@ https://ntrs.nasa.gov/search.jsp?R=19770013235 2020-03-22T11:06:55+00:00Z

General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



d ¢ h (*a1
¢ON dNY ON

dddd dalwV¥didhad

mnFL..J J.




LESIEN LT B

"REPORT DOCUMENTATION PAGE

READ INSTRUCTIONS
DEFORE COMPLETING FORM

1, AEPORAT NUMBER

454

2, GOVT ACCTSSION NO.

3. RECIPIENT'S CATALOG HUMBER

4, TITLE fand Subtitln)
The Temperature Dependence of the Reactions of

HO2 with NO and NO2

5. TYPE OF REPORT & PERIOD COVERED

Scientific Report

6. PERFORMING ORG. REPORT HUMBER

P R

PSU-~IRBI,-SCT-454
8. CONTRAGT f1R GAANT NUMBER(+)

‘-'.)(_(‘(‘ck‘- -
Nasa NCL b9-God-o6s 7 ¢S

NSF GA-42856

3. PERFQRMING QRGANIZATION HAME AND ADDRESS 18, PROGRAM ERLEMENTT.PHDJECT, TASK
The Ionosphere Research Laboratory AREA & WORK UNIT NUMBERS

318 Electrical Engineering East Building
University Park, Pennsylvania 16802

11, CONTROLLING OFFICE RAME AND ADORESS 2.

National Aeronautics and Space Administration March 7, 1977
Washington, D. C. 20546 and NSF, 1300 G Street, |[' NUMBEROF PAGES

N.W., Waghineton, D, C._ 20550 39 _
14, MORITORING AGENCY MAME 4 ADDRESS(II differant from Caonteolling Oliica) 15. SZCURITY CLASS, (of thia taport)

NONE

7. AUTHORA(a)

R. Simonaitis and Julian Heicklen

REPORT DATE

154, OECLASSIFICATION/DOWNGRADING

16, DISTRIBUTIOHN STATEMEHNT (of this Rapori}

7. DISTRIBUTION STATEMENT (of the abaitact entered in Olock 20, if dilleront from Report)

18, SUPPLEMENTARY NOTES

13, KEY WORODS (Conrinue on revaras aide {{ nacessary and Idoentily by block number)

Chemical Aeronomy

20. ADSTRACGT (Comiinue on reverss sgide [{ necessary and Identliy by black numbet)

Mixtures of N30, Hp, Op and trace amounts of NO and N09 were
photolyzed at 213.9 nm at 245-3289K and about 1 atm total pressure (mostly Hp).
HO2 radicals are produced from the photolysis and they react as follows:

HOy + NO - HO + NO, la
- HONCj 1b

HO5 + NOy -+ HONO + 0 2a
+ HOaNO, 2b ,~2b

2HO2 + H209 + 09 3

DD 307 1473

EOITIoON OF 1 NOV 6515 OBSOLETE
S5/N 0102-014-6601 |

SECURITY CLASSIFICATICH QF THIS PAGE (When Data Entered)



Reaction 1lb is unimportant under all of our reaction conditions. Reaction la
was stu?%ed in competition with reaction 3 _from which it was found that
kia/ky /% = 6.4 x 1070 exp {-(1400#500)/RT}. 1If kj is taken to be

3.3 x" 10712 cm3gec-l independent of temperature, kg =1.2 x 10'll
exp{-(l400i§00)/RT} emdsec™l. Reaction 2a is negligible compared to reaction
2b under all of our reaction conditions. The ratio kZb/kl = 0.61+0.15 at
245°K, Using the Arrhenius expression for ki, given abové leads to r
kop = 4.2 x 10713 cm3sec~l which is assumed to be indpendent of temperature.
The intermediate HOpNO, is unstable and induces the dark oxidation
of NO through reaction -2b, which was found to have a rate coefficient

k_op = 6 x 1017 exp ~26000/RT } sec™! based on the value of ky, given above. | |
The intermediate can &lso decompose via

HO,NOp = HONO + 09 (or other products) 10b

Reaction 10b 1s at least partially heterogeneous.

The value of k-9h given above leads to the following thermal
decomposition lifetimes, "T., at atmospheric temperature conditions:

N

-1
T,%K Te,S 7
220 7.7 x 10
273 8 x 10°
298 14.7

The above values of tv,_ indicate that pernitriec acid is essentially
thermally stable in the lower and middle stratosphere and its formation should
be considered in stratospheric models of NOx chemistry.

NONE
SECURITY CLASSIFICATION QF THIS PAGE(When Data Entersd)

-




B

Y

PSU-IRL~-5CI-454
Classification Numbers: 1.9.2

Scientific Report 454

The Temperature Dependence of the

Reactions cf H02 with NO and N02

by
R. Simonaitis and Julian Heicklen

March 7, 1977

The research reported in this document has been supported by the
National Aeronautics and Space Administration under Grant No.

NGL 39-009-003 and the National Science Foundation under Grant No.
GA-42856., '

L, . e T -
Submitted by: - ‘

Romualdas Simonaitis

Ingstructor in Electrical Engineering

™ ‘*‘" . ..‘\'.1 "o LS .
Julian Heicklen
Professor of Chemistry

Approved by: <:::,,—'Jffs. Nisbet, Director
~—~—_Jonosphere Research Laboratory

Ionosphere Research Laboratory
The Pennsylvania State University

University Park, Peonsylvania 16802

A MR



il

Acknowledgment

This work was supported by the National Science Foundation
through Grant No. GA-42856 and the National Aeronautics and
Space Administration through Grant No. NGL=-39-009-003 for which we

are grateful.

-}? e



Acknowledgments .
Table of Con:cents
List of Tables
List of Figures .
Abstract . . .
Introduction . .
Experimental
Results , . .
Discussion . . .

References , .

Table of

Contents

o T Ty T rlw;)q;ﬂ??:‘

iiL

i1d

iv

vi

i3



Table

Table

Table
Table

Table

iv
List of Tables

Photolysis of N,0-H,-0,-NO Mixtures at 213,9 nm (Low (NOJ),

20 72 72

Photolysis of NZO-Hz--Oz-NO--NO2 Mixtures at 213.9 nm and

245K,
1
Values of k]_/k2 .

Temperature dependence of kllk ', k and k_

10b 2b’

Values of t_ and kl

B Ob*

e e R T



Fig.,

Fig.

List of Figures

Plots of -&;{NO} vs [NOJ/I,* in the photolysis of N,0-H,-
09=NO mixtures at 213.9 nm (low [NOI).

Typical NO decay profiles in the photolysis of NypO=Hp-0,-NO
mixtures at 213.9 nm. Run a also initially contains 7.56
mlorr of NOj.

Plot of -¢;{NO}"T - /2 vs [NOp]/[NOJ in the photolysis

of N0-Hp-07-NO-NO, mixtures at 213.9 nm and 245°K,

Plots of 1n({N0]l;/{N01) - ([NO]j - [NOI)/[NO,] vs £{t} in the
photolysis of N,0-Hp-09-NO mixtures at 213.9 nm.

Plots of 1n([l - £{{NO,J}/(Ctg)]} vs t in the light-induced
dark oxidation of NO.

Arrhenius plot of k_,y /K,y

Arrlienius plots of k—Zb and klOb' Closed circles assumed

Ejy = 03 open circles assumed Epy ® 2.5 keal/mole.



S T T e e e LT T L T T T e R e e I L e e e R A T

vi

Abstract

Mixtures of N,.0, H,, 0, and trace amounts of NO and NO, were

2 27 72 2
photolyzed at 213.9 nm at 245-328°K and about 1 atm total pressure

{mostly HZ)' HO2 radicals are produced from the photolysis and they

react as follows:

H02 + NO - HO + NO2 la
-+ HON02 1b

HO2 + N02 -+ HONO + 02 24
e H02N02 2b,-2b

2H02 -+ HZOZ + 02 3

Reaction 1lb is unimportant under all of our reaction conditions,

Reaction la was studied in competition with reaction 3 from which it

12 o 6.4 x 1070 exp {-(1400+500)/RT}. If k, is

taken to be 3.3 x 10—12 cm3sec"l independent of temperature, kla =

1.2 x 10-1l exp {-(14001§00)/RT} cm35ec"l. Reaction 2a is negligible

was found that kla/kS

compared to reaction 2b under all of our reactilon conditions. The

ratio kZb/kl = 0.6140.15 at 245°K. Using the Arrhenius expression for

kla given above leads to kZb = 4.2 x 10_13 cm3sec—1 which is assumed to
be independent of temperature.

The intermediate H02N02 is unstable and induces the dark oxidation

of NO through reaction -2b, which was found to have a rate coefficient

¢ -
k—2b =6 % 1_0+l7 exp L-ZGOOO/RT} sec L based on the value of k

given above. The intermediate can also decompose via

la

HO_NO

,NO, HONO + 02 {or other products) 10b

Reaction 10b is at least partially heterogeneous.

j,_q,_,,__,__ _R.___.____ _ i T S “ﬂ



The value of k given above leads to the following thermal

-2b

decomposition lifetimes, T _, at atmospheric temperature conditions:

t
-1
T,%K T, 8
220 7.7 x 10’
273 8 x 10°
298 14,7

The above values of T, indicate that pernitric acid is essentially
thermally stable in the lower and middle stratosphere and its formation

should be considered in stratospheric models of NOx chemistry.
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Introduction

In previous papers (1-3) we havs reported on our studies of
the atmcspherically important reactions of HO, with NO and NCj; at
rcom temperature. By studying the chain oxidatien of NO to NO,
in <he photolysis ¢of NyO0-H9=-07-NO mixtures at 213.,9 nm and moni-

voring NC cencertration by the chemiluminescent reaction with O3,
12

-

the rocm temperature rate coefficients k,, = 1.0 x 107 em®sec”

=15 3 1

< 2% 10 cm®sec” ~ were obtained (3),

and klb

HOZ + NO - MO, + OH la
+ HOHI9 1b

a is in good agreement with our earliet {2) measurements
12

This value for kl

of the lower limit and is in excellent agreement with kla = 1,2 x 10"
cm3sec—l determined by Cox and Derwent (4)}). However these values of kla
are a factor of 2-3 higher than the measurements by Davis et al (5) and

Hack et al (6). Our upper limit £for klb is in sharp disagreement with

13

he value of 1.4 x 10753 cmPsec™ determined by Cox and Derwent (%) in

a mixture of N, and 02 (2:1) at 1 atm pressure. No other measurements

2

of klb have been reported in the literacture.

Earlier (2) we had observed that NO, innibits the chain oxi-
dation of NO and suggested the chzin terminating reaction

HO, + NO, - HONO + O 2a

2 2 2

with k1a/k2a = 7£1, Later Cox and Derwent (#) confirmed theat a

reaction between HO, and NOj; cccurs and assumed that reaction 2z

was the reaction, They found kpg = 1.2 % 107%% emdsec”

in good
agreement with our value. In our latest paper (3) we also coniirmed
cur earlier work but in addition found that the ouxidation of NO

continues even after light termineticn., Based on this observation

[y



the formation of pernitric acid was suggested. Thus in addition
to reaction 2a the reactions
HO, + NOj I HOoNO2(B) (2b, «2b)
HO2NOg -+ HONO + 09 10b
were suggested. The ratio kllkz' = 9.5:1,5 at 25°C was obtained,
where ko' = kK3 = Kopk_pp/(k-2p * Kigb?), in good agreement with our
earlier work, (The reaction numbers used are the same as in our
earlier paper (3) for convenience in comparing results),
In the present paper we report on our studies of the reaction
of HO2 with NO and NO, as a function of temperature. For the
former reaction the temperature dependence of kj, was desired, and
for the latter system it was of interest to obtain a more detailed
understanding of the formation and reactions of pernitric acié, as
well as to obtain the absolute values and the temperature dependence
of the rave coefficients k,., kyps k_,, and K;,,. The method
employed was the same as before (3). Briefly HO, radicals are
generated by the photolysis of NoO at 213.9 nm in the presence of
Hy and 0,. In the presence of small amounts of NO and NOj, the
reactions of interest proceed and are monitored by measuring the

NO removal rate using chemiluminescent detection of NO.
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Experimental

The apparatus, experimental procedure and materials were
virtually identical to that described earlier (3). The only
changes were to enclose the photolysis vessel in an aluminum
block for precise temperature control and the volume of the
vessel was changed from 2 liters to 1 liter to reduce the nonani-
formity of +he light distribution inside the vessel. The block
could be heated with hichrome wire for temperatures above ambient
or cooled by passage of nitrogen gas cooled by liquid nitrogen
through a styrofoam box in which the aluminum block was enclosed.
Temperatures' were mreasured with a thermocouple and control of
temperature was :“C. The temperature of the gas inside the
reacticn mizture was checked by placing the thermocouple directly
inside the vessel and compared to the reading outside the vessel
(the normal position of the thermocouple). The two readings were
identical. The lignht distribution inside the vessel was chetked
and found to be uniform within 20%.

The out-flow ¢f the gas from the reaction vessel was always

such that the total pressurse during a run did not change by more

L AR 5

than 5% and the rate of NO loss due to flow was always < 5% of the

rate of loss due to photolysis.
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Results

Low [NOJ: The photolysis of N,0-H,-0,-NO mixtures at 213.3 nm and
low [NO] was studied at 2uS5, 271 and 296°K, The results are
presented in Table I. At each temperature the initial quantum yield
of NO disappearance, -?;{NO}, is nearly proportional to [NO]/I;i
(Figure 1). Earlier more extensive data at 296°K (3) showed that
-9;{NO} is proportional to [NO]/Ia% up to ~ 14 x 207 em™3/2 sec™%;
at higher values -9;{NO} is lower than predicted from this rela*ion-
ship. The present results at 296°K also show a fall off in -&;{NO}
at highev[NOJ’/Iqi ratios, but this data is not included here. At
lower temperatures the fall~off is expected to occur at a lower
[NO]/IE,.;5 ratio (see Discussion). This is apparent in the data at
2459 as can be seen in Figure 1. As the temperature decreases
there is a slight but statistically significant decrease in -$;{NO}
at a given [N0OY/I % ratio.

High [NO]: In the przsence of relatively high [NOl (> 2 mTorr)
experiments were done at 245, 295, 308.5, 319 and 328°K. In some

of the experiments at 245 and 295°K, NO, was present initially. As
found before (2,3) a) the addition of NO; to the photolysis of
No0-Hp-07-Hp mixtures inhibits the conversion of NO to NOp, b) the
oxidation shows an induction period at T > 296°K when NO, is present
initially (see Figure 2), and c¢) the oxidation in the presence of
NO, continues even after termination of the irradiation for T >
2959 (note that NO, is always present when the dark reaction
begins, since NOj, is a product of the light reaction). Typical
curves for complete NO removal (curves b, c and 4) and for a typidal

dark oxidation (curve a) are shown in Figure 2. No induction

LT ha TR



periods or dark oxidation were observed at 245%K, The inhibition
of NO oxidation by NOj; is a strong function of the temperature.
The effect is most pronocunced at the lowest temperature and
becomes progressively less important as the temperature increases.
The light oxidation rates inecrecse markedly with the temperature
as can be seen from curves b, ¢ and d of Figure 2.

The initial experiments were done at 295°K, For the first
few runs it was noted that the rate of light oxidation was much
slower and the dark oxidation was small. After several »runs,
however, the rate became constant and the dark oxidation markedly
increased. Thus unconditioned walls inhibit the oxidation.

The initial NO removal quantum yields at 2u45°K are presented
in Table II as a function of the [NOoJ1/[NO] ratioc. The two sets
of data presented in Table II were done in vessels of 2 and 1 liter
volume, respectively, and with separately prepared mixtures of NO
and NOp. Alsoc the 2 liter vessel was enclosed only in a styrofeoam
box (the aluminum block was not used). From Table II it is evident
that -¢;{NO} declires as the[NO2]j/[NO]; ratio increases. The
reduct.on of -@i{NO} is somewhat greater fopr the first group than
for the second. At temperatures > 295°K quantum yields were not
computed, because the NO decay profiles were analyzed only in
termz of the analytically integrated rate law as explained in the
next section.

At temperatures > 295%K two types of experiments were done.
In the first series the phrtolysis was carried out until complete
consumption of NO ceccurred. In the second series of experiments
irradiation was terminated before all the NO was consumed; the NO

continues to be oxidized even though the irradiation has been

- .



terminated until a limiti

ng value of [NOJ] = [NOlw is reached.
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Discussion

Low [NOJ, NO; Absent: The photolysis of N,0-H2=02=NO mixtures

at 213.9 nm may be discussed in terms of the chain mechaniam

given earlier (3) and using the same numbering system for <the

reactions:

NoO + Hv(213.8 nm) + Np + 0¢¥D) Rate = I,

o¢lp) + H, » OH + H 5

OH + Hy + H0 + H 6

H+ 0g # M+ HOp + M 7

HOg. + NO » NOp + OH la
+ HONO2 1b

HOp + HO2 + Hz202 + 032 3

OH + NO (+M) + HONO (+M) 4

For this system numarous other reactions are in principle possible,

but they are all eantirely negligible, because of the constraints
imposed by relative concentrations and rate coefficlents as dis-
cussed before (3),

At sufficiently low [NOJ, reactions 1lb and 4 will bacome
negligible and chain termination by reaction 3 will predominate.
For this limiting case the mechanism leads to the following rata
law for NO removal:

-05{NO} = kp,INOJ/(k3Ia)™ a
Plots of -%5{NO} vs [NOJ/Io ™ at 245, 271 and 296°K are shown in

Figure 1. The plots at 271°K and 296°K are consistent with Eq. a,

Qur earlier more extensive data (3) showed that Eq. a is well

-3/2 c—l/?

obeyed up to [NOJ/I M ~ 14 x 107 em se at 296°K. The

data at 245°K shows some fall off at higher [NOJ/Is% ratios

AR o (b 50 B
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(> 6 % 107 em=37/2 sec"l/z),

but this is expected, since at

lower temperatures reaction 4 becomes more important relative

to reaction & at lower [NOJ], since reaction 6 has an activation
energy ~ 5 kcal/mole (7)., From the slopes of the plots in Figure
1 the following values of kla/ksk (c.'.'ma/2 sec-l/z) are obtained:

-7 (296°K)3 5.3 x 10-7 (271°K), 4.4 x 10~7 (2459K).

7.2 » 10
The present value of kla/ks32 at 296°K is slightly higher than
the value of 5.1 x 10=7 em3/2 sec~l obtained before (3). The small
difference is slightly greater than that estimated from the pre-
cision of the two studies and must be due to systemétic eryors,
However the systematic errors should not affeect the value of the
activation energy difference E.o - E3/2, which depends on the
relative change in kla/k3k with temperature, TFrom the p.zsent

data E - E3/2 = 1400 cal/mole is obtained. The average value of

c-l/?

la
kla/kaa obtained before and now is 6.2 x 1077 em3/2 ge at
296°K. Using this average value of kla[kaa at 296°K, the Arrhenius
expression kla/k3¥ = 6.4 x 107° exp{~-(1400£500)/RT} 1is obtained.
The best value of k3 is 3.3 x 10-12 cm®sec™! at 300°K (7). Since

1 exp{-(1400s

E3 is expected to be near zero, then k,, = 1.2 x 10"
500)/RT} cm3sec™X. 1If the activation energy for‘Eg is taken as
1000 cal/mole (7), then ky, = 2.7 x 10711 exp{-(1900500)/RT}
omdsec~l, The only other measurement of Eia is by Hack et al (8).

They obtained a value of 2400x300 cal/mole for Ej4.
High [NO]l, NO7 Present: In order to account for 1) the inhibition

of the oxidation by NOg, 2) the induction period in the presence
of NOs and 38) the dark oxidation, the following reactions were

proposed (3):




9
HQ, + NO, + HONO + 0y 2a
HO, + NOp -+ HOoNOz (B) 2b
HOaNO2 (B) + HO2 + NOj -2b
HO9NO2 + HONO + 09 (or other products) 10b

It was argued that pernitric acid is the responsible agent rather
than the possible complex A (pernitrous acid),

HOg + NO » HO,NO (A)
because the induction period in the absence of NOs is very short
(< 2 sec), whereas in the presence of NOy the induction periocd and
the lifetime of NO in the dark oxidation are of the order of u0«60
sec, The relative importance of reactions 2a and l0b could not be
determined at that time., However, in our earlier paper (2) indirect
evidence for HONO formation was- suggested.

The mechanism consists of reactions 1, 2, 4, §, 6, 7 and 11,

which must be introduced in the presence of NOj,

0H + NQg (+M) - HONOg, (+M) 11
The chain terminating reaction,3 is entireiy n..ligible compared to
reactions 2, 4 and 1ll, because of the relatively high concentrations
of NO and NOy in these experiments. From the mechanism the following

rate law during irradiation is obtained if B << 1

-3{NO} = kitNozj2§1E§§%;_+ TG T [1 - k_ppotpexp{-t/tg} - 1)]
where . *

& = Kpp(NO31/Cka[NOg] + (8K,  *+ k;,0[NOT)
and

B = (kylNO] + Xkq,[NO21)/CkglHpl + K [NO] + Kq4[NO5I1)

and tg is the lifetime of B

B R I A
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TB-l

k + Kk

lUb (l - a)

-2b

At t = 0 when [B] = 0 or-when k_sp, = 0 Equation b reduces to

ooyt - —la® . S <2lNO2 c
2ky 2Kq T2k [NOT
and when B is in the steady state Equation b reduces to
Zkl 2kl QElENU]

where Ky' 2 kK, = Kok oy /(R o + Ky

Since ky, /k, = 1.0 (3) a plot of -o{No}™% - 8/2 vs [N0O,1/(NO]
should be linear after either the steady state in B is reached
(Eq. d) or under conditions such that k_,, = 0 (Eq. c). At 2145°K
there is no induction period for the oxidation in the presence of
NOp and no measurable dark oxidation was observed indicating that
k_pp = 0. Thus Equation c should apply. A plot of -¢i{NO}-l - B/2
vs [NOp1/[NO] at 2u5°K is shown in Figure 3 for the two sets of data
given in Table II. The plot is reasonably linear for each set, but
the slopes differ by about 30%. The only differenae between the reac-
tion conditions 1s the volume of the reaction vessel and new
mixtures of NO and NO, were prepared for thé second set. The difference
in results is probably primarily due to the uncertainty in I,
which at low temperatures had an estimated error of ~ 15% together
with a lesser contribution (v 10%) from the error in [NOl and [NO,].
The average value of kl/k2 = 1.7+0.4 is obtained from the slopes in

Figure 3. The intercept of the plots in Figure 3 is 0.01%%0,005;

therefore klb/kl = 0,0320,01 at ZHSOK, and since kla = 6.8 % 10"13
emdsec™t at 2459%, Kyp = (281) x 1071% cm3sec™ at 2u5°K, Our
earlier work (3) showed that klb < (222) % 10~15 cmasec_l at 295°K,

Consequently if the intercept in Figure 3 is really due to reaction

v e g
iR B
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1b, the rate coefficients imply that reaction 1lb is still in the
third order regime at 700 Torr H, since the activation energy is
negative., Reactions la and 1lb may be visualized_as proceeding
by the following mechanism

a 5 P
HOp + NO ¢ HO2NO™ * NOp + OH
-a

ot

HO,NO* £ HONOZ™

oOHO

d
HONO;* + M £ HONOp + M

I1f k_c > kd[M] at 700 Torr H, reaction 1b will be in the third
order regime.

Equation d may be integrated directly, since B = constant [note

. - -12 3 1
that kq = kll’ il.e., }«:,+ = 6.0 x 10 cm

(v 30 Torr 07 + N20) (1,8) and kyy = 8 x 1

the assumption is made that [NOJ; + [NOpJ, = [NO] + [NOp] = [NOyI.

sec — at a 700 Torr Hy +

0"1% cm¥sec™t (7)1, and if

The result is
In[NOJ,/ENOT ~ ([XO1, - ENOI)/ONO,] = (2k,Tp/K,'(NO,IIE{t} e

where

+ Koo )

(Blep, * Ky

7%, o

£{t} = t - (ENOJi - [NOD)

A plot of the left-hand side of Eq. e vs f{t} should be linear with
a slope of 2k11a/k2'[NOXJ. Typical plots based on Eq. e at T =
245°K, 295°K, 308.5°K, 319°K and 328°K are shown in Figure #. It
is apparent that at 245°K Equation e appears to be well obeyed,

but at > 295°K the plot is nonlinear at first, but becomes linear
after some time., The reason for the non-linearity initially at

the higher temperatures is due ito the fact that B has not yet
reached the steady state. Thus at temperatures > 295°K Equation

e is obeyed after some time and values of leIa/kz‘[NOX] may be

A R s LRt L
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obtained from the linear portion of the graph. At 245°K Eq. ¢
appears to be oheyed throughout the time scale suggesting that
K.op = 0 and thus k,' = k,,
there is no induction period for the oxidation and that there is

in agreement with the facts that

no oxidation in the dark.

The values of kl/k2| obtained from the slopes of plots such
as in Figure 4 are presented in Table III at the different
temperatures. The average values are tabulated in Table IV. The
present value of kl/kz' at 295°K differs significantly from the
previously reported values of 7 and 9.5 at 298°K (2,3), The
principle difference between the present and previous values is
due to the fact that ir the earlier analysis of our data the
assumption was made that HO,NO; was in the steady state when the
values of -0{NO} were determined from differential rates after the
induction period. The present results analyzed in terms of the
integrated rate law show that the induction period is considerably
longer than appears from the NO decay profiles. Thus apparently
the linearity of the plot of Eq. d at 295K in the earlier work
was fortuitous.

At 245°K the values of k,/k, obtained from Eq. e are signifi-
cantly higher than the value of 1.96 (lower line of Figure 3)
obtained from the same runs and Eq. c. Also kl/k2 obtained from
Eq. e appears to depend to some extent on the initial value of
[NO;]. This discrepancy is due to the failure of the approximation é
that [HO,NOp] << [NOJ + [NQ7] assumed in the integrated Eq. e,
because at +the low temperature the quantum ylelds for the oxidation
are small. The ratio [HOpN021/[NO3] is given approximately by
kz'fNOQJZRia[NO];thus at 245°k [HOpNO21/[N0O,] is not negligible

\-L\_,.l
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since k,'/k, = 0.61. At > 295°K k,'/k, < 0.036; therefore the
approximation that [HOZNOQJ << CNO] + [NOg] is satisfied and
Eq. e is valid. The data at 295°K in Table III supports this
conclusion since k,/k,' appears to be independent of [NO,];. As
mentioned before it should be noted that Eq. d could not be employed
at temperatures of > 295°K, because initially HO,NO, is not in vhe
steady state, i.e. there is an induction period,

The value of kl/kz' is a strong function of the femperature.

at 328°K, K /k,' = 240; therefore k, /k; < 4.2 x 107>, Sinca k

2a
cannot have a negative activation energy and El = 1400 cal/mole,
then at 245°K, kZa/kl < 8.7 x 10_3. At ZHSOK, we have already seen
- 01 ‘ ~ -
13 13

the value of kq = 6.9 x 10” cmssec_l, we compute ko = 4.2 x 107
cmasec-l, which should be independent of temperature since reaction
2b is an addition reaction of two free radicals.

Dark Oxidation: Based on the mechanism the rate of NO oxidation

in the dark is described by the differential equation:

k_,pk, [NOILB]

-alN0l/dt = —_— £
K [NO7T + (gk , * k;,)LNOT

If tp is constant throughout the dark period, then [B] = [BJO
exp{-t/1p}, where [Bl, is the concentration of B at t = 0 of the
dark period. Xquation f may be integrated by noting that [N0,]1 =

[NOyx] - [NO]. The result is

&n([NO]4/CNO]) - y([NOJ, - [NO])/[NOy] = Crtg(l-exp{-t/tg}) g

wWhere

Y (1 - (Bkla + klb)/kz)

and

0
1

= klk-zb[BJO/kZENox]

S U
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At t = » Eq. g becomes
1n(INO1,/INO],) - vA[NOly - [NOJL)/ENO,] = Crp h
where [NOJy is the concentration of NO at the end of the dark

run. Equation g can be rearranged to

Inll - £{[NO,J}/(Ctg)] = -t/1p i
where

f{[NOx]} s ln([NO]O/[NO]) - Y([NO]O - ENO])/[NOx]

Thus values of tp may be obtained from plots of the left-hand side
of Eq. i vs reaction time, since the quantity Ctg may be computed
from Eq. h. Typical plots of Eq. i are shown in Figure § at
different temperatures. The plots obzy Eq. i well over most of

the reaction time. Values of TB-l

obtained from the slopes of
plots of Eq. i are presented in Table V.

From the definition of kz', and since k2a << k2‘, we find that

k.k

k_on/*10b = T;*ﬁ%‘?" -1 3
The quantities kl/kz', kZb’ and k, have already been evaluated,
so that values of k—Zb/kIOb can be computed at each temperature
and they are presented in Table IV. An Arrhenius plot of k-Zb/klob
is shown in Figure 6. From the plot we find the least squares

Arrhenius expression

_ g
—on/kKygp = 3 % 10 exp{-11500/RT}

Furthermore from the definition for TB_l, we find that

k

k = g /L1 ¢ (K /Ky ) (L - a)] k

10b -2b" "10b
Values of klob can be evaluated for each run and they are listed
in Table V. The average values of [NC] and [NO9] were used to compute

¢ and it was assumed that k2b is temperature independent. TFrom

B e TR . e b
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Table V it is apparent that at 295°K TB"l N Kigp» thus the

assumption that tg i1s constant throughout the dark period in

the integration is valid at 295°K. However at the higher
temperatures the term K_op (1 « o) is of the order of Kqgp a@nd

since o v 1, k_,, (1 - a) is proportional to [NOJ/[NO;J]. The ratioc
[NOJ/LNO7] varies by a factor of about 2-4% from the beginning to the
end of the dark period, therefore tg will vary by a factor of about
1.5-2. The plots of Figure 5 show very little if any curvature;
therefore it would appear that the assumption T = constant is
justified even at T > 295°K, As a fupther test of this assumption
values of k,, were also computed by using the initial values of [NO]
and [NO3;] to compute a¢. The difference in the computed values of
kygp uSing the initial and average values of [NO] and [NOs] was
generally < 10%. Finally the Arrhenius parameters for k—2b and klob
obtained from values of tg and the ratio k_,, /K4, as shown below

9

1ob b - ElOb = 11500 keal/mole in

excellent agreement with the values obtained from the direct plot

lead to A_,, /A = B x 107 and E_

of k2b/k10b whilch supports the assumption that Ty = constant does

not lead to significant error in the Arrhenius expressions for
K_op and Kqgp.
In spite of these consistency tests, there still can be

considerable error in k_,, and ky,,. Equation d, from which k_,,/

2b
kqgp Was obtained contains certain simplifications which become
less and less accurate as k«2b/k10b becomes larger and larger,
i.e. at high temperatures, Thus the values of K_,p @nd kq4y at
the highest temperature each could be in error by a factor of two.

The average values of Kigp &t each temperature and the values

of k_,y, computed from it and k_,,/ky,, are listed in Table IV,
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Arrhenius plots of k_,y and k), are presented in Figure 7. The
least squares Arrhenius expressions for Kigp and k_py are

(8£1) 1

K
k

1 x 10 exp {-14000=1500/RT} sec”

10b
6 x 10017515 exp {-26000/RT} sec”*

1]

-2b
In the above calculations we have assumed that reaction 2b is
temperature independent since it is a radical-radical reaction.
However in case there is a small temperature effect on reaction 2b
we have also calculated values of k;q, and k_,, assuming that

Ejp = 2.5 keal/mole. These values of k,4, and k_,, are shown in
Figure & for comparison with the values obtained for :Zb = 0, The
Arrhenius expression for k_,, assuming that E,, = 2.5 kcal/mole is

17 1l

x = 2,5 x 10™' exp{-25000/RT} sec”

~-2b

Thus k and E are not very sensitive tc the value of E,..

~2b* A2n ~2b
klOb decreasas by about a factor of 2 (scmewhat less at 295°K)
for a change in E2b from zero to 2.5 kecal/mole. Clearly, unless
EZb is unusually large there is very little uncertainty introduced
in the values of k_2b and klOb by assuming that E2b = 0,

The value of Ajqy = 1 X 1048%1) gee! 55 too iow for a homo-
geneous unimolecular reaction, even one proceeding through a §

membered ring transition state such as

ﬁ/H\\
I k - O2 + HONO
10 11 -1

which would require A ~ 10 - 10 sec ~, This suggests that
reaction 10b is at least partially heterogeneous, particularly at

the lower temperatures. A clear indication that HO9NO; can decompcse

D
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on the surface to give non-chain propagating products at 295°%K
is the observation that the reaction vessel had to Ee conditioned
to give a reproducible rate of oxidation (oxidation rates for the

unconditioned vessel were lower). The preexponential factors

3sec™! ana A_pp = B % 1017 sec—l and the

activation energies E,y = 0 and E_,, = 26 kcal/mole gives 48° =

Agp = 4.2 % 10713 em

-49,6:10 e.u and AH® = 26 kcal/mole for reaction 2 at 298°K.

Using the following thermodynamic quantities: SO{NOQ} = §7 e.u,
$°{HO2} = 54.5 e.u, AHgO{NOs} = 8.1 kcal/mole, AHgO{HO;} = 4.9
kcal/mole (8), we find S9{HO,NO} = 62%10 e.u and AHgO{HOgNO,} =

-13 keal/mole. Reasonably accurate values of S° and AH(® for

HOoNO2 can be estimated with the use of the partial bond method

(10). Using this method we find S°{HO,NO;} = 752 and AHgO(HO,NO,} =

-8.5 keal/mole. Clearly the value of A_,, = 6 X 1017 sec™? is too

large to be consistent with the value of A2b = 4,2 % 10-13 cmasec'l.

Agreement between the entropy and enthalpy determined in this work

and that calculated by the partial bond method would be obtained

If A oy v1x 1015 sec7l. Although si.:h a low value for A_,, is

somewhat outside our estimated error limits, it is not impossible.
In fact a reduction in E; of 4 kcal/mole would accommodate the

required factor of 600 reduction in A_op However a high valu=z for

17 18 ~1

A of ~ 10%' - 10™° sec™™, or a low 8° and high AHgC for HO,NO,

-2b
are possible if in ground state B there is considerable restriction

to internal rotation due to internal H-bond formation as represented

by a structure such as

~
-~

)
N
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The transition state for reaction 2 can be represented by the
linear structure HOO---NOp. Thus there may be considerable entropy
of activation in going from the ground to the transition state
structure leading to an abnormally high A factor for reaction -2b.
On the other hand if reaction 2b really has an activation energy
of 2.5 kcal/mole, then A,y is 170 times larger than if Eypy = 05

17

and A_,, should be = 2 x 10 sec”t in agreement with the calcu-

lation.



Table I
Photolysis of N,0-H;=0,-NO Mixtures at 213.9 nm (Low (NOD)®

10~7 [NO1/Ia4%, 1073 No1l, 10730 1,,
em™ 3/ Zgec™1/2 em™? em™3sec™t -6 {NO}
T = 45K
1.37 0.270 3.90 6.1
2.29 0.475 4.30 10.4
2,44 0.u64 3.62 13.3
4.00 0.766 3.68 18.3
§.55 1.03 3.45 22.3
11.3 2.60 5.31 32.0
11.5 1.23 1.14 39.1
12.8 2,70 .45 49.1
T = 271°K
2.23 0.314 1.99 16.6
5.00 0.700 1.96 22.5
8.88 1.56 3.09 43.8
12.5 1.07 0.779 70.5
13.5 1.18 0.768 71.6
T = 296
3.24 0.551 2.89 31.9
4.19 0.604 2.07 33.3
6.46 0.898 1.92 43.7
10.4 0.890 0.738 71.7
15.8 1.73 1.20 79.1

a) [HzJl = 700230 Torr, [02] = 20-40 Torr, [N20] = 6-20 Torr.
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Table II
Photolysis of NpO-Hp=0,-NO-NO; Mixtures at 213.9 nm and 245°K
(High [NOD)®

ENo?li/wo]i mgggi%' ;gg%g%’ mTég:};;c -ci{NO}
Reaction Volume = 2 liters
0 5.31 0.00 1.01 24,4
0 8.91 0.00 0.70 17.4
0.0887 4.97 0.440 1.22 13.3
0.167 5.06 0.8u46 1.06 11.2
0.171 4,97 0.85 1.03 9.7¢
0.321 $.01 1.86 0.95 5.74
Reaction Volume = 1 liter
0 4.87 0.00 2.74 29.2
0.0912 5.65 0.515 3.03 20.5
0.205 4.20 0.860 3.13 11.8
0.559 2.88 1.61 2.97 S5.44
0.580 4.39 2.55 2.87 5.40

a) [Hyl] = 700£30 Torr; [N20] = 8-14 Torr; [02] = 30:5 Torr.



(NODi,
mTorr

2.88
3.92
4.20

%.39
4.87

2.60
4.74
§.21
§.58
6.05
6.32

.25
.48

~

[N,01],
Torr

15.6
16.3
15.9

15.1
R

9.73
8.79
9.10
8.25
8.56
13.0
8.30
7.80
7.70

10.6
10.3
9.28
11.5
9.26
3l.1
Ll2
15.6

Table III

Values of k,/kp'

mTery

T = 2u5°K

l.61
0
0.815
2.55

T =

o N O O O

1.09
4.70
4.20

T

O O O o O o o o

2959k

308.5°K

10% 1,,."°
mTorr s=+

2.97
3.10
3.03

2.87
2.73

l1.48
1.37
1.42
1.30
1.36
2.02
1.33
1.21
1.24

3.31
3.33
3.0u
3.76
3.04
3.54
3.91
5,30

2.36
3.29
2.84

2.84
3.72

16.7
3l.1
31.2
32.8
29.9
16.8
24.5
20.6
33.9

8l.4
79.6
69.0
€0.9
79.6
86.9
93.6
110
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Table III (Continued)

[NOly, (Ng01, [NO21s, 103 1,,% K,/K,'
mTorr Torr mTory mTerr s~t 1
T = 3199K
3.82 .22 0 2.54 78.3
7.44 9.65 0 4.0 88.5
8.60 6.77 0 2.95 119
8.98 4.05 0 1.89 136
9.26 5.29 0 2.39 123
9.26 4.16 0 1.95 G 4 8
9.86 9,02 0 3.85 1ie
10.0 9.1 0 3.90 171
T = 328°9K
2.01 3,27 0 1.00 179
2,21 $.78 0 1.72 220
L.B4 3.28 0 0.98 243
$.25 3.486 0 1:1 228
5.92 3.38 0 1.01 266
10.7 3.38 0 1.30 292
11.6 4,28 0 1.87 279
11.3 12.8 0 4,11 214

a) I, corrected for NO2 photolysis (< 15%) with the assumpticn
${0(1D)} = 1.0 at 213.9 nm.
b) k' = kp at 2u45°K.



Table IV

Temperature dependence of kj/kp', ky4y and k_,,

T,9K ky /Ky P 10%ky 0, 08
25 1.6520.4 - -a

295 27.6 26.2 9.27 5.33:1.1
308.5 80 217 26.0 11.9 22.0

319 129 231 39.5 29,0 4.0

328 240 238 70 §7.6 29.3




(NO]
mTor

6.23
6.51
6.51
7.63
10.8

3.26
8.68
8.93
9.49
19.2

8.02
8.79
9.26
9.36
9.36
9.55
9.74

2.4d1
4.58
5.06
5.60
1.4
a)
b)
¢)

Table V

Values of tp and klOba

i [NO1G®,  CNOply, [NO2 10,

r mTorr mTorr mTorr
T = 295°K

3,88 -- 2,87
4.12 6.79 9.18
4,55 7.586 9.52
3,81 .- 3.82
7.54 - 3.26

T = 308.5°

2.12 -- 1.14
5.81 -- 2.84
§.48 -- 3.48
5.59 -- 3.90
12.3 -- 6.90
T = 319K

§.07 -- 2.95
5,94 -- 2.85
5.48 -- 3.80
6.37 - 2.99
5.45 -- 3.91
5.55 - 4,00
6.19 -- 3,55
T = 328°K

1.33 -- 0.68
2.42 -- 2.16
2.85 -- 3.21
2.83 -- 2.77
6.77 - 4,63

9.20
5.87
6.30
$.87
8.40

158.0
16.1
20.0
15.7
43.3

68.0
65.6
48.8
96.5
63.6
§7.1
50.0

114

89
80

120

233

24

7.28
4,88
5.0u
4.8k
K

13.0
9.486
12.7
10.2
1u.2

32.9
27.1
25.6
32.9
32.6
29.3
22.9

[H3] = 700230 Torr; (021 = 3525 Torr; (N20] = 3.3 - 9.3 Torr,

[NO]g and [NO;] at the beginning of the dark pericd.

Assumed I = 0 in calculating k. "
2 U b - S 10b
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