of
the rate constant were obtained by determining at which point on the
experimental siope, increased ov decreased by its uncertainty, would
intersect the stope. The values were averaged to give an uncertainty
tor each rate constant determination. The mean of the values of the
rate constant was obtained by weighted ave?agﬁﬁgé where the values
were weighted by the inverse of their uncertainties. Weighted wmeans
were obtained for the points from the HNOg slopes, the NOp slopes
and both slopes combined, The values for the rate constant of the
reaction of OH with HNOg are:
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There is some discrepancy between the result from the HNOs data and
the result of the NO, data. Part of this is due to the high values
for the NOp data obtained in runs F and G,

There are several sources of error that should be considered. The
photolytic light intensity must be well known to accurately simulate
the experimenéa] rgna An error of 20 percent in the light intensity
used in the simulation can shift the slope vs. rate constant curve
sufficiently to cause as much as a 50 percent error in the value
obtained for the rate constant. The lamps were monitored continuously
during the experiments with a UV photodiode-Schott UG-5 filter combina-
tion. The lamps exhibited some fluctuation du%ing each cycle, but this
was less than = 3 percent of the average value. There was a small
decrease in light intensity during the course of the experiments. This
was generally less than 5 pécents Every effort was made to have iden-
tical settings for each run. The Tight intensity variation, as indica-
ted by the lamp monitor, was less than 5 percent from run to run at a
given temperature.

Heterogeneous reactions, particularly those involving intermediates,
could influence the observed chemistry. The heterogeneocus oxidation of
NO into NO, could significantly increase the NO, slopes in the
system. Other possibilities are heterogeneous reactions of NO with
HNO3 or Hy05.

NO + HNOS » HONO + NOZ
NO + HZQZ » HONO + OH
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These reactions could have an effect on the slopes of the species

observed if their rates were large enough. The most significant effect

of these reactions would be to reduce the amount of NO available to §
OH. NO concentrations were generally below that observable by éﬂ?ré%@d
spectroscopy in the apparatus used, since very long path lengths were
not obtainable, Observation of NO concentrations would provide a check
of the possibility of other reactions of NO.

Errors in the computer simulation of the chemistry could come from
an inadequate reaction set or incorrect rate constants. A considerably
larger reaction set, which included a number of reactions considered to
be of marginal importance, was tested and was found to give essentially
the same resuls as the reaction set listed in Appendix C. Most of the
rate constants for .the reactions used in the reaction set are well
known, The slopes generated by the program are not very sensitive to
the flow rates, and the flow rate uncertainty is less than 10 percent.
Heterogeneous or unknown reactions that have not been included in the
reaction set of the simulation could be responsible for generating
curves that produce an apparent discrepancy between the HNOg and NOo
results,

The reactions that affect the HNOy profile are

HNO, 4 HO, + NO,

OH + HNQ4 » HZG + NDE + @2
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The NO, profile is affected by a large number of reactions. Consequently,
the results obtained from the HNQ, are considered to be a better

indicator of the rate constant for OH + HNOg than those obtained from

NOy. By weighting the HNOm data twice as much as the NOp data,

a value of

-12

k{OH + HNOg) = 2.9 # 1,0 x 10 cm3/molecule-second

is obtained. The uncertainty given is obtained from taking all known

sources of error into consideration. This value is in agreement with

18

the upper limits for the rate constant given by Graham et al.”> and

1,23

Barker et
The value does not disagree with rate constant for other OH
hydrogen abstraction reactions. A few of the reactions are listed

below with the aH® and rate constant for each.

reaction aH’ rate constant
(kcal/mole)
(cm3/molecule-second)

OH + HO, 5 H)0 * 0, -67.6 3.5 x 1071
OH + HNO, > H,0 + NO, ~40.2 6.6 x 1072

=12
oH + HNGQ » HgO + NQZ + @2 -48.4 2.9 x 10

-12
OH + H)0, > H,0 * HO, ~34.0 1.6 x 10

OH + HNO; > H,0 + NO, _17.8 8.5 x 10714
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i this laboratory a

This study aleo indicates that the products of & tion of UH
with HNOg are HpO + NOp + 0p. Stmulations which used a product set
either HOp *+ HNO3 or HoUp + NO3 gave N0y slopes an order of magnitude

below that obtained with a product set of Ho0 + NOs + 0.

of such a small magnitude cannot be veconciled with the experinental

Several attempts were made to observe HONO in the system. HONO

concentrations weve below ~3 x 1&13 molecules/c 159 the approximate

detection Timit in the system. HONO concentrations were expected to

% 3

low because it would be photolyzed by the photolytic Tight and the

reactions producing it are fairly slow. As a result, the upper limit

for the vrate constant for the reaction

Hﬁg * N@z » HONO + 0,

A

sstained from the experiments involving expansion of Ho0o

Nolig could not be improved.



CHAPTER VI. THE PHOTOCHEMISTRY OF THE HO,-NO,-CO, SYSTEM

A. Experimental Procedures and Data

The experiments described here were designed to simulate the ozone
generation cycle shown in (21). They were performed at total pressures
of 0.1 and 1.0 atmosphere at three temperatures: 263 K, 293 K and 313 K.
NOs, Hp0p and CO were flowed into the cell in 0p carrier gas. When
the photolytic Tamps were turned on, the intermediates involved in the
cyéie were generated,

The gases were flowed with the photolytic lamps off. The gases were
mixed outside the cell and flowed through both disperser tubes. The
flow was exhausted through the large port at one end of the cell. The
flows were measured and maintained at a fixed flow rate using caii»
bréted flow meters. The fiews were regulated to give reasonable
optical densities of the species of interest. After flowing for 30
ﬁ%ﬂutes§ the signals were measured at wavelengths where the species of
interest absorb. The flow was then stopped. The monochromator was
set at a wavelength to observe the decay profile of a particular
species and the lamps were turned on. The signal was stored in the
Fabritek signal averager. The lamps were turned off after 30 minutes
and the signals were again measured at wavelengths of interest. This
was done to get the concentrations of the species before and after

photolysis. The wavelengths and the species observed are listed below.



3,428 ym ~ NOy 6.634 um ~ Hy0
4.238 ym ~ COp 7.400 pym - HNO,
4,609 ym - CO 8,040 uym - Ho0s
5,244 ym ~ NO 9.477 ym ~ 0O

The flow was then restored at the same flow levels, This process was
repeated until the decay profiles of all the species listed above had
been obtained, No data were collected during the first photolysis
run, because the concentrations of a number of species had not attained
stable levels.

This process was varied somewhat for the experiments done at 0.1
atmosphere pressure. The flow was started and allowed to continue for
30 minutes, at the end of which the transmitted light iniEﬁsity'at the
eight wavelengths listed was observed. The flow was then stopped and
the cell was rapidly evacuated to 75 torr. Observation was begun at
one wavelength, and the photolytic lamps were turned on., At the end
of 30 minutes, the lamps were turned off and the transmitted light
intensities at the wavelengths of interest were observed. The cell
was then filled with 0, carrier gas to one atmosphere and the flows
were restarted. As with the one atmosphere experiments, the process
was repeated until all desired species had been observed. The first
run was not used to allow concentrations to stabilize.

The light intensities to be used as references for the observa-
tions made before, during and after photolysis were obtained before
and after each set of photolysis runs, Early experiments were

hampered by excessive change in the transmitted light intensity over
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the course of a set of runs. This was caused by the degradation of the
mirror coatings by Hy0, and HNO3. A sufficiently thick (2000 A)
overcoat of MgF, on the mirrors prevented the occurrence of this in
later experiments., The reference light intensities were obtained with
the cell evacuated and at 0.1 and 1.0 atmosphere total pressure. There
were generally some changes in the reference light level with pressure.

The measurements at the wavelengths of interest that were made
before and after each run were used to determine the concentrations of
the listed species before and after each photolysis run. The concen-
trations were averaged over the set of runs done to characterize the
chemistry of each condition. The decay profiles obtained were adjusted
to agree with the initial values of the average concentrations when
necessary. The in%tiai average concentrations were used as inputs for
computer simu?atioﬁs of the kinetics., The averaged initial concentra-
tions for the runs are listed in Table 17,

Separate observations were made of ozone in the system, since it
was present in very low concentrations. The CaF, windows used in
early experiments were replaced with BaF, windows for increased
transmission in the 10 um region. The spectrometer path length was
increased to 32 meters to provide increased sensitivity. The runs
were performed at 293 K and one atmosphere pressure, The techniques
described previously to obtain decay profiles were also used here,
The monochromator was set at 9.478 um and data were collected by the

Fabritek. The lamps were turned on 30 seconds after data collection



Initial Concentrations for HOy-NOy-COy Runs
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TABLE 1/

NO, NO CO2 co '29 ‘202 HNQS
313K, 1 ATM 8.6E15 7.1E12  3.,4E13  9,3El5  2,9E15  1.0ElS  1.7K1S
313K, 0.1 ATM 7.9E14  1.8E13 231E13 6./7814  7.8E14  1.3El4  1.6L14
293K, 1 ATM 6.3E15  3.7E13  5.0E13  1.1El6  9,9E15  2.9El5 6.3E1S
293K, 0.1 ATM 5.2E14 6.3E12 7.1E12 9.4E14 7.9E14  2,2814  4.5014
263K, 1 ATM 1.1E16 1.8613  4.2613  1.1E16 4.8E15 4,0614  4.9E15
263K, 0.1 ATM 6.9E14 6.2E12 3.7E13 1.3E15 4,0E14 2.0E13  3.8E14
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was begun. Seventy seconds after the lamps were turned on, data col-
lection was stopped and the spectral region from 8.96 to 10.32 um was
scanned. This procedure was repeated five times, with concentrations
allowed to stabilize by flowing the reactants for 30 minutes between
runs, The five 9.478 um observations and the five scans were averaged
to reduce noise.

The sum of the scans is shown in Fig. 5/. The ozone absorption
band from cross-section measurements is indicated by the dashed line.
The noise in the trace is due to the weakness of the analytical light,
caused by the Targe number of reflections needed to cobtain the neces-
sary path length. The optical density shown converts into an ozone

13 moiecu?es/cmBS

concentration of about 0.5 to 2 x 10
The sum of the ébservations made at 9.478 um were analyzed usiag a

linear regression p%@gram to obtain slopes and intercepts before and

after the Tamps were turned on., From the start of the scan to the time

the lamps were turned on, the slope of the summed optical density was

-3.6 £ 2,3 x 10“4 secend“l and the intercept was 0.020 # 0.004.

From the time the lamps were turned on to the time the scan was com-

~4 second“1§ and the intercept

pleted, the slope was 4.2 = 0.6 x 10
was 0.006 + 0.004.

The photolytic light source for these experiments consisted of two
30 watt germicidal lamps and two 30 watt black lamps. This combination
was used to allow sufficient photolysis of both NO, and Hs0p. The

lamps were monitored with a UV enhanced photodiode and a Schott UG-5

filter. The monitor was more sensitive to the output from the black
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lamps than the 254 nm output from the germicidal lamps. The lamp
behavior typically observed by the monitor is illustrated in Fig. 58.
Some fluctuations, amounting to less than #3 percent of the mean value,
occurred in the first 5 minutes after the lamps were turned one. The
output was stable from that time on until the end of the run.

Actinometry was performed to determine the lamp output of both the
germicidal and the black lamps at the three temperatures used in the
experiments. The photolysis rate of HZOZ by the black lamps was
determined to be less than 0.5 percent of the photolysis by the germi-
cidal lamps. Conseguently, HZOZ photolysis was used to obtain the
light intensities of the 254 nm output of the germicidal lamps.

HZOZ was flowed through the cell with N2 carrier gas until
the desired concentration was obtained, as observed with the 8.040 um
HZOZ absorption. The flow was stopped, and the decay of HZOZ
in the dark was observed. The lamps were turned on and the decay rate
of HZOZ was observed after the intermediates had built up to steady
state concentrations. The lTamps were turned off and the dark decay of
HZOZ was again recorded. HZOZ has an overall quantum yield of

two in this system,
HZOZ + hy s HO + HO

HO + H,0

205 H,0 + H02 (5

A
™o

HO + HOZ » H,0 O?

net 2 H. 0,0+ hy s 2 H

20y 0 0,
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The photolysis rate was obtained by subtracting the average of the dark
decays from the rate observed with the lights on. The light intensi-

ties obtained were

15

I (254 om , 313 K) = 4.8 x 10 pﬁotsﬂslcmzwsecond

i

i

4,0 x 1015 photans/cmgwsecand {59)
15

I (254 nm , 293 K)
I (254 nm , 263 K) = 2.2 x 10 photonsicmgwséﬁﬁnd

The light intensities for the black lamps were obtained by discon-
necting the two germicidal lamps from the lamp driver and photolyzing

NO,. A 1081 cn’

bu?b was filled with a measured pressure of NOZG

This was expanded into theAce1?§ which was then filled with one atmo-
sphere of No. The black lamps were turned on and the NO, decay was
monitored at 3.428 um. The quantum yield for NO, will be between one
and two under these conditions. The decays were analyzed using a quan-
tum yieidé? of 1.67. They were also analyzed by computer simulation

to take into consideration the férmatieﬂ of species such as NO3 and
NoOg. The black Tamp light intensities obtained were:

15

I (313K) =4.3 x 10 photons/cmzmsecomd

15

3.1 x 10 phgtonsjcmzwsecend

]

I (293 K)

i

I (263 K) = 1.0 x 10'° photons/cn?-second
The light intensities obtained were used in the analysis of the decays

and in computer simulation of the experiments.
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B. Results and Discussion

The kinetics and photochemistry of the Hy0, - NO, ~ CO
system was investigated because of their importance to the chemistry
of trace species in the troposphere. Fishman and Qrutzengl and
Heicklen ngglolll have proposed a photolytic cycle for the

generation of ozone in the troposphere,

€O+ HO » COp * H

7
H + O2 > HOQ
HO, + NO > HO + NO, (26)
NO, + hv > NO + 0
"
0+ 02 > 03

net: co + 202 > COZ + OZ

For this cycle to make an important contribution to the tropospheric
ozone budget, each of the reactions listed must be the dominant pathway
for the reaction of the reactants involved.

The compounds used in these experiments were maintained at concen-
tration levels in the range of 1013 to 10%6 molecules/em®. These
levels were much higher than those present in unpolluted regions of
the troposphere, but were necessitated by the limited sensitivity of
the spectrometer system, This factor produced considerably different
kinetics than those occurring in the atmosphere. Another difference
was the presence of the cell walls, on which heterogeneous reactions

could occur. Heterogeneous reactions had to be considered in the
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analysis of the decay profiles. This is particularly true of HoOo,
which is known to be involved in a number of heterogeneous reactions.

The large number of species and the large number of reactions that
occur make this system difficult to analyze. The CHEMK computer
program, described previously, was used to simulate the kinetics of
the experimental runs. The reactions and rate constants used are
listed in Appendix C. The experimentally derived initial concentra-
tions and light intensities were used as inputs for the program. The
final concentrations from experiment and theory are compared in Table
18, The initial concentrations in both cases are those listed in
Table 17. While there is reasonable agreement between the experimental
and calculated results for the one atmosphere runs, there is generally
poor agreement between the experimental and calculated results for the
0.1 atmosphere runs, This appears to be largely due to difficulties
in obtaining reproducible concentrations at 0.1 atmosphere and monitor-
ing them accurately. Experimental and calculated profiles for the one
atmosphere and 0.1 atmosphere runs at 293 K are compared in Figs. 59
and 60, respectively.

The poor agreement between experimental and calculated results
could be due to a number of factors. The rapid evacuation of the cell
could cause cooling of the gases and condensation of species such as
Ho0, Ho0p and HNO3. These could slowly evaporate during the
run and give misleading results. The light intensity transmitted

through the cell varies slightly with cell pressure and the effect is
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not entirely reproducible. Since the concentrations of most species
and their corresponding absorptions are small under these conditions,
small shifts in the baseline can have a significant effect. The cross
sections at 0.1 atmosphere are generally small and somewhat uncertain
at low concentrations. There was considerable run-to-run fluctuation
in the concentrations of several species. This was caused in part to
the difficulty in re-establishing stable flows of the reactants. It
was decided not to use low pressure runs because of these difficulties.

The differences between the experimental and calculated profiles
were analyzed to determine the cause of the difference. The runs at
293 K and 313 K have higher HNO3 concentrations and lower NO and
Ho0o concentrations than predicted by the simulations. This
suggests a heterogeneous reaction of NO or NOp with Hy0, to form HNO3.
The 263 K experimental run indicates higher NOs and Hy05 ccﬁceﬁtfatioﬂg
and lower NO and HNO4 conceﬂtrétﬁans than predicted by the simula-
tions. This could be due to the Tamps having Tower light output than
that used in the simulation.

The conversion of CO to €0y in the system occurs by the two
reactions of CO + HO and CO + O + M. In all runs, the simulations
indicate that the CO + HO reaction is much faster than the CO + 0 + ¥
reaction. Considerable investigation of the CO + HO reaction has been
done, but it is still imperfectly understood. The CO and €0y pro-
files agree well in the 293 K and 263 K rgnsg The 313 K run suggests

that the OH + CO rate constant is higher at 313 K than at lower
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temperatures. There have been other situdies that indicate that the

: o . ] 1
reaction does exhibit such a temperature dependence. 00

The observation of the build-up of small amounts of ozone, as
indicated in Fig. 57, is consistant with the results of computer simu-
lations. The_.simulations predict the build-up of ozone to concentra-

13 motecules/cm® about 10 seconds after the Tamps

11

tions of ~1 x 10

are turned on, and then a slow decay to levels of ~1 x 10*" molecules/

cm3 at the end of the run., The experimentally observed concentra-

13 mo?@cu?es/cmga This was

tions were in the range of ~0.5-2 x 10
indicated by both the scans and the observations at 9.478 uym. The
uncertainty arises from the noise in the optical density due to the

weak signal.

The presence of HONO and HNOp was not confirmed. The computer
simulations predict maximum concentrations that would be only marginally
detectable in the system. This suggests rough agreement between the
experimental results and simulated results in terms of the HONO and
HNOg chemistry.

The experimental results, in general, appear to confirm the valid-
ity of the reaction system used to model the experiments. The major
difficulties in the experiments is the occurrence of heterogeneous
reactions and the need to perform repeated photolysis runs to observe
all the species.

If the computer simulations are accurate models of the gas phase

kinetics in the experiments, the reaction rate predictions made by the
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simulations can be analyzed to determine which reactions are responsi-
ble for the ozone production and whether the CO oxidation cycle is
active in the experiments performed.

The simulations indicate that the build-up of ozone is due to the
initial photolysis of NO, to produce oxygen atoms. These combine
with oxygen molecules to form ozone. As the NO produced by photolysis
builds up, it reacts with ozone, reducing its concentration.

For the cycle listed in (26) to operate successfully each step in
the cycle must be the dominant pathway for the consumption of the
intermediates involved. The computer simulations indicate that the CO
oxidation cycle was not active in the experiments performed. The reac-
tion rate of HO with CO was small compared to the rate for HO + NO, + M
to form HNO3. The rate of H + 0y + M was the major loss mechanism
for hydrogen atoms. The reactions of HOp, *+ NOp + M and NO + NO3
were more important in the balance of HO, and NO, respectively, than
the reaction of HO, + NO. NOp * hv and O + 0y + M were major
destruction mechanisms for NOp and oxygen atoms.

In addition, the CO, production rate would be the same as the
gross ozone production rate if the cycle were reﬁpsﬂsib1e for the ozone
generation. The simulations of the experiments indicate that this was
not the case.

The operation of the CO oxidation cycie as an ozone production
mechanism will be dependent on the concentration balance of a number

of trace species. In the troposphere, the concentrations of the HO,,
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and NO, species need to be critically Lalanced for the mechanism to
operate, To be able to determine the behavior of ozone in the atmo-
sphere, the general differential equation for ozone concentration must
be analyzed in the manner presented by Johnston and Pgdoiskellze

The relaive importance of the terms in the differential equation will
depend on the region of the atmosphere under consideration.

In conclusion, the experimental results cannot confirm the exis-
tence of a CO oxidation mechanism that is responsible for ozone pro-
duction in the atmosphere. The presence of heterogenecus reactions
make experimental confirmation difficult. To determine if it does
occur in the troposphere, studies need to be made of the concentrations
of trace species and accurate knowledge obtained of the temperature
and pressure dependence of the rate constants for the reaction

involved,
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APPENDIX A: PHOTOMULTIPLIER TUBE GATING.

In many experimental situations, it is sometimes desirable to
observe low level light signals which have been preceded by any intense
pulse of Tight. A photomultiplier tube (PMT) is an excellent device
with which to monitor low intensity light. However, it can be easily
saturated or possibly damaged when exposed to high Tlight intensity.
Recovery from saturation is too slow to monitor signals immediately
following the saturating pulse.

A technigue that exists to circumvent this problem is that of
gating the PMT off during the saturating pu?seglolm1®3 There are
five general methods of doing this: pulsing the photocathode, pulsing
the first dynode, pulsing other dynodes or groups of dynodes, pulsing
the high voltage supply, or pulsing a special gating electrode that
exists in a few tubes.

There are a number of problems that exist in gating PMT's.
Electrical pickup, ringing, afterpulsing and excited photocathode
states can make signal measurement after gating difficult. The
problems are discussed in more detail e]sewhere6101“163

The circuit discussed here has been used successfully with 1P28-class
PMT's. A schematic diagram of the modified dynode chain is shown in
Fig, Al. The gating technique involves temporarily shorting dynodes 6
and 7 together via Q; to prevent further amplification of the
electron cascade initiated by the intense pulse of light.

A pulse of approximately -5 volts and pulse width between 1 and 10

microseconds from a suitable pulse generator is applied to the pulse
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input immediately preceding the intense pulse of ?ighte The circuit
has rise and fall times of less than one microsecond. It has been used
to gate a PMT off for periods of 1 to 10 microseconds. The circuit
provides an attenuation of 1000 while the pulse is applied. The system
is sensitive to the rise and fall times of the input pulse and also to
the current capacity of the pulse generator. These parameters need to

be optimized to provide maximum performance of the circuit.
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APPENDIX B: PRESSURE BROADENING OF ROTATIONAL
LINES IN INFRARED SPECTRA
There are a number of factors that must be considered when investi-
gating the effect of broadening of spectral lines by pressure., The
spectrometer transmission function, or spectral slit function, will
play an important role in the observed effects. For a spectrometer
with entrance and exit slit widths of equal width, the slit function
will be a triangle if diffraction is neglected. If the entrance and
exit slit widths are not equal, the slit function will be trapezoidal
in ghapgeloA Most spectrometer systems operate with equal entrance

and exit slits, The s1it function can then be defined as
flv=vy) =1~ vy /w

for v - vy <wand f(v - vy) = 0 elsewhere, where v, is the
center frequency and w is the spectral slit width (FWHM). This is
illustrated in Fig. Bl. |

With an experimental apparatus scanning through a spectral region,
the actual response will in general not be triangular. The detector
responée time and the RC time constant of the amplifier circuitry will
act to round the slit function and displace the observed slit function,

or instrumental response funct50ﬂ3 from the actual slit functﬁonalgg
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The overlap of the instrumental response function with the spectral
features that are being scanned will determine the broadening effects
observed. If the response function is much narrower than the spectral
features, the broadening will be directly observable. If the response
function is wider than the spectral feature, the broadening will not
be directly observable. However, information can be obtained on the
linewidths indirectly,10

The broadening of rotational lines of infrared absorption bands is

107 have shown the

largely due to Lorentz broadening. Measurements
rotational lines of HC1, HZO and COZ infrared absorptions to have
Lorentzian shape and have shown the rotational linewidth to increase
in proportion to pressure. Simple Lorentz broadening theory is based
on the concept of a sudden change in the radiation emitted or absorbed
by an atom or molecule at the time of collision. The assumptions made
are that the mean time between collisions is large compared to the
collision time, and there is a change of phase or break of the radia-

tion, This causes the radiation to be spread into a series of indepen-

dent wave-trains, which causes broadening of the Tine. The Lorentz

108

Tinewidth, §, can be written as

4NQZP
VamRT

§ =



where N = Avogadro's number
p = optical collision diameter or cross section
p = pressure
m = molecular weight if a pure gas is involved; reduced mass
if a gas mixture is involved.
R = the gas constant
T = temperature
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The optical collision diameters may be greater or less than the gas
kinetic collision diameters.

To obtain a measure of the transmittance or absorbance that occurs
when a slit function is moved across a spectral feature, one must

integrate across the frequency region transmitted by the slit.

' exp(~o{v)ng) flv - \;O) dv
T=1-A=
flv = v_)dv
o
where T = transmittance

A = absorbance
f(vwvg) = 11t function

= 1imits of slit function

<

et
w

<

[
§

cross section as a function of v

O
a—
<
M
[}

n = number of absorbers per unit volume
4 = path length
This integral has been analyzed for a number of situations that

exist in spectroscopyglogﬁlogsllg

although one cannot derive a
general equation valid in all situations. When the simplifying
assumptions used are valid or nearly so, the experimental and theo-
retical agreement is good.

The theoretical interpretation is useful when the absorption band
structure is known. Structure from high resolution work can be
applied to a lower resolution system if the slit function, or

instrument response function, is known. However, without such data,

most pressure broadening effects have to be determined empirically.
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APPENDIX C: REACTION SETS FOR NUMERICAL MODELING OF CHEMICAL SYSTEMS

The following three tables are Tlists of the sets of reactions and
rate constants used to model the chemistry of the three systems inves-
tigated in this research. The simulations were done with the CHEMK
chemical kinetics program described in the text. The rate constant
are in units of (cm3/mo1ecu“ie)n S@COﬂdSwlg where n = 0 for uni-
molecular and heterogeneous reactions, n = 1 for bimolecular reactions
and n = 2 for termolecular reactions. Activation energies are in K.

The first reaction set is that used to model the expansion of
HZOZ and NZOS into the cell and the kinetics that occur after expan-
sion. The first six reactions are used to describe the flow-in of the
reactants and the carrier gas. X is a dummy variable used to implement
this process. The effective rate constant for the flow in will depend
on the ultimate concentration of the species without reaction and is

given by

;A
keff[Ajo 10 XIS

0 0

where to is the time constant for the flow system, [X]O is the
initial concentration assigned to the dummy variable and [A]O is

the ultimate concentration of the specie A. The flow-out of X is

given by keff = 1/toa
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The second reaction set listed below was used in simulations of
very low frequéncy photolysis of flowing H,05 and N-Og in one
atmosphere nitrogen carrier gas. The first five reactions are photo-
lysis reactions. The effective cross sections for the species were
determined by calculating relative j-values from the absorption spectra
for the compounds and the measured emission spectrum of the black
tamps. Light intensities obtained from NO, photolysis where used as
a reference.

The rate constants used for the heterogeneous reactions were
assigned values that Qere typically observed during experiments., The
reaction products for heterogeneous HNO; decomposition were assumed
to be HO» and NOp. Supporting evidence for tnis assumption comes
from experiments whsre Ho0, and N»Og were expanded into the
cell containing a Tgw pressure of NO. The rates of the flow-in reac-
tions were used to provide agreement between the observed and
calculated concentrations of NOp, HoOo, HNOg, NyOg and Ho0. If a
species was inert, its effective flow-in rate constant would be the
flow rate times the concentration in the cell divided by the cell
volume, The effective flow-out rate constants are simply the flow

-3

rate divided by the cell volume. This was 1.9 x 10 second™d for

all the runs that were done,
The reaction set in the third table was used to model the chemistry
in the HO, -~ NO, - CO, system. Since this was a non-flowing

system, no flow reactions had to be included.
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Two germicidal lamps and two black lamps were used as photolytic
light sources for the system., The black lamps have broad output in
the near UV and the germicidal lamps have strong output at 254 nm.

NO, and HONO were the only species strongly photolyzed by the black
lamps. Photolysis rates of other species were less than 1 percent of
their respective photolysis rates at 254 nm and were not included,

The large number of reactions was needed because of the large
number of species present, many of which are quite reactive. While
the rates of some of the reactions are not very fast, they are impor-
tant in determining the concentrations of some intermediates.

The heterogeneous reactions (46-49) were assigned values that were
typical of the heterogeneous rates in the system. Other heterogeneous
reaction may have been occurring in the system. They were not studied
in depth and no good estimates could be obtained for them. Conse-

quently, they were not included in the reaction set.
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TABLE C-1

Reactions Used to Model Expansion Experiments

Flow Reactions

X=x+M

X = x‘; N20Og
X = X * HoOp
X = x + HNO3
X = x * Hp0

Chemical Reactions
N205 + Hp0Op
HNOg
HO» + NOp
N20s5
NOp + NO3
NO2 + NO3
NO + NO3
HOp + HOp
HOo + NO
OH + H202
OH + NOp + M
OH + HO2
HOp + NO + M
Ha02

kefs x [M]

kefs x [Np0s5]
keff x [Hp02]
keff % [HNO3]

keff x [Hp0]
0.23

HNO3 + HNOg

HOp + NO2
HNOg
N0 + NO3
N20g

NO + NOp + 0p

NOz + NOo
Hp02 + 02
OH + NO2
H20 + HO2
HNO3 + M

= Hp0 *+ 02

HNO3 + M
H20

3@@
5.6

note 1
note 2
note 2
note 3
note 3
x 10-13 1000
x 10-11

x 10-12



21
22
23

Note 1:

Note 2:

Note 3:

Note 4:
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Table C-1 (continued)

HNOg = HOp *+ NOp note 4 -
N20sg = HNO3 note 4 -
Ho0 = HNO3 note 4 ~

This was varied to provide the best fit with experimental data.

The empirical expressions given by Ref. 18 were used to calculate
the effective rate constant for each pressure and temperature.

The expressions developed by Connel167 were used for these rate
constants.

These reactions simulate heterogeneous reactions that occur in
the cell. Reactions 22 and 23 simulate the heterogeneous
reaction of NpOg and Hp0 to form 2HNO3. The effective

first order rate constants were variable, depending on
temperature and condﬁt10n1ﬂg of Ehe cell. They were generally in -
the range of 1 x 102 to 1 x 10~ second=! in the

HpO02~NoOg system.
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TABLE C-2

Reactions Used to Model Low Frequency Photolysis Experiments

Photolysis Reactions Oeff
1 NOp + hv = NO *+ 0 4.8 x 10-19¢cm2
2 N20g + he = NO2 + NO2 + O 2.1 x 10-2lem2
3 Hp0p + hv = OH + OH 2.9 x 10~22¢ml
4 HNOg + hv = HOp + NO2 2.0 x 10-22¢cm?
5 HNO3 + hv = OH + NOp 8.2 x 10-23cme
Chemical Reactions A

TN PN PN PN et fd fod oo ot fomd o el o o
MNP O W OO U 5 M= O W 00~
=2}

23b -

24
25
26
27
28
29
30

33
34
35
36

HNOg + M

HOp + NOp2 + M
NpOg5 + M

NOp + NO3 + M
NO2 + NO3

NO + HOp

NO + NO3

0 + NO2

0+ NOg + M
0+ NO*+M

OH + HNOg

OH + NOp + M
OH + Ho05

OH + HNO3

HO2 + HO»
Hp02

HNOg

N2Os

H20

Flow Reactions

NO2
HNO3

- HNOg

Hz02
H20
NO

o o8 ou

it

How oW

o8 owo# wo# owonoH owon

[

]

#

HOp + NOg + M
HNOg + M

NOp + NO3 + M
NoOg + M

NO + NOp + 02
HO + NO

NOp + N%g

NO + 02

NO3 + M

NOo + M

HpO + NOp + 09
HNO3 + M

HOo + Ho0

Ho0 + NO3
Hp02 + 02

H20

HO2 + NO2
HNO3
HNO3

NO2
HNO3
N205
HNOg
H202
Hz0

note 1, note 2
note 1, note 2
note 1, note 2
note 1, note 2

2.3 x 10~13
8.1 x 10-12
1,9 x 1p-11
9,3 x 10-12
9,0 x 10-3
1.55 x 1032
note 3

note 4

1.6 x 10-12
8,5 x 10-14
2.5 x 10-12
1 x 10-3

1 x 10-3

1 x 103
note 5

note 6

1.9 x 10-3

Pt fooed Dok Jumd b Y
OO OO o



Note

Note 2:

Note

Note

Note

Note
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Table C~2 (continued)

Values for these equations were obtained from empirical
equations given by Graham §5_31618 and Connel16/,

M dependence is included implicitly in the rate constant.

Thig rate constant was varied from 2 x 10-13 to 2 x 10-11
{cm®/molecule~second) to determine the best fit with
experimental data.

This reaction exhibits a complicated pressure and temperature
dependence. The values for the conditions in which the
experiments were done were obtained from JPL Publication 79-27,

Reactions 23a and 23b are designed to simulate the heterogeneous
reaction of Hp0 and N»0g. The value for the rate constant

of 23b was varied to provide unity stoichiometry for Hp0 and
N20O5.

These effective rate constants were used to match the calculated
concentrations with those observed for each run.



Poed P
[aSEEE R e B Yo Ro o BLN o) W8 BN VRN IS

ot
L 00

il

[
< O

et s ot
W DD ~J

Reactions Used

N N VN A S
=
S

NO
NO2
NOp + H20
NO3
HO + M
HOp
NOp + M
NO3
NO3(+M)
H
HO(+M)
HOP (+M)
NO3 + NO3
H + Hp0p
H + Hp0p
HO?
H202
HONO
HNO3
HNO,4
HO + CO
HO2 + HOp
HONO + HONO
HNOg (+M)
NoOg + M

= [
[ o
™~
R
I

pog
S
R
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TABLE C-3

to Model HOyx~-NOy-COy Photochemistry

now

i

"

o onon o Hn

Won u oo

won

i

#onou

ou

i

HOp + M

0+ 0pt M

NOp + Op

NO3 + 02

HONO + HONO
NO2 + NO2
HONO + M

NOp + HO

NoOg + M

NO2 + NO + 0p
No05(+M)

HO + NO
HNO3(+M)

HNOg (+M)

NOz + NO2+ 02
Hp + HOp

HO + Hp0

Hpo0 + 02

Ho0 + HOp

Hp0 + NO2

Hp0 + NO3

HoO + NOo+ 0
HZ . COZZ 2
Ha02 + 07

NO + NOp* H20
HOp + NOp(+M)
NOp + NOp+ M

P U N A

PN Qo B PN et TN et DD G O L) O U DD et et B2 N TN O i Bt (D LD b Pt frmd
L) ® o © ® @ > @ L] ) o e £ @ @ £ L] L] @ k- © @ @

jo%)

Ty

!

-

(o]

-510
2360
~-584

2125
2180
~-67

<117
-530
-290
11430
1450
2450

-1110
-225
-1040
1ooo

505
2450

1400
1400



231

45 NoOg(+M) = NOp + NO3(+M) note 1
46 HpOp = Hp0 note 5
47 No0s = HNO3 + HNO3 note 5
48 Hy0 '+ NOp + NOy = HOND + HNO3 note 5
49 Hp0p *+ NOp = HNO3 *+ HNO3 note 5
50 NO2 * hv > NO + 0 note 6
51 HONG + hv > HO + NO y

52 Hp0p + hv > HO + HO !

53 NpOg + hv- > NOp + NOp + O !

54 HNO3 * hv > HO + NO3 N

55 HNOg * hv > HOp» + NO» "

56 03 * hv > 04D + 0Op "

57 03 + hv >0+ 0p .

58 NOp + hv > NO + 0

59 HONO + hv > HO + NO "

60 NO3 * hv > NOog + 0 !

Note 1: These reactions have a complex pressure and temperature
dependence. The values were obtained from formulas in Ref. 67.

Note 2: Rate constant values obtained from formula in JPL Publication
79-27,

Note 3: Rates constant values obtained from formulas in Ref. 18.
Note 4: The value for this rate constant was obtained experimentally,

Note 5: These reactions were designed to simulate heterogeneous
reactions. Values used for the rate constants were those
typically observed for the heterogeneous reactions involved,

Note 6: The reactions listed here represent photolysis by the black Tamps
and germicidal lamps. Only NOp and HONO are significantly
photolyzed by the black lamps. The black lamp photolysis rate
for all other species is less than 1 percent of their respective
germicidal lamp photolysis rate and not included. Reactions 58
and 59 represent the black Tamp photolysis of NOp and HONO,
respectively. Reaction 60 represents the photolysis of NO3 by
the 546nm mercury line,
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