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REACTION KINETICS OF THE PHOTOLYSIS OF NO,, _
AND THE SPECTRA AND REACTION KINETICS OF THE FREE RADICALS
IN THE PHOTOLYSIS OF THE 012—02—C0 SYSTEM
Alan Butler Harker
Inorganic'Materials Research Division; Lawrence Berkeley Laboratory

and Department of Chemistry; University of California,
' Berkeley, California

"~ ABSTRACT
PART 1
This investigation contains descriptions of two separate photo-
chemical systems. The first is a study of the photolysis of NO2 in'N2

by radiatioﬁ in the wavelength region 300-400 nm. The kinetics of the

NO2 photolysis sysﬁem were studied by monitoring the reacting species

by infrared spectroscopic techniques. These techniques ipcluded initial
slope measurements, steady-state concentration determinations, and

molecular'mddulation studies on the NO2 concentration during inter- .

mittent photolytic illuminatfon of the system. From these spectroscopic
measurements it was possible to determine rate coﬁstant ratios for the
ma jor reaction steps. . |

| The‘photolytic decay qf NO2 was found to be consistent with the

accepted mechanism:

al

No, + hv —> NO + 0(3P)

NO + 0+ M —1>.NOZ+M

k,
No, +0  — ‘N()l+02
' k, 3
No, +0+M > NO,+M
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k.
NO + N03 — 2N02

. k '
N0, + NO, %’m NOg Ko = kep/k g

The kinetic measurements led to the following values for the rate
constant ratios at 24°C with one atmosphere total pressure and nitrogen

as the M gas.

ky[M1/k, = 0.18% .01
= +
kM1 /k, 0.221 * .005
K /K = 0.71% .014 (sec )
e i X .

These measured values are in good accord with the literature results

reported by Schuck, Stephens and Schrock25 and Hisatsune, Crawford,

and Ogg,z1 but they disagree substantially with the work done by

Ford and Endow in 1957.22

The rate constant ratios determined in this work can be combined

with literature values for k, and Keq to predict absolute values for

1
the individual rate comstants. Using an averaged literature value of
kl = 0.69 X 10'_32 (cm6/partic1e2-sec) and the value of Keq = 1,24 x

10—11(cm3/partic1e) found by Schott and Davidson,20 the following
values are predicted for the rate constants in thevNO2 photolysis in
N, at 24°C. , . -

2
k, = 0.69 X 10732

ky = 9.2 X 10712
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k, = 0.82 x 10731

k, = 0.87 x 10711

K =1.24 x 1071
eq

All units are (cm3x/particlesx-sec) with the appropriate valﬁe for X.
As a test for the accuracy of these rate constants é computerlsimulationv
éf the photolysis was carried out and the results compared to the

éxperimeﬁtal data. The calculated results matched the experimental'datg

within the limits of the experimental error.
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PART II.

The_seéond part of this investigation deals with the spectra and
reaction_kinetics of the free radicals present in the chlorine catalyzed
production of CO2 from CO and 02. Molecular modulation infrared and

ultraviolet absorption bands belonging to an unknown radical species

were observed in this system at 220 nm, 937 cm—l, 1835 em L and 1905 em L.

From a comparison of the kinetic behavior of these absorptions ﬁith
that of thé Cl0 free radical absorption‘at 265 nm. the new radical
spécies isvshown to be a precursor to Cl0. The kinetic behavior 6f
the new free radicél also indicates that it decomposes to give C02.
From this information and a study of the overall rate law for the
reactipn the new free radical is identified as ClCOB.
Another'absorption was detected in the infrared at 970-cm_1. From
a comparison of its kinetic behavior to that of the 265 nm. C10
absorption, this band is identified as the fundamental vibrational
absorption of C10. By compéring the observed spectra with the calculated
band envelope the Q branch of Cl0 is predicted to be,ap 950 * 15 cm—l.
In the kinetic study of this system the rate 1aw for CO2 formation

is shown to be:

d CO2

dt

Y2 reo1,

= k(aI[Clz])

for the conditions of [02] ~ 1 atm.; [Clz] = 2, X 1015 molecules/cm3

and [CO] =~ 5. X 1017 molecules/cmS. This rate law is shown to be

consistent with the following mechanism.
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Cl, +hv > 21

Cl+02+M = Cl00 + M

1

CL+CO+M = CICO + M
€100 + C1 = 2C10

cl100 + C1 > Cl2 + 02

clco + Cl2 > ClZCO + C1

Ccico + C»l »> CO + Cl2

Cl0+Cl0+M = 01202+M"“Clz+02,+M

Cc1co + 02 +M = ClCO3 + M

k0
clco, + M => €10 + CO,
k.., '

cl0 + co L ¢1+ co

3

+ M

2

CL+Cl+M ~ Cl,+M

Using this_mechanism and the chemical modulation method the rate cone"

stants'klo, and kll' where found to be

18

+

k = 1.9 cmB/partic1e~sec

10" .2 x 10

and

=
|

=

~
L

11' = A4 % le_15 é_m3/partic1e-sec
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From these values and the spectroscopic measurements the absorption
coefficients of the free radical absorptions were determined at 1 atm

with O, as the M gas. These values to the base e are:

2

o] (220 nm) = 1. * .25 X 10_18cm2/partic1e
ClCO3

9] (937 cm-l) &« 3.8+ 1. X 10_19cm2/Partic1e
ClCO3 .

19
Yc10

(970 cm-l) =3, % 2,5x10 cm2/partic1e.
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PART I. PHOTOLYSIS OF NITROGEN DIOXIDE
I. - INTRODUCTION

The photoly51s of nitrogen dioxide by the absorptlon of sunllght in
the 300 to 400 nanometer range is one of the two primary sources of P
o#ygen atoms in the lower atmosphere, the other being the photolysis of
ozone. Due to the large amount of N02 being introduced into the atmos-
phere by combustion, this réactioﬁ sequence becomes of g;eat.importance
‘in the fofmation of photochemical §mog.l
and the reactions following from its dissqciaf

2

The photolysis of NO
tion into nitric oxide and 3P oxygen atoms have been studied in the past,
but there are conflicting reports in the literature as to the values of

the :eaction rate constants.

The postulated mechanism for the reaction sequence is given by:

No, + hv I o +o0 Cp) o : (a)
NO+O0+M + NO, +M ' L ()
. k, - ! i
NO, + O + NO+0, ’ - {2)
ks
NO, + 0+ M ¥ NO, + M : ' ; ‘ (3)
k, : o
NO, + NO +  2No, o | (4) |
' NO, + NO =M N o K =k /k, | ‘ (5,6)'
3 2 k6 275 eq 5m’ 6m .
m 2
.02+0.+M > 04+ M» o (7)
. kg ’ o : . ’
NO + O + NO, + 0, . (8)



-2-

Support for this méchanism comes from several sources. The primary
photolysis of NO, has been studied over thé’region of its absoiptidn in

the ultraviolet and visible spectrum; and the studies indicate that an

5 molecule is produced in the shérply strnctured visible region

excited NO

of the spectrum with dissociation occurring at wavelengths below 400 nan- .

ometers where the spectrum becomes more diffuse. "(See Fig. 1). Evidence
for this comes from the observation of fluorescence from NO2 after ab-
sorption of visible light and the absence of fluorescence when the ex-

2,3

citiﬁg light is below 370 nm. Using mixtures of~N02 and 018 enrichedi

02, Hall observed isotope scrambling after photolysis (313 nm) of this

system, with ONO18 appearing.4 This is explained through the photolytic -

dissociation of NO2
through NO and 03, pfoducing isotopically scrambled 0N018. No isotope
scrambling was observed after photolysis with 1ight of 404.7 nm, in-

dicating that dissociation does not occur at this wavelength. This

evidence indicates that radiation of energy greater than 400 nm is re-

- quired to produce dissociation of NOZ.' In agreement with this the bohd"r

dissociation energy of NO2 into NO(Zn) and 0(3P) is.bétween 71 and
72 kcal/m cqrresponding to absorption of radiation of about 400 nm.7 Tﬁe
limiting quantum yields for this dissociation have also been feported;
with a.value of unity'beiﬁg approachedlat 360 nm (Fig. 2).

After the photodissociation of NO,, the majof‘reactions in ﬁhe

system are the oxygen atom reactions with NO, and NO. The rapid bi-

2
molecular reaction of O atoms with NOZ to produce NO and 0, has been
studied By‘several methods, ihcluding'flash photolysis,8 resonance

fluorescence,9 and the analysis of oxygen dischargé flow systems.lo

to NO and O, with the recombination to NO2 occurring
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of NO, dissociated by light. (6)
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Comparison of the mechanism of this reaCtion.witH the terﬁolgcular
reaction of ﬁCz with O atoms and a M gas to produce NO,, indicatés thatv
the two reactions proceed via différent.intermediate forms of excited

NO This is supported by the high presshre limit rate studies done by

3
Troe which show different limiting rates for the two reactions.ll_ The -

literature values for these ‘two rate constants are summarized in Table I..

The reaction of O atoms with nitric oxide to produce NO, has been

studied repeatedly by mdnitoring the chemiluminescence of:

*
O+ NO+ M-+ NO + M > hv + NO, + M. The rate of this reaction has been

2 2
determined often enough in oxygeh discharge flow systems that a reason-
ably good value for kl at room temperature and 1 atﬁ, pressure is avail-

able. The reported values for this rate constant are given in Table II, 

The reactions of N.O. and those involving the_N03 free radical wéré

275
‘studied during the 1950's. Mills and Johnston reported a value for the .
~decay rate constant of N,0. in 1951,19 but no direct measurements

275

of the individual réte constants for the N03 reactions were pub-

lished. The rates of the N03'reaétions were determined by relating’;hem’

to the equilibrium constant for the fdrmation'of NZOS. This constant,

Keq’ was reported by Schott and Davidson in 1957,20 soon after Hisatsune,.
21 -
4.

these reactions are summarized in Table III, along with the accepted Values

-1 S
et al. published a value for Keqk The literature rate constants for - .

for the rates of the reactions containing ozone, (7 and 8). -'“' o .
The kinetics of the entire NO2 photolysis mechanism were reported iﬁ'

detail by Ford and Endow in 1957. By flowing known amounts of NO

2’

into a stirred 52 liter photolysis éell, and monitoring the

NO,

02, and N

exhaust gas for NO

2

NO, and 03 they were able to carry out a steady state

2’

22 -
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Table I. A summary of the literature values for the rate constants

kznand k3.

k2 (ém3/part. sec) 4 T °K - Method & Reference
12 ;

5.6 * 1.6 x 10 298 Flash photolysis (8)
9.2 ¢ 0.5 X410—12 298 Resonance'fluorescence (9)
7.0+ 0.7 x 10712 297 0, discharge flow system (10)
4.6+ 1.1 x 10722 300 UV photolysis (12)
5.4 % 1.6 x 1012 296 0, discharge flow system (13)
k3 (cm6/part.2 sec) ' T °K Method & Reference

There is no literature value for this rate constant reported separately,

but there are two reported ratios of k3 done at 1 atmdsphere with N2 as

the M gas.

Akj[M]/ké = 1.9 R 300 UV photolysis with reactant
product apalysis. (22).

ky[Ml/k, = 0.33 * .08 296 WV photolysis with initial

slope measurement. (25)




| ’ ) : .
Table II. ‘A summary of the literature values for the rate constant kl.

kl (cm6/part.2—sec)

7.0+ 0.8 x 10752 0,5

7.6 £ 0.5 x 1072 Ar,

6.4 + 0.8 x 10732 o,

7.3% 0.9 x 10732 N,

5.1+ 0.2 x 10732 0,5

L =32 .

5.3 x 10 Ar
6.1 x 1072 N,

10.0 * 0.14 x 10732 N,

M gas

T °K
296
300
297
297
293
298
298_

296

Ref .

(14)

- @15)
‘a6
(16)

a7, -

(18)

8-

as)y

'Average literature value

k1 = 6.9 X ZI.O"32 (cm6/part,2—sec)

C’




Table III. Literature values for the rate constants k4 through k8.

Rate constants in units of

(cm3x/partic1esx sec) T .K o | Reference
kKL =06 296 Hisatune et al. - (21)
4 eq : :
Keq = 1.25 % _'.l_O_11 296" : Schott & Davidson (20)
kgp = 0-104 296 Mills & Johnston (19)
k, = 0.624 x 107 296 ~ Johmston .  (23)
kg - 2.1 x 1071 298 | Jdhnston & Crosby (24)

: : - , :
Table IV. Literature values for the rate constant ratios in the»NO2

i photolysis system at 1 atmosphere pressure with‘N2 as the M gas. .

kl'[M]/_.k2 ‘ k3[M]/k2 ‘k7[M]/k2 T °K Reference
0.357 1.9 ' 1.33 x 1073 300 " Ford & Endow (22)

0.18 + .04  0.33% .08  1.15x 10> 296 Schuck et al. (25)
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reactant-product analysis of the system. Assuming that NO3 and atomic

oxygen are in their steady states, that reactions (5) and (6) are

negligible, and that reactions (4) and (8) have gone to completion before

the analysié is performed; they obtained the expression:

| k,[M]  k [NOI[M] k,[0,][M]
Py - - ’%'+ gk + zi mo.1 T 2; [So ] | 9
NO,, , 21720 272

2

where ¢, . is the overall quantum yield. By plotting their experimental
2 ' .
values for l/¢N02 against each ratio term in (9), Ford and Endow were

able to obtain linear relationships, thus sup?orting the'form of their

analysis. From this work they reported the ratios of the important rate

constants: kl[M]/kz, k3[M]/k2’ and k7[M]/k2.

Another measurement of these ratios comes from the work of Schﬁck,
Stephens, and Schrock in 1966, who repeated the experiments of Ford and
Endow, using IR spectroscopy to monitor the decay of N02, rather than a
25 L

product analysis.

they derive the relationship:

~2a1[NO, ] ko [M] k,[M][NO] . K [M][O,] N
dmo.j/ac - Y X o] T k.[No.] (10)
2 2 25 218 L

This allows the rate constant ratios to be evaluated from monitoring the

decay of NO2 at various pressures and initial concentrations of O2 and

NO.. The results of these two attempts to describe the entire kinetic
system are §0mpared in Table 1IV.

Examination of the literature values shows that there is substéntial
disagreement over the rate constants fof reactions (2) and (3). There is

only one reported value for the rate of reaction (4), and the two studies

Using a similar steady-state analysis of the system. .
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i .

.6f fhe>ént1re system show‘mérked disagreement in tﬁeir measu;ed ratios.
To hélp résolve this situation the purpdseiof this research is to c§m-‘
bine steady étate kinetic methods with initial slope data ana molecular .
modulation in order to obtain quantitative relationships between the

rate constants in this system.
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- II. EXPERIMENTAL
A, Method

To do a more complete analysis of the N02’system'than previous in- -

vestigators, this investigation combines traditional steady-state analysis

with more dynamic methods. These methods iﬁciude the monitoring of ﬁﬁe
intermediate species.NZOS, and ‘the moleéular.modulation stuay of N02.
Combiﬁiﬁg these technidues with initial slope meésufehents on the NO2
decay7allows the system to be analyzed. -

To_describe the“NO2 photolysis syétem édequateiy requirgs the raﬁe
consfaﬁts for reactions (1) through (6) and the wavelength integrated_

, producﬁvof the photolytic lamp intensity, quantum yield, and absbrptipn,

coefficient, aI. This investigation was able to produce experimental

. ~1 _ -
values for oI, k4Keq’ kl[M]/kZ’ and k3[M]/k2. Combiﬁing these measure-

ments ﬁith literature values for Keq and kl allows va;ues to be dgtetmined
for th"e. individual rate constants. Using these values in a coupled dif-
ferential equation simulation of the sjstem permits a éheck of tﬁése‘=g .
resulté against exéerimental concentration profiles;

The experimental results come from five measurable parameters:
a. The low pressure initial slope of the NO2 decéy
b. The 1 atﬁ. initial slope of the NO2 decay :
c.. The initial slope of the N,05 buildup at 1 atm.
d. The maximum value of the NZOS buildup atvl atm.
e. The amplitude of the concentration modulation of NO, induced by ‘-

the moduiétion of a steady state flow system by the periodic flashing

of the photolysis lamps.
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: The measurements of the low pressure initial decay of the NOZ’ yield
! _ ‘
a value for the first order rate comstant, al, which represents the

L] .
& wavelength integrated product of the lamp intensity,.N02 absorption
L _ coefficient, and the primary quantum yield. At pressures below 50 torr
the rates of the M gas dependent reactions become negligible with respect -
to reaction (2) which is a two-body, pressure independent reaction.
This gives the following expression for the NO, decay: \
d[N02] .
T = -OLI[NOZ] - kz[NOZv]v[O] . (11)
Since reaction (2) is very fast this gives an effective quantum yield
. of two times the primary value, and the expression reduces to:
[N, ] - ainy
n w——— = =20lt . 11')
[NOZ]i v - ‘
Thus meésuring the low préssure initial slope of the NO2 decay gives an
experimental value for ol.
The differential equation for the one atmosphere initial decay of
NO, during photolysis is given by (12).
.d[N02] : _ A
qE = oLINOyl + ky [NO][O][M] - (ky + ky[]) [NO, ] (0]
- A ’ 12)
+ 2k, [NO,]1[NO] kSm[NO3][N02]-+k6m{N205] 12)
+ : | +»k8[NQ][03]

This expression can be reduced by the following assumptions:

a. At t=0 with no initial 0, there will be no ozone and reactions (7)

2
and (8) can be neglected.

b. Since all the oxygen atom and NO3 radical reactions are very fast,
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these two species can be assumed to be presént in their steady state
concentrations.
c. The N,0; reactions are initially very small compared to the NO, -

decay, and can be neglected.

With these assumptiohs the expression for the NO

2 decay reduces to:

. . |
d[NOZ] -ZQIkZ[NOZ] :
— = . (13)
| dt(t-’O) kl[NO] M] + (k2+k3 MD) [NOZ] .

As t>0, [NO] also approaches zero and (13) further reduces
d[NOZ] i -_-2a1k2[N02] | a3
dt(t*O) k2 + k3[M] _

This approximation is good to bet;er than 977% until the [NO] builds

up.tb about 207 of the [NOZ]' This doesn't occur until about 30 seconds.

have elapsed under these experimental conditions. Integrating (13') givesi-

the equation for the one atmosphere initial slope for the conditions of -

- no initial oxygen or ni;ric‘oxide.
(NO,]

n TEEZT

= -2al(ky/ teyHeyDD)E . (14)

The third experimentally measurable relationship comes from the

differential equation for NZOS' ~The N205 builds up until it reaches

a maximum value as the NO2 is photolyzed and then it also decays. At
this point the first time derivative of the'NZO5 concentration is equAI'J

to zero.

d[N,0,] | o
T ky [NO,1[NO,]~ k, [N,0,] =0 (15)

t* is the time of the maximum.

-
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At the time of the N,0, maximum under these reaction conditioms the
term kl[NO][M] is still only about 1.5% of the term (k2+k3[M])[N02] S0
the 0 atom steady state can be expressed as: '

ol

[0l g = E;;E;ﬁiT (15)

Using this expression for the 0 atom concentration, and assuming the
NO3 to also be in its steady state allows (15) to be reduced to:

_ . _ V ,
[N0s1  ollNoy] o an
[NOZ] K;%k4(1+k2/k3[¥])IN0]

: *
Where all concentrations are evaluated at time t=t

The fourth experimental relationship comes from evaluating d[NZOS]/dt

at the limit t=0. Again assuming steady states for NO3 and O atoms this

gives:

Cpim 40N504] aI[NO,]

0 e 5 (L, [k M) | (18)

Thn‘fifth relationship is derived fnom‘the behavinr of the nitrogen
dioxide in a steady state flnwbsystem with tﬁe photolysis iémps flashing
on and off at one cycle per second. .Under these conditions the NO3‘and' :
oxygen aﬁom §111 be at their steady state concentrations, and the NZGS’
will be at equilibrium.

The behavior of the modulated NO, can be described by a differential

9

‘equation with the flashing lamps represented by a Fourier series for a

'square wave.

d[No,] o a1k2[N02]2 o
& v Ainhoue) - i, [NOT [MI+ (k. He; [MT) TR0, ] a9

o 2k, [NO,]°
2al 1 22 '
T 2 n Sin(out) <;1[No][M]+(k2+k3[M])[N°2]>

ogd
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where F = flow rate
~V = volume of cell
Ain = NO2 concentration flowing into cell
A})ut = N()2 concentration flowing out of cell
Q .
w = 2n/T, where T is the period of the square wave

And the flashing lamps are described by:

e =+ 2 E% sin(nut) o | (20)
odd ' ' '
n

This expression again negleéts the reactions containing ozone. The.
ratio of [NO] to [02] in this experimental system is approximately 10/1,
and the ratio of'[N02] to [02] is about 1/1. Since oxygen molecule

competes with NO and NO, for oxygen atoms the ratio of the rate constants

2
for the cdmpetition reactionsvmultiplied by the concentration ratios
will determine the importance of reaction (7). Using the literature
values for the rate constants this gives:

kl[NO] - k,[NO

, ]
———— = 1000/1 and z 2
k; 10,1

e = 550/1
k7[02]

Since less than 0.1% of the oxygen atoms could be converted to'ozqne and
be available to combine with NO to form N02,
to neglect the formation of ozone under these experimental conditionsﬁ
Under these conditions the flow system has reached a steady stéte ;
with respect to reactants and products, so the un-modulated or DC-ter@s v

in (19) cancel. This leaves only the modulated or AC terms, giving the |

following expression for the modulation of the'NO2 concentration by the

it is a good approximation ..
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flashing lamps: ' -
2 ) 1
; d[N02] _ al 2k2[N02] oda’n ; sin(nb) . o1y
‘de (Acy ﬂ'zf ) kl [NO] [M]+(k2+k3[M]) [NO‘Z] .

where dO = 2mfdt; 0 =.wt; and f = flashing frequency?

If the cdnditions are selected so thét the modulation is 1e;s than
one part per.1000 then the céncehtrations of the.reaé;ants'will be es-
sentiéil& conétant. This gives-a linear differential equation for thé

NO2 modulation which can be integrated in closed form.

2 L =2
.‘OLI[NOZ] 2%k, & n pps(ne)

[NO] = v g2
) 2(A¢). 2, kl[NO][M]+(k2+k3[M])[N02]

o f '

The experimentally‘determinedvquantity is the peak to peak amplitude of

the first harmonic of the modulation signal. An expression for this

quahtity'can be derived from (22) and is given in (22').

2
4ok, [NO, ]

[No (22

2lexp )™ 2, (ke [NO] [3]+ (k j#k o 1) (N0, 1)
Comparison of Eq. (22)‘with Eq. (20) shows fhé modulation-waye
| fqrm té be a triangular wave, phase shifted 99° from the exciting 1ight.‘
The moduiation amplitude and phase shift can'Be eiperimentally evaluatéd
- ';uéing methods similar to the'phase shift method of_obtaining fluoréscenée
life times. vSince anyfperiodic function can be expressed by a Fourier
series the concentration modulation of the reacting species can be

described by

f(wt) = :E: An sin(nwt)‘+ Bn cos (nwt) o (23)
' n=1 o _ »
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Then for some phase angle 6, given by: Bn/An'= tan(8) Equation v(23)

can be rearranged to give:

flwt) = :E: Cn sin(nwt+3s) . (24)
n=1 ' : :

where C_ = (A 2 + B 2)1/2.
n n n

If just the first fundamental of equation (24)vis used Ci will be the
modulation amplitude and § will be the phase éhift from the exciting
light. |

This franslates into experimentally measurable quantities when the
concentrations of the reacting species can be expressed in terms of

Beer's law: exp(focl) = I/Io. If the modulation concentration changes

are small, they can be described by:

———— = exp(~-ol(c~-Ac)) = exp(-dl(l—Ac/é)) ’ (25)

I
o
. (I+AI) /1 o L .
Taking the raFio of ——1732:—41 gives the reduced expression:
'_l—%%él?= exp(olAc) : o (26)

Expanding exp(olac) in a power séries, and neglecting al;ihigher order-
terms since Ac is much less than one, allows a fu;ther reduction of

the expression. 'This gives: exp(olac) =1 + afhc

which when substituted into (26) gives the experimentally measufable'i
quantity:

— = oclAc _ (26'5
By using lock-in amplification techniques it is poséible to

measure the magnitude of the sine and cosine components of the modulation
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range 500 to 4000 cm .
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signal as well as the absolute DC intensity  of the monitoring radiation,

I. Then the concentrationbmodulatibﬁ, Ac, can be determined since

2.1/2

AT = (A2 + B as in equation (24). The phase shift is then given

experimentally by the relationship & = tan—l(B/A).
By solving these five experimental relatiohships, 1", &), an, -

(18), and (22"), simultaneously, and combining them with experiméntally

1

measured values it is possible to obtain Qalues for al, k4K;q, kI[M]/kZ,  ]{

‘ahd k3[M]/k2, with one equation redundant to use as a cheék.

Once these ratios were determined, a further check was available by.' o

using these ratios along with literature values for Kéq and kl'in a set

. of coupled differential equationg'to,give'reaction'pfofiles>for NO2 and

N705. Comparison of the calculated curves with the experimental ones

will give another measure of the acduracy‘of’the“analyéis;
| | B. Aggaratué"" |
The 40 m. path molecular modulation infrared spectrophotometer uéed 
for this Qotk was.constructed in this laboratory. A block diagram of .

the instrument is shown in Fig. 3a. ,The'monochromatorvisba McPhérsonf

 model 2051, one meter grating monochroﬁatOr, eqﬁipped with interchangeablé

‘gratings and order sorﬁing filters. The four grétings are blazed at

18, 12, 8, and 3.5 microns to give maximum light throﬁgh put over. the . g
. L , B v

e

The detéctors are cooled phofdconductors_from;the Santa'Barbaré '
Research Cénter, mounted on_thevtwo gxit‘slits‘of.the monochromator. -
The main detector is a copper dobed'gérﬁénium phbtoconduétof‘éooled to
liquid helium temperature (4°K). It is gse& for the region 500 fovi'

3000 cm L. The second detector is a lead sulfide photoconductor cooled
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to ;76°C with a dry ice propanol slush, and:is used for'the region 3000
to 4000 cm .

The detectors are mounted in interchanéeéble‘ﬁa#uﬁm dewars designed o
to pérmit the use of liquid nitroggn cooled filters and field of view
- reduction shields. bThe detector noise is greatly reducgd»by the ex-
clusion of room temperature radiation, so thé field of view is made as
narrow as the input optics will allawf This.is ébodt‘40° for the'copéer
doped gefmaniumﬂdetector, but no reduction in view'is’necegsary for the
PbS detector since it is not sensitive to.rOOm teﬁpé:atufeerdiation;
Though both of these detectors ate'highly sénsitive~1g the1r respectng'
wavelength regions, they are still the ﬁajor'soureé of electricalxnoise
in the system. This noise is due to background radiation, Jéhnson .
néise; #ﬁd shot noise.

1. Reaction Cell

' The reaction cell is a cylindfical_quartz fﬁbe 9i cm long and
28.7 cﬁ in diéméter. The quértz'tuﬁé'is mounted in a massive»staiﬁleSS 
steel'and covar bracket to form a closed cell with an overali:vdlume of
67.0 litéts. The cell has three gold.coétedvmultiplé réflééti§n pirrérs
mounted in it to:givé an optical path variable from 4 to 40 meters.
.Thé entrance and éxit slits of the cell ére_co§éred-with Kﬁr windows,
and the end plates of the cell are O-ripg'fitted:tp allow the cell to
be evacuated. N |

Tempera;ure'control in the cell is maintained By convection cooling,

vith the,tempefature beipg monitored by a mercury theromometer mounted
inside the cell. Any température changes within ﬁhe cell can be offset

by using a fan to circulate room air around the cell; The laboratory
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air conditioning allows the temperature in the cell to'Be regulated
to 24 * .5‘_"C.

2. PhotolYéis Lamps

The photolytic light for these—experiments-was supplied by four,lb
32 inch, G.E., 30 watt, F30f8/BL black lamps. These,are lon‘pressure
mercury iluore5cent.lamps coated with a phosphor thetremits lightiin
the regionl300. to 420. nanometers. The manufacture's outpnt-curre-
for the lamps is shown in Fig. (3b). The,four_lemps are mounted
.symmetricelly around'tne outside of the celliand parallel to it at a
distance of abont two inches from the cell wall.' Around the whole
cell and the lamps is an "Alzak" aluminum reflective shield. This
highly polished aluminum reflects 85 percent in the 300 to 400 nm
region and increases the light passing through tnevcell as well as
making the photon flux much more uniform. The photon flux in the -
cell is on the order of 1016 photOns/cmZ—Sec. |

The filaments of the 1amps are heated to a red glow by five volt .
transformers to prolong lamp 1ife and to insure rapid firing of the'
lamps at low flashing frequencies. The 1amps are powered by a
700 volt regulated power supply, which electrically switches the 700
volts across the lamps' electrodesvin response to a reference squarel
wave. Tnis reference square wave is supplied by aividing down‘a |
crystal oscillator to frequency multiples of 0.25 cps.

The lamp output can be moni tored by'a permanently mounted
phototransistor pointed toward.the center of the cell. This photoi

transistor shows the flashing lamp output to be a square wave with a
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spike at the initial firing. This asymmetry has less than 0.01 percent

of the ﬁotal area of the lighf output undéf it, so the lamp output

can be considered a true square wave.’ The photopranSistor also gives

a measure of the overall output of the photol&sis lamps. ‘If can monitor
any changes in the lamp intensity due to aging or temperature change,

and give a reference value to which_the lamp output can be corrected.

3. IR Source

The infrared source is'é 2 by 12 mm Nernst glowér element poweréd
by an Infraréd.Indﬁstries AC power supply isolaﬁed from the wall |
curreﬁt By'a Sola regulating transformer. The source element is
contained in a'nitrogen gas purge box with a éteady rate of gas flow
to provide convection cooling. The source beam is chopped at 400 cps '
by an American Timg Products funing fork to have the signal informatioh
“carried at a frequenéy well above the region of eléctronic_i/f noise.
4, ‘Elecfronicé

A‘diagfém of the detéctor cirCuit.ié.shown in‘Fig1(3¢); The
photodetegtér is balénced by a metalbfilm resisfor of approximately
equal yalue, and the whole circuit is biased at 135‘volts. -The bias
voltage was selected to give an optimum signal tb noise output from
the detector qircuit. The signa; is AC coupled to remove the 1ow'_  
frequency néise, and then fed into a LM308 operatiohal amplifier set
for a gain of 500. This gives an output signal oh the order of 0O to'.v
10 volté AC. This signal is filtered to pass frequencies from 200;to :
1000 cps to further reduce the loﬁ frequency nqise and to remo&e the

higher harmonics of the 400 cps carrier signal.
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Fig. 3c. Photodetector circuit.
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5. Carrier Demodulator

The émplified 400 cps signal 1s rectified byla lock'in amplifier o ,
operating from a 400 cps reference supplied by thg tuning fork chopper.»
The output of this 1ock in passes through an integrétiﬁg filter which
can be set for a time cénstant of .001, .01, or }1 second with a
12 DB per oétave roll off slope. These filters smooth the rectified
carrier signal without attenuatingithe low frequencyrmodulation signal
" which the 400 cycle signal éarries'on éide bands ét 406 i.f cps when.

the apparatus is operating in the modulation mode.

The DC voltage produced by the carrier demodulator is directly
proportional'to the intensity of the infrared radiation striking the -~ |

detector.

6. Low Frequency Dual Demodulator

When the instrument is used as a modulation device, the flashing
photolysié:lamps cause périodic concentration fluctuations in the
absorbing gases in thé'cell. ‘These concentration f1uctuations amplitude.

modulate the 400 cps'carrier signal, where the modulation'informétion -

is carried at 400 * f cps and f can be varied from 0.25 to 32 cps. _ i
.whenvthe signal passes through the carrier.demodulator the output.{

is a DC signal on the order of 2 volts carrying a'10’4 to i0-3 AC ;_,- ‘ 5

- ripple at frequency f with the modulation information contained in '?. _ -

the ripple. This modulation information is reﬁfiéved in the low

frequency dual demodulator (Fig. 3d). The DC signal from the carrier

demodulator is split with one signal going to a signai averaging

éomputer, and the other going into a set of high Q band pass filters.
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Fig. 3e. Low frequency reference generator
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The band pass filters select for the low frequency, f, of the modulation
signal. These filters reduce the third harmonic of the low frequency
signal by a factor of eight.

After the filtering the low frequency signal goes into a variable

gain amplifier with settings from a gain of 100 to 100,000. The

modulation signal on the detector is between 0.1 and 10 micro volts, and

this is amplified up to»the millivolt level by the detector preamplifier.

By setting the dual.demodulétor amplifier for algain of 500 or 1000

it is then possible to bring the modulation signal up to the level

of 1 volt AC.. This is the maximum value possible for the modulation

signal since it_is buried in about * 15 volts of'poise at thié level,

wHich is the maximum swing for the demodulators; |
The AC signal is_then split and sent into two separate lock in

mixers. The two mixers operate oh references which are 90° phase

.shifted ftom one aﬁother; One mixer then produces a Dvaoltage for

the "in phase" or.sine compdnént of the modulationvsighal; and the

other ﬁixef gives a voltage for the "quédrature"‘or cosine component. y

The timing and symmetry of the references for the low frequency

mixers are critical for measuring phase shifts. To produce these 90° .

ﬁhase shifted references a square wave at 4 times the flashing frequency?
f, is frequency divided by 2 in two steps Fig. (3e). The resulting.‘ |
square waves are at frequencies 2f and f, and are completely symmetriéél.
The squére wave at frequency f is used to drive the lamp flasher, and

it is used as the reference for the "in phase" or sine component mixer.

The quadrature reference is then generated from an exclusive OR circuit
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i |
operating bn the square waves at f and 2f. ThiS»pfodUCes a square
wave 90° phase shifted and perfectly aymmetrical to the squarevwavé
driving theiflashing'lamps.
The.output signals from the dual dgmodulator are then integrated
through filters with time‘constanfs adjustable from 0.1 to 20 seconds,

with 12 DB roll offs. Thevintegrated signals are then sent into a

signal averaging computer.

7. F1ltering

The purpose of the low frequency band pass f11tering is to reduce
the higher harmonics of the hodulation 51gnal The hlgher harmonics
contain kinetic information, but they are discriminated against bydthe-
lock in amplifiers,vsince they switch on square wave references. The
even harmdhics of the modulation signal cancel each other in the lock
in mixer,‘aﬁd the odd harmonics are reduced by 1/3, 1/5, . . ., 1/n,
vwhere n‘is fhe numhér 6f fhe odd harmonic. -Rather than tryihg to
include these reduced higher harmonics ih the data_analysisvit is much -
simpler to fiiter them out electronically. This shortens the time
requiredhfof averaging  the modulation‘sighal, and makes the differehfial
equation analysis of the results much more tractable. |

The reduction of the third harmonic is 1/8 due to the filters, and
1/3 due to the lock in mixers. This gives 1/24 for the total
electrqniC'reduction of the third harmonic, bpt the third harmonic is
usually less than one third of the fi:st harmonic due to the modulation
‘signal having been produced‘from the square wave flashing of the |

photolysis lamps. This gives an overall reduction of approximately
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1/72 for the third harmonic with respect to the fundamental frequency.
This makes the higher harmonics negligible in the final results since

the modulation data are seldom better than * 5 percent.

C. Computer Coupling

ane_the DC Qoltages from the lock in.amplifiers are available .
tHe method of handling the data must be considered. Théré are three
forms of exﬁerimental data provided by this inétrument,and fhe data
handling devicé must be able to.record all three adequately.
(1) The apparatus is a singie beam spectrometerAand requires a simple
ﬁethod of storing a background and an absorption spectra to Calculatevf.
a ln Io/Ivversus wavelength plot.
(2) When doing'DC photolysis ekperiments the IR light intensity muét
be recorded as a function of time. |

(3) When operating the apparatus in the modulation mode, there are

three channels of data which must be recorded simultaneously andvaveraged '

over long periods of time.
In order to meet these requirements and to have the ability to
manipulate the data, the experiment is coupled to a combination of

two small computers, Fig. (4). The first computer is a Fabritek 1074

hardwired signal averaging computer, the second is a PDP 8/L, Digital' -

- Equipment general purpose computer. Each bf the cpmputérs has 4096
words of addrgssable menory and the two computefsjare linked together
so that all the memory is accessable to the operatof.

The data input to tﬁé computer is through either of two analog-to-

digital converters which are plug in units for the>1074 signal averager.
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One is a 12 bit A to D converter which allows 1 part .in 2048 accuracy

for high seositivity in spectrum scanning, and the other is a 9 bit,

4.channel input A to D which is used for monitoring 1, 2, or 4 signals

simultaneously with lower sensitivity for signal averaging.

By using the computer memory for storage of“background spectra,
it is possible to calculate the In(T,/I) for an abeorption spectra
and plot this out on an X,thecorder as a function of ﬁavelength.

The modulation data can be taken on 3 channels at once and

" averaged for any desired length of time, with oscilloscope display of -

the computer memory giving direct accéss to monitor the progress of the -

experiment. When the sine and coslne components of the modulation
signal have been sufficiently characterized by averaging, the data
can be manipulated in the general purpose compoter to print or plot
out the phase ana amplitude information.

When doing photolysis experlments the voltage as a function of

time can , be stored in the computer, with the time scale selected on

the computer to g1ve maximum resolution to the curvature of interest."

For permanent storage of data, it is possible to have the computer

_ punch out the data on paper tape.

D. Modulation Standard

Since the modulation signals pass through several stages of

amplification and attenuation due to filtering, it is necessary to

have some means to calibrate the absolute gain of the system for each:_f

frequency of interest. It is also necessary to have an absolute

E
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calibration:of the phase shift introduced onto the fundamental
modulation frequency due to the filtering out of the ﬂigﬁer harmonics.‘
Tokcalibrate the system it was necessary to produce a modulation
on a 400 cps carrier signal of known amplitude and phase shift with
respect to the.flasher reference. The circuit shown in Fig. (5)
produces a zero degree phase shifted square wave ﬁodulation on the car-
rier signal with an amplitude of AI/I = 2.0 X 10_3.- Since the
electr&nics will select only the fundamEntaivfrequency of the square

wave, the absolute modulation of the carrier by the fundamental is

AI/i = 8,0 x 10—3/ﬂ, where AI/I is defined as:

I carrier

A = amplitude of sine component voltage
B =,amplitude of cosine component voltage
V = amplitude of carrier signal voltage

The total phase shift of the system is then given by 8§ = tan_l(B/A).
By comparing the data taken on chemical systems to the modulation
standard it is possible to determine exact amplitudes and phase shifts

for the chemical modulation.

A

E. Gases and Flow System

The chemicals used in the NO, experiments were flowed into the

2
reaction cell at rates of 2 to 5 liters per minute through a 2.5 foot

long glass tube extended into the cell with small holes placed in the
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Fig. 5. Circuit used as modulation standard, all
resistors are accurate to 1 percent.
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tﬁbe every four inches. This causes a jetting of the chemicals into

the cell giving a more even mixing throughout. The*eiif flow is
through a similar tube with larger holes to reduce the chance of a pres-
sure buildup within the cell.

Flow rates into the reaction cell were measured by Hastings Mass
Flow Meters, and Manostat Predictability flow meters. Each of the flow
meters wdé‘caiibrated for the gas being flowed through it by measuring
the water the flow would displace in a wet test flow meter.

The carrier gas used in the experiments was High Dry grade nitrogen
supplied by the Lawrence Berkeley Laboratory. The only purification
was to bass the gas through a Matheson particulate and water removal
filter.- The analysis .of the nitrogen supplied by the dealer is given

below.

High Dry Nitrogen

N2 99.999 percent
Oé . 0.1 ~ ppm
H20 0.25 ppm
CO2 0

Argon less than 5 ppm

The nitrogen dioxide used in the closed cell photolysis experiments
was prepared by vacuum distillation from bulk liquid N204. The N204
was stored in one atmosphere of oxygen at 0°C for 24 hours to convert

" any NO into NO Then the material was condensed in a dry ice bath

9
and the non-condensible gaseé were pumped off. The material was then

distilled from -20°C to -76°C several times with the first portion
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being discarded in an attempt to remove HNO The remaining solid

3°

N204 was stored as a white solid at -76°C.

The NO2 used in the flow experiments was mixed gas supplied by
Matheson. The gas was analyzed by IR and UV spectroscopy in this
laboratory to contain 970 * 5 ppm NO2 and 38 * 4 ppm NO, with the
remainder being NZ' The nitric oxide was also supplied by Matheson and
was analyzed in this laboratory to contain 1030 * 20 ppm NO and
160 * 4.ppm N02, with the remainder being N2.
The concentrations of all NOx species yere‘detérmined from
absorption coefficients measured in this laboratory. The basis for
these absorption coefficients was the determination of the NO2
absorption coefficient in the ultra violet by a coworker, Richard
Graham. He expanded known amounts of purified NO2 into a 45.6 liter
calibrated volume u.v. cell and determined the absorption coefficient:
at several wavelengths.. From these measurements the Matheson mixed
NO, in N

2 2
absorption coefficients through flow experiments.

was calibrated and used as a sfandard for obtaining infrared -

Using the measured NO, absorption coefficient it was possible to

2

calibrate the tank of mixed NO in N2

into the IR cell and then photolyzing the NO to NOZ'

The absorption coefficient of N was determined by reacting a’ .

2%5

known amount of NO2 with ozone. The reaction mechanism is given by:

NO2 + 03 > NO3 + O2

by flowing a known amount of the gés-
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NO, ¢+ NO, = N205

3 2 :
NO2 + NO3 -+ NO + O2 + NO2
NO + NO3 +> 2NO2
NO + 03 g NO2 +-02

In a steady state flow system with excess NOZ’ there 1s a conversion

of the NO2 to N205 with a small steady state concentration of NO3

maintained. The NO3 concentration is given by:26 [NOB]ss =
/3 1/3
s [NZOS]SS

7.6 x'103[03]i molecules cm—3. With an excess of N02.the

03 is kept very small so that [N03]SS is negligable with respect to

[N This gives the relationship: [N205]ss = ([NOZ]i - [NOZ]SS)/Zf'

ZOS]SS;

This would allow the measurement of the NZOS absorption coefficient.

Unfortuh#ﬁely there was always a source of hydrogen in the onné

stream, due apparently to small amounts of a hydrocarbon in the oxygen

used to form the 03. This hydrocarbon reacted Qith the NO3 in the

reaction cell to produce nitric acid. |
Attempts to remove the hydrocarbon impurity with cold traps and

an Engelhérd, palladium hydrocarbénbconversion catalyst were unsuccessfﬁl.

Running the catalyst at 450°C supposedly gives 100 percent conversion

of hydroéa;bons to CO2 and water whiéh can then bé trapped out or

absorbed on Ascarite and Péos. All attempts along this line met with

only limited success, so it was decided to subtract out the amount of

3
[HN03]88)/2.

HNO, formed. This gives the equation: [N205]Ss = ([NOZ]i - [N02]Ss -
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The nitric acid absorption coefficient was obtained by the expansidn

of purified HNO, into the IR cell with the pressure then brought up to

3
1 atm. with N2.

The reaction of NO2 with O3 was carried qut at several different
sets of reactant conditions, with the resulting N205 absorption
coefficient being reproducable to within five percent.

All the absorption coefficients were measured as a function of
optical density to assure that they were constants over the range of
conditions_used in these experiments. The absorption coefficients
used in this work are listed in Table V, and the absorption versus
wavelength plots of N02, N205, and HNO3 are shown in Fig. 6. The
spectra shown in Fig. 6 were done with a 150 1ine/mm grating and
2 mm slit widths. The resolution of these spectra is wavelength
dependent, being limited by the monochromator. The resolution is

2 cm—1 at 1200 cm_1 and 3.5 cm—1 at 1600 cm_l.
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individual wavelengths.

'Absorption coefficients determined in this research, for

Absorption Coefficient base e

Species Wavelength
in units of (cm /particle)
NO2 6.25 microns 9.6 X 10—19
HNO3 7.604 microns 1.06 X 10_18
NZOS 8.032 microns 1.84 x 10-18
| Nozl 355.0 nm 5.42 x 10717
No, 346.8 nm 4.74 x 10712
NO 348.6 nm 5.32 x 1077

Total pressure was 1 atm. with Ny as the m gas. Measured absorption
coefficients were constant over the optical den31ty range 0.0 to 1.0.
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III. EXPERIMENTAL PROCEDURE AND DATA

The first series of experiments was the closed cell photolysis of
nitrogen dioxide at low pressures.  Equation (11') shows that at
pressures low enough for all M gas dependent reactions to be negligible

the initial slope of the NO, decay gives a value for 20I.

2
The experiments were carried out at pressures ranging from 10 to
50 mm of mercury, where the M gas ﬁés N2. The NOz-pgrtial pressure
was always less than 0.1 mm of Hg so that its pﬁotolysis would not
cause any significént pressure change in the reaction cell. This was
done to avoid any change in the NO2 absorption coefficient due to
pressure broadening of the rotationﬁl lines.
» The'eXperiﬁents were carried out at 24°C with the NO2 decay being
monitored at 1600 cm_l. The NO2 was prepared bykvacuum distillation
and injectgd into thé evacuated cell before the deli was brought up
to the desired pressﬁré with nitrogen. Duiing thege experiments the .
photolysié lémps were monitored by a phototraﬁSistor and their_iﬁtensity_
was found to be constant to * 2% over the period of measurement, which
was the first‘twénty seconds of the photolysis. The absolute value of
the lamp intensity could be relatéd from oﬁe set.éfvexperiments to the
next by the voltage output of the phototransistor.
The initial'conditions of the éxperiments and the results are
listed in Table VI.
The second series 6f experiments was the one atmosphefe, closed
2°

as in the first series of experiments, only all runs were done at room

cell photolysis of NO The chemicals andvprocedure were the same
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pressure. The reaction conditions and the measured first order decay

rate constant of NO_ for each run are recorded in Table (VI).

2

As showﬁ in Table (VI) there were two sets of.ekperiments run
at one atﬁospherevtotal pressure. Set II was run with four photolytic
lamps, and Set III with only two lamps. The experiments with two
lamps were performed to give a longer period in which the initial
slope could be monitored. The photolytic light increase is not linear
between tﬁe 2 and 4 lamp experiments, due to the variation between
individual lamps, and possibly due to some loading dgwn of the power
supply. The two sets of experiments can be correlated by comparing
the measurements of the phototransistor which was used to monitor thé 
photoly;ic light intensity.

The third series of experiments was conducted to monitor the
during fhe NO '

build up of N photolysis. The N_O_ experiments

205 2 2°5
were run at 24°C and 1 atm. pressure, with the Néo5 being monitored

at either 1245”or 1238 cm—l. The N205 was observed at two different

wavelengths to assure that the overlap of the very small N204 absorption

centered at 1265 cm"1 was having no effect on the measurements. The

behavior of the N205 at each of these wavelengths is typified by the

concentration versus time curves shown in Fig. (7). vThe N205.builds

up to a maximum in about 21 seconds and then decays to approach a

steady state concentration.

The comparison of the two curves in Fig. (7c) shows some asymmetryf'

in their decay slopes. This is probably due to the experimental error

envolved in these measurements. The data was taken by monitoring the
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a

Table VI. Initial slope measurements for NO2 decaj as a function
pressure.
- [Nogly Total Number of * -1
Set I (molecules/cm™) Pressure mm/Hg Photolysis Lamps sec
1 8.8 x 10%* 27 4 1.52 x 1072
2 4.8 x 10t 22 4 1.50 x 1072
3 1.2 x 10%° 56 4 1.52 x 1072
4 8.8 x 10° 19.5 4 1.44 x 1072
5 8.6 x 100* 19.5 4 1.47 x 1072
' *k -2 -1
relative light intensity = 1.0 ; average ka =1.49 * ,03 x 10 = sec
' Total : -
Set II [N02]i | Pressure # of Lamps ka sec
1 6.7 x 10t 756 4 1.23 x 1072
2 9.6 x 10%* 756 4 1.20 x 1072
3 1.16 x 10%° 756 " 1.22 x 1072
4 1.05 x 107 756 4 1.25 x 1072
‘relative light intensity = 1.0; average k, =1.22% .02 X 1072 sec™t
. : v ’ Total -1
" Set III [NOZ]i, Pressure # of Lamps ka sec .
1 1.97 x 10%° 756 2 0.68 x 1072
2 3.1 x 10™% 756 2 0.685 x 102
3 2.1 x 10 756 2 0.69 x 1072
4 2.4 x 10M% 756 2 0.706 x 1072
relative light intensity = 0.56; k_=0.69 ¥ .01 X 10—2 se -1

*

ka = first. order decay raté constant for NO2

*k
Relative light intensity measured by phototransistor.




changeé in the 1n(I,/I) during phot&lysis runs on én A to D converter
connected to the 1074 signal averager. Due to the small amounts of
N205 being formed the maximum optical density reached during most of
thé runs Qas In(I,/I) = 0.06 to 0.08. The sensitivity of thé electronics
was limited by the number of bits in the A to D copverter used. In' |
order to be able to monitor the photolytic light intensity simultaneously,
the data . was normally taken on the 4 input, 9 bit A to D converter.
With this A to D converter, an optical density of'0.08 corresponds to |
a change of about 20 digital counts in the monitbring iight intensity..
This means that in én average run the accuracy of the measurements
was i'5 percent at the maximum of the NZOS concentration profile, but
the accuracy drops with the optical density. The noise of the
electronics is * 1 count on the A to D converter,.so during the decay
when the optical density gets down to about 0.01 tbe signal to noise
ratio is only 3/1. So at these small optical déﬁsities the percentage
error in the measurements is inversély proportionai to the amount of
absorption. » |

The'Nzo5 profile shown in Fig. (7a) was dome at 1245 em L at the
peak of‘the NZOS Q branch.  The maximum optiqal density reached was
0.08 with an I, of 250 digital counts. Tﬁié éorresponds to a change
of 21 counts at the N205<COncentration maximum with a signal to noise
ratio of 21/1. The curQe in Fig. (7b) was done at 1238 cmﬁl, and has
a maximum signal to noise ratio of 17/1. The relative expérimental

error is indicated on the curves showing the percentage increase in

experimental error at low optical densities.
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On the basis of this sensgitivity, the asymmeﬁry'between the two
curves during the decay portion can be attributed to experimental
error, rather than to a kinetic effect or overlap by N204.

The data of interest in the N.O experiments are the slope of

2’5
the initial build up, and the amplitude of the maximum. The initial

slopes divided by the NO, concentration at time zero of the N205 runs

2
done with ho'initial nitric oxide are recorded in Table (VID).

The amplitude of the N maximum is controlled by the ratio

2% |
»[N02]2/[NO] as can be seen from Eq. (17). To test this relationship,

experimental runs with varying amounts of initial NO were done. In

these experiments distilled NO2 was injected into the cell and the

concentration measured. Then some of the NO2 was converted to NO by

photolysis, and the NO concentration determined by the amount of NO2 o

destroyed. After the cell had equilibrated the photolysis lamps were

turned on again and the NZO concentration monitored.

5
The initial concentrations and amplitude of the N205 maxima are
recorded in Table (VIII). The graph in Fig. (8) shows [NZOS]max/[NOZI’u

versus {NOZ]/[NO]. The plot shows the linear relationship predicted

by the meqhanism, with the proper limiting behaviof of [Nzos]max/[NOZ]

approaching zero as initial NO becomes large with respect to initigl N02.
The fourth series of experiments were flow experiments with the ; .

photolysis lamps being flashed at 1 cycle per second. Steady state :

flows of NO,, NO, and N, were established with the photolysis lamps

2’ 2
flashing; then the modulation of the NO2

monitored to determine its amplitude and phase shift from the exciting

absorption at 1600 cm_1 was
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Table VII. Data for the initial slope measurement on N205 buildup.

: AINOI/BT .y
# [N02]i # of Lamps —No.j. Se¢
| 2t
1 2.84 x 107 2 0.63 x 107>
2 2.5 x 10" 2 5 0.69 x 107>
3 3.28 x 107 | o 0.79 x 1073
4 191 x 1085 2 B 0.73 x 1073
s 2.58 x 105 | 2 . 0.64 x 1073
6  3.26 x 1085 2 : 0.70 x 107>
B[N0, /AT .

—_— 2 = + "~
ave [N°2]1 | 0.70 .06 x 10 ~ sec
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Slope = 1.08 +.02 x 10°3

3
[No2]"/[ NO]*

The = indicates the concentration at fhe time of the N205

‘concentration maximum, t*

XBL 728 -6842

Fig. 8. Plot of [N20s5] /[N02] versus [NOZ]*/[NO]
with the slope giving a value of

aI

-1 .
keq k4(1+k2/k3[M]
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lights. A summary of the steady staté concehtrétions with the phase
and amplitﬁde measurements are recorded in Table (IX). Tbe photolytic 
light intensity for the modulation experimehts was found to be 11.2
percent greater than in the initial slope experiments, when measured
by tﬁe phototransistor mounted on the cell. This is due to the lamps :
warming.up over the hours of firing required for each modulation
experiment. To normalize the results the value of oI used in the

analysis of the modulation data was 1l.2 percent greater than that

measured in the initial slope experiments.
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IV. RESULTS

By comparing the results of these four sets of experiments, it is .

possible to characterize the kinetics of the NO2 photolysis system.
The first set of experiments, the low pressure phbtolysis of N02,

yields a value for oI, the product of the integrated absorption coef-

ficient, quantum yield, and light intensity. Using this value for al

with the.published values for the absorption speétrum of N02, ﬁrimary

quantum yields of NOZ’ and the photolysis lamp output; it is poSsible E

to obtain a value for the photon flux in the reaction cell.
The quantity o is essentially a rate constant for the_photolytic'

decomposition of NO,, and it can be expressed as a product of the

2

absorption coefficient (base e) and quantum efficiency for phdto

decomposition. This is assuming that since less than 0.7% of the total

photolytic light was absorbed in each experiment, the 1igh£ intensity

can be treated as a constant throughout a photolysis run. This product .

can be written as an integral over wavelength of the product of the
discrete values for the absorption coefficient and quantum yield at

wavelength A. This inteéral is given by:

(Ong 793P Qo V592
fNOZAA No,"

2 f (QNOZ_)APA“

“No

Where (QNO )A is the quantum yield, PA is the percentage of the total

2

photon flux, and (ONO )A is the absorption coefficient of N02, all at
2 v

wavelength A. These integrals can be approximated by the summations:
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D Gy REVELIVEAR TRAVE:
“No, =

i
2 Z:'ﬁ @, )
i o, ari
1 2

where the bar indicates an average value ovérvthe interval AAi. The

wavelength dependence of O

NO and QNO can be obtained from the

2 2
literature (Figs. (1) and (2)), and PA can be taken from the

manufacturer's lamp output spectra Fig. (3b). Evaluating this

summation over 100 A intervals gives the value %o ‘= 5.41 ' lO_lgcmzﬁ

2
The data for this calculation are shown in Table (X);27 Dividing
the measured value for ol by the calculated value for %0 yields

2
the light flux in the reaction cell.

I = aI/aNO = 1.5 X 10.16 photons/cm2 sec
. 2 _ _

Where'aI!was taken as .83 X 10_2, the value corresponding to four
lamps flashing at 1 cps.
The data in Table (VI) for the 1 atmosphere photolysis of NO2 :

gives an average value for the first order decay rate constant, ka'

Equation (14) gives:
ka = 2k2aI/(k2+k3[M]) _ . (28)

Since a value for ol under these same reaction conditions is available

2
can be calculated from Eq. (28).

from the low pressure NO ﬁhotol}sis runs the ratio 2k2/(k2+k3[M])



Table X..'Calculation of average NO photolyticvratevconstant.

2

Spectral Range Mean Py Mean QA 'pAQA : Mean ok pquox
' - (1./mole-cm)
2700-2800A  .00065  0.97 ~.00063 18. - .0113
2800-2900 ~ .00190  0.97 .00184 23. .0423
2900-3000 .00405  0.97 100393 31. .1218
3000-3100  .00785  0.97 .00761 47. 3577
3100-3200 .0196 0.97 .0190 67. 1.273
3200-3300 .0319 0.97 .0309  88. | 2,72f
3300-3400  .0578 0.97 .0561 . 109. 6.115
' 3400-3500 .0820  0.965 0791 128. 10.12 -
3500-3600 .1018 0.955 0972 143. 13.89
3600-3700  .1250 0.92 .1150 154. 17,71
3700-3800 L1149 0.86  .0988  160. 15.80 .
3800-3900 1023 0.74 .0757  165. 12.49
3900-4000  .0846  0.57 L0482 169. 8.15 -
4000~4100 .0850  0.35 ~.0298 169. 5.035 "
4100-4200 .0457 0.12 00548 165.  0.904
4200-4300  .0306  0.03 .00092  156. 0.1434
4300-4400 .0763 0.005 .00038  146. 0.0555
T - .6706 2 = 94.941./
mole-cm -
(base 10)
ERQ% _ (96.902.303) _ _ 5 4y x 1o-19a2

T =
herefore, (OL)No 70

z
2 Py Qy (0.6706) (6.02 x 10

li
,
nk
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From Pable (VI): k

a 1.22 x 10—2 sec—1 (1 atm. and 4 lamps)

(]

ol = 7.45 % 10"-3 sec_l (low pressure, 4 lamps)
Using these values and rearranging Eq. (28):

FB[M]

= == - 1,0 = .221%* .005 : (29)

A check for this value is available from the initial slope of

the N,O_ build up. Equation (18) shows:

2°5
lim £ > 0 ————————A[Ngz%/m - o ko‘}k
[NO, <o/l M]
- -2 -1
From Table (VI): oI = 0.42 X 10 © sec (2 lamps).
: A[NZOS]/AT _4 -1 :
From Table (VII): o] 7.0 X 10  sec (2 lamps)
2 ,
Using theée values in Eq. (18):
k3[M] '
” = (0.20% .02 (30)
2

Of these two values for the ratio k3[M]/k2, the value obtained from

the N02-photolysis at 1 atm is the more accurate result. The N205

build up is much smaller than the NO, decay, and there was consequently

2
greater experimental error envolved in its measurement. Thus the
preferred value is k3[M]/k2 = 0.221% ,005.

4
"Fig. (8). The slope of this line is given by Eq. (17) to be:

A value for K;;k can be determined from the linear plot in

al
1 »
Keqk4 (l+k2/k3 [M])

Slope =
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Under the conditions of 24°C and 2 photolysis lamps:

ol = .42 x 10—2 sec_l

ky[M)/k, = 0.22 L
Slope of Fig. (8) = 1.08 + .02 x 107>
Then: K 'k, = 0.71 * .02 (sec_l)
eq 4
- The final experimentally determined value is kl[M]/kz. Equation

(22') relates the NO, modulation amplitude to oI, kl, kz,vand k3.

2

This equation can be rearranged to give:

2

[N0,] (oyp 3 £ 4k, [NO, ]

QI[NO,,] = k, [NOT[MT + (k, +fk3[M]):N02].

By 1ettihg g = [NO ﬂzf/aI[NOZ], and using the measured values for

2](exp.)
al and k3[M]/k2 this equation can be reduced to:

k. [M] (4-1.228)[No,]
1 - 2 (32)
K, BNO] :
Using the data in Table (IX) to evaluate (32) giﬁes:
kl[M]
m = 0.,18* .01 for M =N
2
2
and
ke, [M] -
m = 0.20%* ,01 for M = Argon o -
2 e

A summary of these experimentally determined values is shown in
Table (XI), along with the results of other investigators who have

measured the same quantities.
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Table XI. Comparison of the results of this work with the 1iteréture

values.
k. [M]/k k,[M]/k KK (sec™) T °K  Ref.
1 2 3 2 4eq
0.18 £.01 0.221 #,005 .71t .014 296  This work
0.18 *.004 0.33 £.08 | 296  Schuck et al.  (25)
0.357 1.9 300 . Ford & Endow  (22)

.60 £ .06 296 Hisatsune et al. (21)

Tptal pressure = 1 atmosphere

M gas = Nitrogen

1
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| Another means of checking the validity of these results is
available. By using a set of coupled differenfial equations to
represent the photolysis system, it is possible to calculate the
concenttation versus time profiles for NO2 and N265: Comparison of
the calculated curves With the experimentally meamred ones will give
an indication of the accuracy of thé analysis. 3

| To do such a calculation requires individual values for each
of the ratg constants. The rate constant kl is fairly well known,
and its average literature valué is shown in Table (II). By using
this value for kl, the rate constants k2 and k3 can be determined from
the experimental ratios. Using the value reported for Keq by Schotf
and, Davidson which is listed in Table (III) allows the calculation

of k, from the measured value of K;tk4. Combining these rate

4

constants with the literature values for'k6nf k7, and k8 (Table (III))

gives all the necessary parameters for the calculation of the
feaction profiles.
The coupled differential equations used ih~the calculation are -

given below:

a[o, ] -
— = - aINo,] + k,[NoJ[0] [M] - (k2+k3[M])[N02] o
| - (33)

+ 2k, [NOT[NO,] = kg [NO, 1[N0+ kg [N,0(] + kg[NOI[0,] 1
d[ggl = aI[NO,] - k;[NO][0][M] + k,[NO,][0] - k, [NO] [N0,] L
©(34)

kg[0,]1[NO]
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4,01 . |
TTar T KspNOplINO5) - kg IN,Og] (35)
d10,] | |
7 = k,[N0,1[0] + kg[NOJ[0,] - k,[0,][0][M] (36)
ato,) ‘ |
— = k,[0,1[01[M] - kyl0,][No] 37)
[0],, = aI[NO,1/(k,[0,][M] + k [NOJ[M] + (k,+k [M])[NO,1)  (38)
| v k,[NO,][0][M] + k_. [N d ]
| _ Kk5INO, 6m' 205 |
' [Nos]ss. T TE_M0,1 kK, [mo] 39)

The steady state approximation for the oxygen atoms.and the'NO3 was
tested by comﬁuting the rea¢tion profile with ahd withbut this
assumption, énd the results of both calculationsiwere identical.
Since the computer time was reduced by a factor 9f'103 when the steady
states Wére used it was economical to include this assumption in the
éalculgtion. | |
Thé values of the rate constants used for the calculation are
listed in Table (XII). The calculated and experiﬁental reaction
profiles for NO, and N,O. are shown in Fig. (9) fér the three wave-

2 275

lengths monitored.

[ e

There are three paraméters with which to check the sensitiﬁity ”

of these calculations to changes in the rate constants, the NO2 decay.

rate, the time of the N,0; maximum, and the amplitude of the N,0,

maximum.
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Table XII. Rate constants used in computer simulation of NO2 photolysis.'

Rate Constant

T = 296°K

Ref.

kl = 6.9 X 10-32 (cm6/part.2 sec) Lit. average
k2 =9,2 x 10—12 (cm3/part. sec) exp. ratio
this work
i -
k3 = 0.82 x 10 31 (cm6/part.2 sec) exp. ratio
- this work
eq =1.24 X 1011 (cm3/particles) (20)
' -1
k6m = 0.104 (sec ) (19)
-11 3
k4 = 0.87 x 10 (cm™ /part. sec) exp. ratio
this work
-12 3
= X
kSm k6/Keq 1.29 10 (cm™/part. sec)
k7 = 0.624 X 1033 (cm6/part sec) (23).,
k8 = 2.1 % 10—14‘ (cm3/part sec) v(24)_
Total pressure = 1 atmosphere
"M gas = Nitrogen
3x ' X
Units = (cm™ /particle -sec)
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Increasing the value of k., by 20 perceht had little effect upon

| 1

the calculated profiles. Reaction (1) was very small éince there

was no initial nitric oxide. The only noticable effect of varying

k1 was a change in the NO, decay slope after the NO had built up

2
sufficiently. Thus these simulation calculations were not a good
test for the accuracy of kl.

2 by 20 percent caused the N205 to reach its maximum

1 second sooner and this maximum was 15 percent lower than in the

Increasing k

calculation with k, at its predicted value. The slope of the NO,

2

decay was increased by only 1 percent by this change, as would be ex-

pected since k2 is in both the numerator and denominator of the

initial slope expression, Eq. (13'). This calculation shows that the
amplitude and time dependence of the NéO5 concentration provide a test

of k, which is useful to about * 10%.

The shape of thevN205 profiie is aisb sensitive to k 'Increasing

3
k3 by 20 percent raised the N205 maximum by 16 percent and made the

peak come a half second later. In this calculation the NO2 decay
slope was decreased by 2 percent.

When k, was increased by 20 percent the amplitude of the N205
: { : -

4

maximum was increased by 11 percent, and the peak occurred 2 seconds

early. The NO decay is very insensitive to this rate constant, but

2

since reaction (4) is the major removal step for NO, the shape of‘the: 

3

N_O. curve is directly related to k4.

2°5

From these calculations it becomes apparent that under the condition

of no initial nitric oxide the simulation calculations are a good test
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for the relative values of k2, k3 and.k4, but they are not sensitive

to k,. The decay slope of NO2 is controlled by the ratio 2k2/(k2+k3[M]).
and responds to changes in either k2 or k3, but the_N205 curve is the
more sensitive test of these rate constants. The time and amplitude

of the N205,maximum are determined by the ratio k3[M]/k4(k3[M]+k2),

so avchange in any of these three rate constants can change the N205

profile significantly.

i
1

‘profiles indicates that the ratios containing kz; k3, and k4 are

The good agreement between the predicted and measured concentration

accurate to within 10 percent, since any greéter error would cause
noticable shifting of the N205 maxima and amplitude. The good match

up for thé NO, decay also confirms the ratio of k2 to k3.

2
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V. DISCUSSION AND CONCLUSIONS

The good agreement between the expérimenta1>and calculated NO2
and N205 concentration profiles shows the assumptiéns and equations
used in deriving the rate constant ratios.to be consistant with the
proposed mechanism for the photolysis system. Since no adjustable
parameters were invoiVed in these calculations, the good agreement
with the éxperimental data also indicates the vaiidity of the'results;

The most notable result of this investigatidn comes from the

comparison of these measured ratios with the literature values. The

meagured value for K;}lk4 is quite close to that reported by Hisatsune.

in 1957, and the ratios of kl to k2 and k3 to k2 compare very well
with those-determined by Schuck et al in 1966. (see Table XI) The

" most markéd disagfeement with the literature-is between these results
and those pf Ford and Endow. Their results give a value of 1.9 for
the ratio k3[M]/k2; this is a factof of 8.6 gréater than the value

found in this investigation. Their result of 0.36 for the ratio

kl[M]/k2 is larger by a factor of 2.0.

Another evaluation of the literature can be made if the averaged '

literature value used for kl is assumed to be accurate. Using

kl = 0.69 X 10-31 cm6/partic1esz—sec in the ratio kl[M]/k2 predicts

a value of 9.2 x 10712 cm3/partic1es—sec for k This is in good

2°

agreement with the value reported by Davis and that of Westenberg andx!

de Haas. This investigation then supports their work over the lower -

values for k, reported by other investigators. (see Table I)

2

.
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1

With the increasing pollution of the lower atmpéphere and the
impending ﬁollution problem posed fy thelintrodﬁéfion'of commercial
~stmacosphgricpflight, it. is becoming imperative that scientists provide
a description Qf the mechanisms of'photochemical smog reactions. Thé
full importance of the reactions of NO2 in atmospheric pollution is
just beginning to bé recognized, and as work prbgrésses more researchers
are going to turn to the literaturé.for knowledge of the reaction rate
constants. It is hoped that this research will help'fo,clarify,some
of the diéagreemeﬁts which exist in the present litgfaturg on the N02
_ photolysis system. -

The rate constant ratios determined in this invgstigation_confifm
the work of Schuck, Stephens, and Schrock, and thatlof'Hisatsgne et al,
while disagreeing with the earlier work of Ford and Endow. Basgd on an.
avetaged'literature value for qhé’rate’constaqt kl,_thisvwork prdvides
the following values for the important rate constants in the NO2

photqusis system in nitrogen at 24°C:

Kl = 0.69 X 10_31 cm6/partic1esz-ééc
' k2 =9,2 X 10-12 ¢m3/partic1esfsec
k3 = 0.82 x 10—31 -ch6/particiesz—sec
.Keqk4 = 0.71 , gect
if Keq = 1.23 % 16_11 . pérticles/cm3

From Schott and Davidson 1957

11

then  k, = 0.87_* 10” ‘cm3/partic1es-sec

th
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PART II. THE SPECTRA AND REACTION KINETICS OF THE FREE
RADICALS. IN THE PHOTOLYSIS OF THE C12—02-CO SYSTEM

I. TINTRODUCTION

Another reaction system of interest in this'léboratory has been
the production of carbon dioxide from the photolysis of 012 + O2 + CO.
Due to the complexity of this system, it has been investigated many

times since it was first reported in the literature in 1920 by

Bﬁtefisch.28

The first quantitative study of the system was done in 1927 by
. H. J. Schumacher.29 He measured the rate law for the formation of

CO2 by monitoring the pressure changes in the reaction vessel at

approximately 1/2 atmosphere pressure and room temperature. He found

that the CO, was produced by a chain reaction with a quantum yield

2

reaching 1,000 molecules of CO, for every molecule qf 012 dissociated

2

by photolysis. The observed rate law was:

d(co,)
2" _ 0.71 1/2
e - k[ClZ] [CO] _ (40)

He found no noticeable dependence of the rate upon oxygen as long as

it was present in excess.

In 1928, Bodenstein and Onoda did a product analysis on the system

over a range of tem.peratures.30 They found that CO, production pre-

2

~dominates over the formation of phosgene (C1l,C0) at room temperatures,

2

but that the rate of CO, production slows down markedly around 150°C.

2

They reported that by 300°C the CO, production had all but ceased

2
with the only product of the photolysis being phosgene.
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In anfextenéive work in 1931, Schumacher and Stieger examined the

chlorine dependence of the rate law at total pressufeslranging from

240 to 760 mm of Hg.31 They found that the chldfine dependence  of the

rate law chahgéd with pressure;'with the chlorine ﬁower being approki4v

mately one at a total pressure around 240 mm of Hg, and apprdaching a

value of 1/2 at one atmosphere total pressure.  That is:

dco

with x varying frombapproximately 1 at low pressures to 1/2 at one

dt

"2 /2

- 'k[c12]"[co]1

(41)

atmosphere  total pressure. Throughout this pressure range, Schumacher

found that the half power dependence on CO was maintained.

Bodenstein, Lenher and Wagner in 1929 had‘préposed the following

adaptatioﬁ_of the phosgene production mechaniéﬁ in an attempt to

describe this system.32

Cl, + hv > 2C1

Cl+CO+M~>CICO + M

CICO + M > Cl + CO + M~

€1C0 + C1, » C1 + C1,C0

-ClCo + 02 + CO, + C10

2

c10 + CO +'Coé +cCl

clco + €1 ~ C1, + CO

2

|

(42)

(43)

- (44)

- (45)

(46)

P

(48)

Under the'conditions of a long chain reaction with excess oxygen, the

C1CO radical can be considered to be in its steady state. This giveé:
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k,,[C1][CO][M]
k,,M] + %, [C1,T + %, 0,1

[c1co] (49)
Since very little phosgene is produced at room temperature, reaction (45)
can be neglected. And with 02 large enough, reaction (44) will be

small compared to (46). This yields:

k, [C1][CO][M]

[cicol ~ (50) .
ss k46[02]
In a long chain reaction, the chain initiation rate is equal to the
chain termination rate. This approximation gives:
k421[012] = k48[C1][C1CO]f‘._ (51)

(for small percentages of total photolytic light absorption). This can

be rearranged to produce the following expression for chlorine atoms:

(52)
K, g K, [COIDM] 2.

' : o 1/2
k,,I[c1,] k,_[0,]
[c1] = { 42 27 4672
So long as the Cl0 free radical decays only by step (47), the expres—

sion for carbon dioxide production will be:

d[C02]
dt

= 2k46[ClCO][02] _ .(53)
which can be rearranged to give:

d[COZ]
dt

/

1
= 2k, 5 (M1 (k, ,1[C1,1)

k, [0,]
1/2 462
{r——} 68

2
rco1t
48 X431
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1f [02] is large enough where [02] ~ [M], then this‘reducés to:

d[COz]

~ 1/2,. .1/2 '
—5c— = ka1, 201t (55)

where

k

\1/2
[k, .k, .k
K.=2<43 42-46)
kg

This ié the correct form for the rate law at preséures aréund 1/2
atmosphere, asshming that the oxygen dependence can be approximately
cancelled out by the M gas dependence in thé square root term.
Bodenéteiﬁ then attempted to explain the rate law change with pressure -
by aSSuming that at ibw pressures, the termination reaction would |
become: Radical + wall > termination. This would explaiﬁ the change -
of the chlorine &épendence from the 1/2 power to first power at low
pressureé,'bdt this would élso predictbthat thenraté law should become.‘
first order in carbon monoxide at iow ﬁressures.v |

Tq ﬁesf‘this mechanism experimentally, Franke'and Schumacher
extendéd the rate law ﬁeasurements down to 10 mm of Hg total préssure,
checking for any change in the carbon monoxide d_epéndence.33 ‘They
reported that the fate }aw.for the formation of COZ rémained_proportional
to carbon monoxide to thét1/2 ﬁaﬁer, down to at least 10 mm total
pressure. This experiment sho&éd'that the Bodénétein mechanism did

not fully account for the CO production reactions, tﬁough it does

2

give a complete descriptidn for the photochemical phosgene production

chain.
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Iﬁ.an experimental attempt to clarify the role of the proposedr
free radigal C1CO in this system, G. K. Rollefson in 1937 ran a series
of experiments,testing for the formation of both phosgene and carbon
dioxide as a function of [02]/[C12].34 If the C1CO radical was
actually the intermediate precursor to both products, then there should

be a relationship between d[C02]/dt and d[Clch]/dt.

. d[co,] ‘
If (a) —3c - - 2k_[c1c0][0,] (55)
d[c1 co]
and (b) ‘“'Tﬁ?‘““ =k [clco][cC,)
ka[01co][02] d[COZ]/dt
then [CIC0T (2K, [0,] + K, [C1,]  d[CL,C01/dt + 4[C0,1/dt
d[COZ]/dt 1
= (56)
d[C1,c01/de + d[CoT/dt 1+ k& [C1,1/2k_T0,] -

Rolleféohvvaried the initial concentration of all three reactants at
épproximately 20°C and 20 mm total pressure. His results matched the
curve pfedicted by Eq. (56), indicating that the rate of formation of
COziand phosgene was ohly a function of the ratiov{CIZ]/[dzl.

Rollefson reported that the rate of.formation of CO2 was five

times greater than the rate of phosgene formation at this pressure

and temperature. When he repeated the experiments at higher tempera-

tures, he found that the rates of production of CO2 and C12C0 were

equal at lower values of the ratio [C12]/[02]. His quahtitafive‘results
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indicated the reaction of O, with C1CO to have a heat of activation

2

2.9 kcal/mole higher than the reaction of 012 with C1CO.
quther experiments comparihg phosgene to CO2 formation were
carried out by Brenschede.35 Using the same experimental analysis as

Rollefson, he derived the relatiohship:

1
1+ Ikgc1,1/2k [0,]

with + = (57)
Measuring the value of A over a wide range of prEssure and temperature,
he found that A increaées.with pressure towards a limiting high pres-
sure value. His data are diagrammed in Fig. 10. This behavior can be

expressed in the limit, by A = ae-q/RT

. In a series of experiments
measuring A as a function of temperature, Brenschede fested this
relationship and foﬁnd that a and q changed values at 200°C, as shown
in Fig. 11. ‘

| To\expléin these results, Brenschéde postulated the presence of‘
a neﬁ intérﬁediate'species, a peroxy radical fbrméd.from cico and.Oz.
3 radical could explain-the temperature__
dependency of the A factor by having two different decay mechanisms. .

His theory was that this C1CO

At low temperatures, the radicai could dissociate by: ClCO3 + M~

ClO + CO2

+ M; and at temperatures above 200°C, it could decay by:

M + C1CO + M. This predicts the carbon dioxide production

+ C1CO + O

3 2

to be controlled by the rate of C1CO, formation at low temperatures,

3

and by the rate of C1CO, decomposition at temperatures over 200°C,

3

when thé reaction C1CO, * C1CO + O

3 2 becomes.imporgant.

Iy
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| . | | | 1 1

0 500 1000 1500
Pressure (mm of Hq)
2
o] W
Log A
-2 -
-4 1 | ] ]
[ 2 s 3
I/T X 10~ (degrees C)
' XBL 728-6846
Fig. 11. Brenschede's A factor as a function of 1/T.

The x's are experimental points, and the lines
are calculated values from two sets of adjustable
parameters,
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Brenschede's argﬁments met with some acéeptance, but proof for
- the presence of a new intermediate could not be obtained'by the
techniques available at the timé.

A full description of the kinetics of this éystem requires the
ability to determine the identity and kinetic behavior of all the
free radical intermediates. This ability has been developed through.
the uSevof‘flash photolysis, matrix isolation, and molecular modulatioﬁ
spectroscopy.

In 1965, Milligan and Jacox confirmed the presence of the C1CO
free radical by observing its infrared spectrum in an argon matrix

36

after photolysis'of Cl2 and CO. The ultraviolet spectrum of the

Cl10 radical was observed by G; Porter in 1950.37 The C100 freé radical
was observed in a nitrogen matrix by Rochkind and Pimentel in 196738 and
in the gas phase by infrared and ultraviolet moleéular modulation

9 With

spectroscopy by thnston, Morris and Van deﬁ‘Bogaerde in 1969.3
the éXistence of these three free radicals confirmed, the mechanism for

the C12 + 0, + CO photolysis becomes even more complicated.

2
In 1953, Porter and Wright added carbon monoxide to the Cl2 + O2 +
hv system énd observed an increase in the absorﬁtion at 265 nm by the
Cl0 radica1.40 This led Morris and Van den Bpgaéfde in this 1aboratory.
to-éxamine this system in hopes of obtaining the gas phase infrared
speétrum of the C1l0 radical. In their study of the 012 + O2 + hv
system, Morris and Van den Bogaerde observed molecular modulation

absorption spectra in the ultraviolet for the C100 and C10 free

.radicals, and an infrared absorption for C100.. Upon the addition of
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carbon moﬁoxide to this system, five new modulation absorption peaks
were discovered; These consisted of an ultraviolet absorption band
with a maximum at 220 nm, a strong infrared absorption centered at
937 ¢:m_1 with a weaker side band at 970 cm_l, and a pair of moderate
infrared absorptions at 1835 and 1905 cm—i"f All five of these
molecular modulation absorption peaks showed the kinetic behavior of
intermediate species. \

The purpose of this research is to identify these new absorbing
species, and to combine the new kinetic information obtained from
studies of the C12 + O2 system with the observations made during the
1930's on the Cl, + 0, + CO system. With the ability to monitor

free radical species through molecular modulation, it is possible to

describe the role of some of the intermediate species in this reaction

system, and to infer the role of the other freé radicals. It is hoped

that a combination of new and old research with the data gathered in

this work will allow a complete kinetic description of this reaction

system.
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II. EXPERIMENTAL

A. Experimental Method

Thezmajor difficﬁlty in using reactant—produét analysis to explain
the kinetics of pﬁotochemical reactions is the inability to experimental-
ly determine the behavior of the intermediate sﬁecies. In a system
proceeding'solely through n free radical intermediates, there are n2
possible disproportionation réactfons énd only 2n'possib1e products. Sov
for a system with three or more intefmediates; n > 3, the number of
unknowns exceeds the measurable quantities. In this case, it becomes
impossible‘to determine the mechanism uniquely from(simple reactant-
product anaiysis.41 Due to this difficulty, it is desirable to be able-
to'observe-the intermediates in a coﬁplex reaction-by;direct spectro-
scopic means. |

The methods of flash photbiysis, matrix iéblation, and rapid scan
spectroscbpy are valuable in 6btaining the absorption spectra of inter-
mediate-species, but they do not yield much kinetic daté about room
temperature, one.atmosphere gas phase reactions.

Flash photolysis typically uses a high 1nténsity flash of exciting
ultraviolet light on the order of 1020 photons ém—gseé_l to ﬁroduce |
high initial concentrations of free radicals. The decay ﬁrocessés of
these fadicﬁls can then be monitored. However, fhesé proéééseé are
usually doﬁinated by radical-radical reactions,. due to the high con-
centrations of free radical species. Reactions taking place under

: mbderate light conditions with approximatély 1015 photons cm—zsec_
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10

have typical radical concentrations on the order of 10"~ to 10%3 molecules/

cc.” Since the gas concentration at one atmosphere of pressure is

9

2,45 X 1'0l moleéules/cc, the predominant reactions are between radicals

and‘moleCuies. These radical-molecule reactions are the type of
interest in this work.

The molecular modulation methdd is designed to work Qith'reactions
occu&ring éf_moderate exciting light intensity, with intermediate
specieslp;ésent at approximately 1012 molecules/cc. This makes.it
ideally suited for_studying the chlorine sensitiééd photolytic productiqn

of CO since the system contains a minimum of five free radical

2°
intermediates.

Thevcéncenﬁration modulation behavior of a reaction species can
be calculated by representing the photolysis light by a Fourier series
square wave, and integrating the differential equation for the species
qf interest; as was done for the NO2 modulation in Part I. Calculations
of this nature have been carried out in this laboratory by T. Paukert
for a number of different types of kinetic species;42 Included among _
these are a radical formed by the photo-dissociation of a reactant and
destroyed by‘reaction with a stable molecule; and a radical species

formed by the photo-dissociation of a reactant, and decaying by a

reaction "second order" in its own concentration. o -
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1. Radical species closely following the photolytic light, decaying
by a process first-order in radical concentration.

The first of these examples is that of the radical species formed
from the pﬁotolytic dissociation of a reactant,-or'from a fast radical
produced by the initial photolytic act, and decaying by a reaction with-
a reactant molecule. This can be expressed for a steady-state flow
rsystem as: | -

A+hv ¥ o2x

x+B 3% yiop

Y+ C k—r> P
2

1

A, B, and C ‘aré reactants in constant concentrations, with X and Y
representing the radical intermediates. Pl and P2 are the products of
the reaction.

Assuming the X radical to be in a steady state, the differential

;_equatipn fprrY is:

31%1 = 20I[A] - .kr[Y][C] - (£low out term) (58)

- Replacing I by the Fourier series representation‘of a square wave givés

the result:.

1 2t 0 | o
é%l = 20[A] (-i‘lir —-“-‘l Z %sin(nwt)) - k_[C][X] ' (59)

n,odd

- (flow out term)
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with: Io the magnitude of the photolysis light in photons cm_zsec_
w = flashing frequency in radians/sec

f = flashing frequency in cycles/sec

o = integrated absorption cross—section and quantum y1e1d of the.

reactant in cmZ/molecule

t = time in seconds

Since the flow out term is generally much smaller than the chemical
decay term, 1t will be dropped. Substituting w'= 2Tf and O = wt, this

reduces to .a linear differential equation which can be integrated to

give:
- (kr[C] 1 : ) ;
ZaIO . o E ;-sin(ne)—cos(ne)- : aId[A]
Y] = — ' : 5 + RN (60)
| mf o 4,edd ke c 2 r
2 ne/ N

The 1ow7fréquEncy limiting behavior of the radical concentration, [Y],

gives the form of a square wave.

lim. [v] = F2LlAl E = sin(n6) + PHAL (61)
£g+0 T n,odd - F |

The maximum radical concentration is twice the amplitude of the square -

wave function, or 2aI[A]/kr[C], which is equivélent to the "steady

state" concentration of the radical. The phase shift of the wave form ;»

from the exciting light is 0°.

Locking at the high frequency limit of the equation:
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20I [A] «— | -
Hu. [Y] = —o— E L cos o) + LA (62)
£ mEf  nedd T L

This shdws‘tﬁe [Y] concentration to be a triangulaf.wave'form oscillating
about a level of half the "steady state" concentration, and phase
shifted -90° from tﬁe exciting light.

At intermediate flgshing freduencies, the émplitude and phase
shift of the radical species will ﬁe a functioh of the flashing
frgquency. vSincé_Eq. (60) is in the form of a Foﬁrier_series, the
phase shift and amplitudé of the first harmonic can be calculated fdr

any flashing frequency froh the first Fourier coefficients, ay and bl'

From Eq. (60):

2
I Sl ((i‘z 1) +,1>
1 32 - 2 Trfj v

o
]

 2arI
1 2 «?; ) +t 1

m™f -

" The phase shift is given by § = tan_l(bl/ai)’ or § = tan™" (kz?gl)
. oo A

and the amplitude is given by:

[Y] = Vaz + b 2

mod 71 1

The "lifetime" of the radical, Y, is defined to be T = llkr[C],

the time necessary to drop to a level of 1/é times the inttial
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concentration. This "lifetime" can be determined from a single experi-

=21f
tan 6§ °

mental phase shift measurement, since %—= kr[C] = This is a
good example of how the kinetic "lifetime" of a free radical can be

determined by the modulation method, and it also shows how a phase

shift varying w1th flashlng frequency between O and—90° can characterlze

" an absorbing species as a_free radical closely following the exciting
light. . Figure (12) shows the modulation phase shift and amplitude of
this radical behavior as a function of flashing frequency.

2. Radical closely following the photolytic light and decaying second
order in its own concentration.

A second example of radical behavior is that of a radical closely"

following the exciting light and decaying by a‘proéess that is second
| 7 v
order in radical concentration.

A+hv » 2X
"
a

—
X+B fast Z

k
r

Z+2Z+M T~ P+M

The radical, Z, is formed from a fast radical precursor, X,

reacting with a molecule, B, and then it decays by a process second

order in itself. If the radical X is assumed to be in its steady state;

the differential equation for Z is:

déi[ = 20I[A] - 2kr[Z]2 - (floﬁ out term) (63)
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Fig. 12, Theoretical phase shift and rélative amplitude

of the fundamental component of the periodic concen-
tration modulation. Both the first and second order
decaying radical behavior were calculated for the
case of the -45° phase angle occurring at 4 cps.
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Again, the flow out term can be neglected.

This differential equation can be solved by:breaking the equation
down into two parts, one describing the light-on period, and one the
light-off period. Making the same substitution as in case 1, the equations

for Z are:

a[z]

1 2 ‘< <
dt mE (ZaI [A] - 2k _[Z2]") for -m f 0<0 (64)
and
_L_]_dZ = ___1 - 2 < - - (
it oTE (-2k [z]7) for 0 <6 m - (65)7

‘The 1light, I, is represented by a Fourier series squafe wave at
frequency f, and the build up rate is controlled by the initial photo-
dissociation of A.

Each of these equations can be integrated separately, giving:

1/2 | 1/2
20T [A] (6 + m)(2aI [A]2k )
< Q ) tanh o , r

[z, = (—2—
0 2k, anf
(66)
-1 (z]l_,
tan 173 for the lamp on period
(201 [A]/2k )
o r
and

an[Z]0 o
[z]e = o= Zkre[ZJO for the lamp off period (67)'

By assuming an initial value for [Z]_ﬂ, values can be calculated

for [Z]o and [Z]ﬂ. By succéssively setting [Z]_ﬁ = [Z]Tr and
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recalculating, the profile of [Z] versus 6 can be calculated to any
degree of accuracy. Once this profile is obtained, a numerical Fourier

analysis can be performed upon it to obtain the Fourier coefficients,

using the formulas:

m
a, =% 3 [2]; sin(méi)ae
i=1 i

1 & | N
b = = 2: [Z]e cos(nb1)A6
i=1 -1 :

m is thé nuﬁber of increments of 6. From the first Fourier goefficients,
the amplitude and phése shift of the first fundamental can be obtained;
The behavior of the amplitude and phase shiftvofvthe first -fundamental
és a fﬁnétion of flasﬁing frequency are shown in Fig. (12). Like the
radicaliépécies-in case 1, this fadical also hés a:phase shift varying
from‘O° to -90° with flashing frequency.

The steady state concentration of the radical Z is given by:

za1_[A] 1/2 | |
[zl = ——EE;__ -, (68)

and if the “1ifetime", T, of the radical is defined as the half4lifé

of the radical concentration, this gives:

T 1 | (69)

' Zkr[Z]SS
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with
1 1 '
T = = (70)
<20cI [A]>1/2 21 [Alk )12
2k [ —2— ° r )
r 2kr .

In comparison, the radical decaying first order in radical concentration

shows:
! 1

This radicai's lifetime is inversely proportional to the concentration
of the reéétant involved in the radical's decay, while the radical
decaying second order in its own concentration has its lifetime in-
versely Proportional to the square root of its own steady state con-
centration. Thus, varying reactant concentration and photolytic
light intensity will give a means of distinguishing between these two
forms of radical species.

Calculations of phase angle versus flashingbfrequency behavior
for other types of reacting speéiés can be carried out by using these
 same methods. The graph in Fig. (13) shows how this behavior can
characterize other reacting species. Using this approach, then, the
absoéptions in the ultraviolet and infrared spectra taken during the

2 2

as to the role of the absorber in the reaction; and their kinetics can

-t

photolysis of Cl, + 0, + CO can be characterized by their phase shifts -

be sfudied.
The experiments performed on this system were of two different
varieties. The first was a series of qualitative experiments carried

out over a wide range of reaction conditions to characterize the
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behavior of each of the ulgraviolet and infrared absorption bands as

a function of reactant concentrations and modulation flashing frequency.
The hope in these experiments wés to find which absorption bands corre-
sponded to the same species, and if possible, to identify the absorbers
as prodﬁcts or intermediates in the reaction sequence,

The second series was a group of experiments fun in both ultra-
violét and infrared photolysis cells under as neérly the same conditions
as possible. In these experiments, the reactants, froducts and inter-
mediates were monitored for quantitative kinetic data. This series
inclﬁded simple DC photolysis experiments in which the photolysis
light was‘turned on and the decay of CO was monitored under various
cohditions, and modulation experiments over a range of flashing
frequencies.

By comparing the experimental flashing frequency versus phase
shift and amplitude data with simulation calculations, it is possible
to obtain "lifetimes" for the intermediate spééies_in the reaction;

and to postulate a mechanism to explain their roles in this reaction

system,

| B. Experimental Apparatus

The two instruments used in this series of experiments are similar
molecular modulation spectrometers. One instrument uses infrared
spectroscopic analysis, and the other employs ultraviolet detection.

The infrared spectrometer was described in Part I of this paper.
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1. Ultraviolet Reaction Cell

The ultraviolet apparatus is diagramed in Fig. (14). The reaction
cell consists of a 35 liter cylindrical quartz tube, 1.8 meters long
aﬁd 15 cm. in diémeter. The cell is mounted in a heavy nickel plated,
stainless steel bracket. The cell is O-ring fitted to the mounting
bracket so that it can be evacuated.

[ v

. |
The reaction cell has a single reflecting mirror in one end to

give a 3.96 meter optical path. This mirror has an aluminium reflecting

" surface with an overcoating of magnesium fluoride to maximize the

ultraviolét reflectivity. The two optical windows in the cell are
O-ring mounted disks of calcium fluoride.

The ultraviolet spectroscopic light is supplied by a deuterium
arc lamp (Bausch and Lomb DE-50A) powered by a current regulated DC
power supply. The light from this arc lamp is chopped at 400 cps by
an American Time Products tuning fork before it enters the reaction
cell,
| When the épectroscopic beam exits from the‘reaction cell it passes

through a McPherson model 218 monochromator which has a 0.3 meter

optical path. This monochromator is equipped with a 2400 line/mm.

grating blazed at 150 nanometers. The photodeteétor is an EMI Phototube
(9526B) mounted on the exit slit of the monochromator. The phototube
is biased by a Fluke model 408B high voltage power supply.

2. Photolysils Lamps

The photolytic light for the ultraviolet reaction cell was sup;

plied by two General Electric 64 inch, F64T5-BL, black lamps. These
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lamps are mounted outside the cell‘and parallel to it. Surrounding
the cell.and the photolysis lamps is a highly reflective shield made
of "Alzak" aluminum to give a greater and more uniform light flux
through the cell.

The phofolysis lamps are powered by a 700 volt regulated supply.
The power supply operates from a three phase 440 volt source with the
Jipple of the three lines multiplied togethervin a three phase
transformer.to reduce the overall line noise. The power supply can
éiectronically switch the lamps on and off at a rate set by a low fre-
iuency square wave reference. The reference generatbr is a crystal
Jscillator divided down to give a square wave signal at frequency
Aultiples of 0.306 cps. The flashing lamp output was shown to be a
square wave with a sﬁort initial spike when the lamps were monitored
by a phototransistof.

The_oﬁtput spectrum for the photolysis lamps is the same as that
shown in Fig. (3b) of PartVI for the photolysis lamps in the infrared
cell. The major output of the lamps is between 320 and 380 nm which
gives a good b&erlap of the 012 absorption band. |
3. Electronics

The électronics are basically the same as those described in
Part I for the infrared apparatus. There are again two stages of
demodulation: vone for the 400 cps carrier signal, and a phase sensitivé

dual demodﬁlation stage for the low frequency modulation signal.

a. Carrier demodulator. The first stage of demodulation is a 400 cps

lock-in amplifier.. It receives the 400 cps AC signal from the
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preamplifier of the photomultiplier tube. This signal carries the
modulation information on side bands at 400 * f cps. In the lock-in
the 400 cps signal is beat against a 400 cps reference produced by the
tuning fork chopper. This rectifies the 400 cps signal and produces

a DC signal proportional to the spectroscopic light intensity. The
modulation information 1is carried on top of this DC signal as a low
frequency ripple.

This DC signal is then split with one output going through a set
of integrating filters to a strip chart recorder, and the other going
into a set of low frequency band pass filters. The band pass filters
select for the first fundamental of the frequency of interest.

b. Dual phase demodulator. The signal that comes out of the low

frequency band pass filters carries the first fundamental of the mod-
ulation signal. This low frequency AC signal is amplified and sent into
a Wavetek model 11 voltage controlled oscillator which functions as

an analog-to-digital converter. The Wavetek is sef to have an output

of 5000 cps, and this signal is frequency modulated by the low fre-
quency voltage changes of the AC modulation signal. This frequency
modulated signal is then sent into two "up-dowm" frequency counters
which perform the function of digital lock-in amplifiers.

The digital frequency counters are controiled by the same low
frequency reference that flashes the photolysis lamps. The "in phase"
or sine component frequency counter counts up for the first half of
a modulation cycle and down for the second half cycle. The "quadrature"
or cosine component counter counts up for a quarter cycle, counts

down for the next half cycle, and then counts up for the last quarter
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cycle. ‘The result of this counti;g méthod is diagrammed in Table (13).

The‘éffgct of counting up and down for the same period of time
is to produce zero counts for the 5000 cps carrier signal and any
random noise presént iﬁ the signa;. Any coherentvéignal at the same
freqﬁenc& as the switching refereﬂce will register as a number of
digital cqﬁnts at the end of a cycle.

The 6utput of the sine componeht counter is proportional to the
amplitude of the first fundamental sine component of the modulation
signal. The output of the qﬁadrature or cosine équnter is proportional
to the amplitude of the first fundamental cosine component. The
‘experimental amplitude and phase shift from the flashing lamps can be

i
calculated for the modulation signal, just as they were in the case
of the analog demodulator in Part I. The phase shift & = tan_l(b/a),
2)1/2

and the amplitude is given by AI/I = (a2 + b /DC.

f
|
| !

a = number of counts on the in phase counter.
b = number of counts on the quadrature counter
DC = the number of counts equivalent to the badkground DC voltage

level.

The switching mechanism for these up-down counters was designed
by E. D. Morris, a former graduate' student in this laboratory, and
it is described in more detail elsewhere.43

The output of these digit31 counters is punched out on.tape in
a BCD format to be analyéed later £y computer.
c. Calibration. The output of the dual phase digital demodulator is'
. directly proportional to the ﬁoduléfion signal ampiitude. The amplitﬁde
1

proportionality factor and the proper electronic phase correction for

'
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Table 13. Output of the digital lock-in for various simulated signals.
First
quarter Second Third Fourth
cycle quarter quarter quarter Result
A. add add subtract  subtract
B. subtract - add add subtract
no signal A. +100 +100 -100 -100 0
B. =100 +100 +100 -100 0
In-phase signal A. +110 +110 -90 -90 +40
| | | B. -110 +110 +90 -90 0
90° 1la A. +90 +110 -110 =90 0
| | B. -90 +110 +110 -90 - +40
45° 1la A. +100 +110 -100 -90 +20
| | B. -100 +110 +100 -90 +20

Signals in other quadrants will have the appropriate signs.

A.
B.

Counter with in-phase reference.
Counter with 90° lag reference.
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" the apparétus are obtained by using the modulation simulator diagrammed
in Fig. (5) of Part I. The zero degree phase shifted, 2 X 10_3'
amplitude square wave modulation is run into the electronics to
.calibraCe thevinsfomental phase shift caused by the filters. This
calibration sigﬁal also gives a proportionality factor to relate the

number of digital counts to the absolute modulation amplitude.

4, Gases and Flow System

The carrier gases -used in thé experiments were Extra Dry grade
Oxygen and High Pure nitrogen from the Lawrence Berkeley Laboratories.
The chlorine was Matheson research grade, which &as di1uted in the
laboratory with Matheson ultra high purity oxygen. The carbon monoxide
was Matheson ultra high purity grade. The aﬁalysié-of these tank»
gases are given below. .

Extra Dry O

‘ 2

62 o 99.65 percent : o, 99.986 percent
' Argoh 0.3 percent Argon 60 ﬁpm | |

N2 ' _ 0.05 pércent N2 25 ppm

CO2 B ' 2 ppm Krypton 13 ppm

Hydrocarbons COZ 7 ppm
-as'methaﬁe | 20 ppm Xenon -4 ppm

H20 i 10 ppm ‘HZO 6 bpm

Total Hydrocarbons

as methane 16 ppm
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High Purity Nitrogen Research Grade Chlorine
N2 99.9976 percent C12 99.965 percent
O2 80 ppm 02 30 ppm
HZO 50 ppm N2 80 ppm
002 10 ppm CO2 140 ppm
Argon 100 ppm H20 3 ppm max.

Carbon Monoxide, Ultra High Purity

co 99.8 percent min.
N2 0.05 percent max.
CO2 0.2 percent max.
H2 0.025 percent max.
02 0.0025 percent max.

The oxygen was normally used as the carrier gas at approximately
one atmosphere pressure. The flow was passed through a four footvlong
copper turnings furnace to convert the hydrocarbons to water and
carbon dioxide. These impurities were then removed by successive
columné of calcium chloride, ascarite, and PZOS'

Infrared analysis of the carbon monoxide showed an impurity
absorption that was ascribed to a FeCO type band. The CO was then
passed through a five foot column of activated charcoal on glass wool
to remove this impurity. After purification the carbon monoxide Qas
free of this impurity to the limit of the infrared spectrometers

sensitivity. Since the spectrometer has a maximum sensitivity of
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ln(IO/I)-= 0.002 at a 40 meter path length, the manimum impurity
concentration would be about 1 to 10 parts per million.

The chiorine gas was diluted with ultra high purity oxygen in
stainless steel tanks to form-a five percent Cl2 in 02~mixture. This
was used:in.the flow system with no purification, since the analysis
of the research grade chlorine showed no reactive impurities.

All flows werevmonitofed by calibrated Hastings Mass flow meters
and Predictability Tri:Flat flow meters. The calibration of each
flow meter for its specific gas was done by measuring the amount of
water the gas flow would displace per minute in a wet test flow meter.

The gasses were introduced to the reaction cells through glass
nispersal tubes. The dispersal tubes are lengths of glass tubing.nith
small holes placed every four inches along their length. These holes
cause a jetting of the gasses into the cell producing more uniform

mixing.. The gasses exit from the cells through similaritubing.

5. Concentration Determinations

The concentrations of the chlorine and carbon monoxide in the

‘cells were measured by spectroscopic absorption. The carbon monoxide

" Beer's Law absorption coefficient was determined as a function of

optical dénsity in the infrared cell by using calibrated flows to
determine concentrations. From this‘absorption coefficient curve, the
CO concentration during fhn‘reaction runs could be determined in the
infrared cell. To measure the carnon monoxide in the ultraviolet
reaction cell, the exhaust gas was piped into the infrared cell and

monitored. - The measured carbon monoxide absorption coefficient is
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plotted as function of optical density in Fig. (15). The measurements
were made at 4.811 microns with a 150 line/mm grating and a 0.8 mm .
siit width. The total pressure was one atmosphere with oxygen as the M
gas.
The chlorine cdncentrations were determined by flow rates and
checked by, measuring the Cl2 absorption around 330 nm in the ultraviolet
apparatus. The Cl2 absorption coefficients were taken from the work
of Gibson.and Bayliss.44 Figure (16) shows this absorption coefficieht
as a function of waveiength. To check the chlorine concentration in
the infrared cell, the exhaust gas was passed into the ultraviolet

cell for analysis.

6. Experimental Procedure

Two groups of experiments were perfprmed, with all experiments
being run at 1 atmosphere total pressure and 298°C. The first group
was a qualitative set of modulation flow experiments run in both the
infrared and ultraviolet reaction cells over a wide range of initial
conditions. The purpose of these experiments was to characterize the
modulation behavior of each of the individual modulation absorptions
with respect to the different reaction conditions. On the basis of
their kinetic behavior, the absorptions belonging to a single absorber
could be identified; and the absorbing species could be characterized >
as to their role in the reaction megh&nism.

The second group of experiments were quantitative in nature.

These included initial slope measurements of the carbon monoxide decay

in a static cell over a wide range of initial conditions. There were
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Fig. 16. The ultraviolet absorption spectrum of chlorine
molecule. (44)
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|
also a number of steady state flow experiments carried out with the
photolysis laﬁps flashing. During these flow experiments the quantum

2

tions were monitored to determine their phase shifts and amplitudes.

production were measured, and the modulation aborp-

The modulation experiments allowed each of the free radical

absorptions to be characterized as to its decay mechanism. Once the

.decay behavior of an absorption could be established as first or second

order in radical concentration, the kinetic lifetime df the absorber
could be determined.

On the basis of these experiments, a general réaction mechanism
for the'CvaO -CO system cén be proposed; and several_of the major

2 2

rate constants for the chain reaction determined.

fr
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III. SPECTROSCOPIC RESULTS

A. Ultraviolet Spectroscopic Results

The modulation studies of the Cl2 + 02 + hv system carried out

in this laboratory by Johmston et al. in 1969 showed two modulation

-

absorption ﬁeaks in the 200 * 300 nanometer regibn belonging to the

C10 and Cl00 free radicals.39

In the same work they reported an
infrared modulation absorption peak for the C100 ffee radical at
1443 cm T

In the first series of qualitative experiments carriedw;ut on the
addition of carbon monoxide to the chlorine-oxygéh s&stem, it was

noted by Van den Bogaerdo and MorrisAS’46

that the amplitude of the
265 nm Cl0 absorption had increased by a factor of si#‘to‘ten. Further
scanning of the ultfaviolet and infrared spectra indicated that CO2

was rapidly being generated by this system, and that there were five
new médulation absorption bands. These new bands consisted of a large
absorption in the ﬁltravidlet centered at 220 nanometers and four
infrared peaks at 937, 970, 1835, and 1905 em L. All five of these
new modulation absorption bands displayed phase shifts in the fourth

quadrant, characteristic of free radical intermediates.

1. Ultraviolet Spectrum

In this investigation, the studies of the C12—02-C0 system's
ultraviolet modulation spectra showed two strong absorption bands;
one at 220 nm, and the other at 265 nm. Studies of the phase shifts
and amplitudes of these two peaks indicate that these absorptions belong

to two different free radical species.

a7
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Figurev(l7) shows a plot of the modulation amplitude and phase
shift in the region 195 to 280 nm. The plot shows that the two
absorption maxima have different phase shifts. ‘These phase shifts
are -60.5° and -51° at a flashing frequency of 2 cps. for the 265 andv
220 nm peaks respectively. These phase shifts are far enough apart |
to be well outside of any experiemntal error. These two different phase
shifts indicate that the peaks are definitely due to two different |
absorbing species, and the fact that both phases are in the fourth
quaarant indicates that these two speéies are both free radicéls.

These two overlapping spectra can be resolved by utilizing the

- relationships between the observed phase shifts and modulation

amplitudes. Since each absorption is characterized.by a phase angle and
an amplitude they can be treated as vector quantities. When the spectrum
is compoéed of two overlapping absorptiomns, the measured value of the

amplitude is the.veCtor sum of the two individual absorptions.

That i | V, =V, + V
Gobs = garctangent (boﬁs/aobs) o »(71)
> 2 2 1/2
Ivobs, (aobs + bobs)

These equétions can be reduced to their components by vector algebra.fQ 
b = b, +b, = |V,] sine(s,) + |V.| sine(s.)
obs 17 P2 1 1 2! 8ineld, ) ,

' - (72)

: -> >
ape = 2 +-a2 = v|V1| cosine(él) + IVzl cosine(dz)

L . i i
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' i
Since b1 = a

1tangent(61) and b2 =Ia2tangent(62), then:

|31| = (312 + alztangentz(ﬁl))l/2 o

, (73)
e 2 2 2 /2.
|V2| = (a,” + a,"tangent”($,)) /2,

Thg values of 61 and 62 can be obtained from the modulation spectrum,
és can the values of Gobs’ aob;’ and bobs' Combining these measured
values with Eqe. 71 = 73 makes it possible to calculate I§1I and ]321.
Figures (18a)and (18b) show the resolved ultraviolet sﬁectrum calculated
in thisvmannér. The -60.5° cbmponent has the published spectrum of
C10 overlaid on it.47 The good correspondence beéween the méasured
and the literaﬁure spectra reconfirm the 265 nm. absorption to be that
of ClO._.Tﬁé new abéofptidn at 220 nm. is not recognizable as any
known\intérmédiate.species.. The C100 ébéorption‘band at 230 nm. is
so émali in comparisonvtq these two lafge peaks fhat its size cannot
be determiﬁéd from these spectra. |

With the 265 nm. absorption definitely confirmed to be.caused
by the Cl0 free radical, a number of experiments.were carried out to
relate the kinetic behavior of the 220 nm. absorber to that of C10.

2. Variation of the Modulation Phase Shift and Amplitude with Reaction
Conditions for the Ultraviolet Absorptions

Figure (19) shows a graph of the modulation phase shift and
amplitude measurements for the two ultraviolet ébsorptions as a
function of the relative carbon monoxide concentration for a fixed

amount of chlorine and oxygen. The graph shows tha the phase shifts:
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Fig. 18a and 18b. Decomposed ultraviolet spectrum showing
the tvo absorptions which were overlapped in Fig. 17.
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of the two free radicals become closer together with increasing carbon
monoxide concentration. The amplitude of the 220 nm. absorption
increases monotonically with carbon monoxide, while the C10 concentration,
after an initial increase, levels off and then begins to fall with
increasing carbon monoxide.

Another way of expressing these changes in the relative amplitudes
of the two absorptions is to plot the ratio of their absorption
amplitudes versus the ratio of [CO] to [C12]° Figure (20) shows this
plot. From this figure it can be seen that the relative amount of
C10 continues to drop with respect to the concentration of the 220 nm.

absorber as the ratio of [CO] to [C12] increases.

3. Relating the Modulation Behavior to the CO, Quantum Yield For the
Ultraviolet Absorptions : <

A more quantitative measurement of the kinetic behavior of the ultra-
violet absorptions can be derived by relating the modulation phase
shift and amplitude to the quantum yield for production of C02 by the
chain reaction. This quantum yield will be defined as:

GCO = (CO2 produced per sec.)/(Cl2 dissociated per sec.)

2
In a long chain reaction, the free radical intermediates soon
reach a steady-state in which they are regenerated, as soon as they

decompose, by the chain propagating steps. The effect this has upon

modulation behavior can be seen from the example shown below.

~R
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Model 1.

Rate Constant

A + hv > 2X ' al
X+B>Y+P kg
Y+C+X+P kp Propagation step
X+ X>A kt  ‘termination step

A, B, and C are reactants; X and Y are free radical iptermediates;

and P is the product. In this example the destruction step for radical
Y is first order in its own concentration, and radical X is removed
second order in its own concentration. Working up the steady-state,

long chain differential equations for this example givesi

201[A] + kp[Y][C]

g = k, [B] + 2k [X] (74)
d[Y] 201 [A] kl[B] :
de T g [B] * 2k IX] © k [¥)[e] q1- 1/ (12K, [X1/k (B (75)

Depending upon the value of the ratio 2kt[X]/kl[B], the radical Y will
show more or less "first order' decay behavior. .When [B] is large the
reaction sequence will be a long chain with a high value of ﬂp, kl[B]
will be much greater than Zkt[X], making their ratio less than one.
This &111 cause the free radical Y to have a smallér decay term and it
will exhibit a greater phase shift away from the exciting light. This
will make the chain terminating step the controlling decay rate, and

radical Y will demonstrate '"second order" radical decay behavior.

~0
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In the opposite case when [B] 1s very small, the chain reaction
will have a low quantum yield and the ratio will be greater than one,

fe.2k [X] > k;[B]. This will give the free radical Y essentially

"first order" decay kinetics, with its modulation phase shift becoming

smaller at lower quantum ylelds. This is the type of behavior exhibited
by the free radical absorption at 220 nm.

The 'CO 'quanfum yield in the C1l,~C0-0, system can be varied by
2 2 2 o
d[Co,}/dt

qI[Clzl
then the COZ quantum yield can be changed by varying the carbon monoxide

If the term ai[CIZ] is kept constant,

concentration. Figure (2la) shows a plot of the modulation phase

0 for the 220 nm. absorption at 4 cps. flashing fre-
2

quency. The phase shift monotonically decreases with the quantum

shift versus'¢C

. yield with the bhase shift épproaching a limiting value.at a quantum

yield of two. The fact that the free radical phaée shift approaches‘

a limiting'vaiue at'¢co = 2 shows that the chain terminating step

S 2. ,
is not the same as that given in model 1. This important detail will .
be taken up later in this'wofk.

This limiting behavior also indicates that the phase shift versus

. 1/f curve for the 220 nm. absorption should be that for a radical

ﬁhich decays first order in its own concentratioh, under the conditions:

of a CO2 quantum yield of 2. In the high quantum yield limit, this

vmodel,alsd predicts that the 220 nm. absorption should display a phase

shift versus 1/f curve characteristic of a radicallwhich decays second
order in radical concentration. Figures (21b) and (21c) show the

measured phase shifts for the 220 nm. absorptioﬁ,'as a function of 1/f
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!
to

for the qages of ¢C02 = 32, and for ¢C02
for a first order decaying radical is superimposed on Fig. (21b) and

= 648. The theoretical curve

that for a Second order deéayingvradical on Fig. (2lc).

The C10 absorption at 265 nm. exhibits a different phase shift
relatioaship to the CO2 quantum yield. As sﬁown in Fig. (22), the C10
phése shift increases as the quantum yield drops. VThis behavior is
éhéracteristic of another type of chain reaction intermediate, shown

in the example below:

Model 2.
A+ hv + 2Y Rate Constants
Y+B *+>Z + P1 k1
’ Y +,Y > A k2
Z+B +Y+ P1 » kp propagation
z+2z *P, k. termination -

A and B are reactants, Y and Z are free radical intermediates, and
the P's are products. In the case of a long chain reaction, Y can

be considered to be in its steady state. This gives the following

expressions:
20I[A] + kP[Z][B] -
Mg = BT+ 2,01 6.
5nd
az] . ky [Y1(B) - &, [2]B] - 2k(2] | an



-116- '

Fig. 21b. The 1/f versus phase shift behavior for the 220 nm absorp-
tion at a CO, quantum yield of 32, plotted on a logarithmic scale.
The theoretical curve for first order radical decay ig matched to
the data at -45°, For these data: [C12] = 2.2 x 101® molecules/cm .
[cO] = 2.5 X 1016 molecules/cm3, [02] ="2.44 x 1019 molecules/cm3.
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Fig. 2lc. Phase shift versus 1/f behavior for the 220 nm. absorption
at a quantidm yield of 648 plotted on a logarithmic scale.
theoretical curve overlay for second order radical deca

to the data at =52
cm3 [CO] = 5. x 10

° For these data:

fc1,] = 2.6 x 10

15t

The
s matched
moleculeg/

17 molecules/cm3, [02] =22,4 x 1019 molecules/cm’.
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In the long chain case, 2k2[Y]'<< kl[B] and :

2]~ orfa] - 2 f2)2 (78)

Thus,bin a modulation system, the radical [Z] in the long chéin'
limit will display the phase shift versus 1/f behavior of a radical
decaying second order in its own concentration. Its phase shift will
vary from 0 to-90° with flashing frequency, as shown in the example
calculated for Fig. (12).

When the reactant B is decreased, so that kl[B] << 2k2[Y] and
20I[A] > kp[Z][B], the quantum yield will be very small, and the

free radical [Y] will no longer be in a steady state. In this case:

d—([lxt—]- ~ 20I[A] - 2k2[Y]2 o , - (79)
and

drz] . 2. o : N

it k, [Y][B] - 2k [2] | _ (80) -

Then Y will have a phase shift varying from O to -90° and the free
radical Z will always follow Y. So Z will have its phase shift
approaching -180° i;'the high frequency limit. Tﬁis is labeled
"2nd generation radical behavior'. The C10 free_ra&ical like the
radical Z in this example has its phase shift incréasing, whiie the
002 quantuﬁ yield drops.

To demonstrate that C10 has this type of behévior, Fig. (23a)

shows the Cl0 phase shift behavior for a CO, quantum yield of 32, and

2
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Fig. 23a. Phase shift versus 1/f behavior for the 265 nm. C10 absorption
at a quantum yield of 32, plokted on a logarithmic scale. For
these data: [Clp] = 2.2 X 1016 molecules/cm3 [CO] = 2.5 X 1016
molecules/cm”, [02] = 2.44 x 1019 molecules/cm3.
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Figf (23b) shows the phase shift curve for ¢C0é = 648. In the high

quantum yield case, the C10 phase shift behavior is very close to that -
predicted by the "second order" radical decay curve. In the low
quantum yield case, however, the C10 phase shift passes -90° and does
not reach a high frequency limit. This indicates that the role of

C10 in the chain reaction 1is very similar to that of the radical Z in

Model 2.

B. Infrared Spectroscopic Results

The infrared modulation spectrum shows four new absorption peaks
with free radical behavior when carbon éonoxide is added to the C12—O2
system. .Figure (24) shows modulatidn phase shift and amplitude versus
wavelength plots for these abéorptions taken under one set of reaction
conditions. It can be‘seen from these graphs that the peaks at 937,
1835, and 1905 cm—l have the same phase shift within experimental
error. The smaller side band at 970 cm.—1 shows a phase shift of about
-16 degrees greater than the other three absorptibns. This indicates
that the three absorptions at 937, 1835, and 1905 gm—l.couldvbelong
to the same absorbing species, while the weaker‘970 cm_1 side band is
caused by a second radical species. |

To test this, a series of experiments were carried out under
different réaction conditions. By comparing the phase shifts and the
rétios of the amplitudes of the absorptions, it is possible to identify
which peaks belong to the same absorbing species. Table (i4) lists

the results of these experiments.
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Table 14. Summary of the results of the qualitati#e experiments measuring

the phase shifts and amplitudes of the infrared absorptions under

a variety of reaction conditions.

Phage Shift Comparison

£ cps. Case 937 970 1835 1905 (cm™)
2 1 -50 ¢ 1° -65 + 2° -49.3 t 4° -49.8 * 4°
2 2 C-42 % 1° -58 £ 2° -43 t 3° -42 % 3°
1/4 <3 -64 t 1° -82 % 5° -68 * 4° -66 t 4°
1/4 4 -41 % 1° -52 % 1° -40.8 t 2° -39.8 + 2°
Amplitude Ratios %} X %; 937
Cage Ratios AI/I
937/937 970/937 1835/937 1905/937
1 1 0.30 0.30 0.28
2 1 0.25 '0.28 0.22
4 1 0.19 0.285 0.24
Conditions
Case - (molecuies/cm?) f = | Case (molécules/cms) f =
1 [Ciz] = 2.5 x 10%% 2 cps 3 [c1,] = 7.3 x 101 174 cps
[c0] = 1.2 x 107" [col = 9.3 x 107
[0,] = 2.45 x 10" [0,] = 1.45 x 1019
[N,] = 1.0 X 1019
| 16 15
2 [c1,] = 6.8 x 107" 2 cps 4 [€1,] = 3.2 X 107> 1/4 cps
[co] = 8.0 x 10%7 | [co] = 5.0 x 10V
10,1 = 2.44 x 1019 0,] = 2.4 x 1019
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Fig. 23b. Phase shift versus 1/f behavior for the 265 nm. C10 absorp-
tion at a quantum yield of 648, plotted on a logarithmic scale.
The overlay is a theoretical curve for a radical decaying second

order in radical concentration, matched to the data at data at -60°.

For these data: [Cl,]= 2.6 x 1015 molecules/em3, [CO] = 5.0 X
1017 molecules/cm?, 02] = 2.4 x 1019 molecules/cm3. -

«u
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Fig. 27. Phase shift versus 1/f behavior of the 937 cm_1 absorption
at a CO, quantum yleld of 40. The 1/f values are shown on a
logarithmic scale. The overlay is the theoretical curve for a
fiigt order decaying radical. For this plot: [Cl,] = 1.06 X
10"° molecules/cm3, [CO] = 2.6 X 1016 molecules/cmg, [02] =
2.4 x 1019 molecules/cm?.
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A second set of experiments was conducted in the infrared cell to
relate the absorptions to the quantum yield of the CO2 production chain.

Fighre (26) shows the phase shift versus quantum yield behavior of the

937 cm_1 absérption. Like the ultraviolet band at 220 nm., the infrared

peak shows a decrease in phase shift with decreasing quantum yield.
The 937 cm—l phase also approaches a limiting value as the CO2 quantum
yield reaches 2, in the same manner as the 220 nm; band.

Since the 937 cm_l peak's phase shift approacﬁes a limiting value
as the quantum yield goes to 2, the phase shift versus 1/f plot fo; this
absorption should display the behavior of a first order decaying
radical in this limit, as predicted by model 1. Figure (27) shows the
phase shift versus 1/f data with a theoretical first ordér decay curve.
overlayéd updn it for an infrared experiment with a quantum yield of
40. To illustrate how this curve will change with quantum yield,

Fig. (28) shows a phase shift versus 1/f plot for the 937 cm_1 peak
at a quantum yield of 360. This data has a secona order decay theorefi—
cal curVe»overlay.

The 970 cm_1 band at low quantum yields shows phase versus 1/f
behavior characteristic of a radical formed from a radical precursor,
such as radical Z in model 2. To illustrate this.behavior, Figs. (29)
and (30) show comparisons of the 937 and 970 émfl-phase shift versus
1/f curves under the conditions of low and high quantum yield. Figure
(29) is for the conditions of ¢C0 = 40, and Fig. (30) represents a

2

¢CO = 360. The phase shift separation between these two absorptions
2

increases as the quantum yield drops. This 1s the "gecond generation"
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Fig. 28. ‘hese shift versus 1/f behavior of the 937 cm absorption
at a COy quantum yield of 360. The 1/f values are shown on a
logarithmic scale.. The overlay is the theoretical curve for a

radical decaying second order in radical concentration. For this °

experiment:: 15 3
2.6 X 107" molecules/cm

5.8 x 1017 molecules/ém’3
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(co]
[o

2] = 2.4 X% 1019 molecules/cm3
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29. Comparison of the phase shift versus 1/f behavior of the 937
and 970 cm~l absorptions at a CO, quantum yield of 40. The 1/f
values are shown on a logarithmic scale.

30. Comparison of the phase shift versus 1/f behavior of the 937
and 970 cm~l absorptions at a CO, quantum yield of 360. The 1/f
values are shown on a logarithmic scale.

w
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As the data shows the phase shifts of the 937, 1835, and 1905 cm
absorptions are the same within experimental erroriin eaéh of the
experimental runs. The data also show that the #mplitude ratios of
these three peéks are constant under all the éxperimental conditions.

This identifies the three absorptions at 937, 1835, aﬁd 1905 cm--1 as
'belonging té the same absorber, or perhaps to a pair of kinetically

identical absorbers, such as two isomers.

1

The changes in the amplitude_rafio of the 937 peak to the 970 cm”1

peak, as well as the differences in their phase shifts at eéch set of
experimental‘cdnditions, definitely shows the 970 ém;l absorption to
f bé caused by a second species. | | |

In an attempt tovrelate the infrared absorptions to thosevih the
ultraviolet, the same series of experiments was carried out in both
reaétion cells. In most éf these experiments in the.infrared cell,
ohly the 937 and 970 cm-l peaks were ﬁohitored,-$i£Ce the éther two’
absorptioné'show-the same behavior as the 937 Cm—;’band.

Figurei(ZS) shows a graph of thé ratio of tﬁe amplitude of.the
970'cm'-l ébsorption to that of the 935 cm_1 band plotted against the

ratio of the relative carbon monoxide concentration to that of the

chlorine. This graph can be compared to Fig. (20) which shows the
| ' 1

same plot for the ultraviolet absorptions. In‘this case the 970 cm_;v'v

absorption amplitude decreases with respect to that of the 937'cm“1

peak, as the carbon monoxide concentration is increased over that of

the chlorine. This behavior is very similar to that of the ultraviolet*

absorptions.
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Fig. 25. Plot of the ratio of the modulation amplitude of

the 970 to the 937 em™1 absorptions, versus the ratio

of the relative CO to Cl, concentrations, which is shown
on a logarithmic scale. The ratio [c0]/[C1,5] is based

on flow rates and is strictly qualitative.
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radical behavior predicted by model 2, and demonstrated by both the

970 cm_l peak and the C1l0 absorption.

C. Comparison of the Ultraviolet and Infrared Spectra

To relate this infofmation about the spectra taken in tﬁe two
reaction cells it is necessary to look at all the qualitative data
shown in the preceding sections. To facilitate this, the individual
observations and conclusions will be listed in tabular form.

1. Conclusions from Experimental Data

1) Both the ultraviolet and infrared modulation spéctra show two
distinct absorbing species displaying free radical kinetic behavior.
2) The 265 nm. absorption has been identified as belonging to the Cl0
free radical.

3) The 937, 1835, and 1905 cm'-1 absorptions have been identified as

belonging to one absorber.

2. Observations Relating the 937 cm_1 and 220 nm. Absorptions

1) As the carbon monoxide concentration is varied, both of these
absorptions show decreasing phase shift with decreasing 002 quantum
yield, with the phase shift approaching a limit at a value of ¢COZ =2,
2) Both of these absorptions show first order.radical decay behavior
in the low quantum yield limit.

3) Both of the absorptions show second order radical decay kinetics

under high CO, quantum yield conditions.

2
4) Since both the 937 cm._1 and 220 nm. absorptions exhibit first order

radical behavior in the limit of low quantum yield, a lifetime can be
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1) As the CO

. and the 970 cmfl peak show an increasing phase shift separation from

- =139~

calculated for each of these absorptions. For the first order decaying

" radical species the lifetime was defined as: T = l/kr[C] = 1/(-2mf/tand).

Thus from the single measurement of the limiting phase shift at ¢CO =2
: 2
the 1lifetime can be determined for each of these absorptions. '

As shown in Fig. (26a) the 937 cm-1 phase shift appears to

1approach a limiting angle of -7.5 £ 2° at a 1 cps flashing frequency.

This givés a calculated lifetime for the absorber of Tg37 cm‘1.=
0.021 * .005 seconds. Figure (21a) shows the 220 nm. phase shift
approaching a limiting phase shift of -33.5 * 1° at a flashing fre-
quency of 4 cps. This angle predicts a lifetimerof 1220 .
0.0215 £ .001 sec.

The combination of these calculated lifetimes, and the qualitative
observatiohé indicate that the species causing the 220 nm. absorption
is also responsible for the 937, 1835, and 1905 cm-l infrared absorp-

tions.

3. Observations Relating the 970 cm-1 and 265 nm. Absorptions

2 quantum yield decreases, both the C1l0 265 nm. absorption

the phase shift of the absorber associated'with'fhe 220 nm. and 937 cm_l
absorptioné. This type of behavior indicates that in the low quantum -
yield range the 970 cm—l absorber and the C1l0 both are begining to show
"second geﬁeration" radical behavior with respect to the 220 nm.,

937 cm—; absorber. This behavior is confirmed fér the C10 absorption
since its phase shift goes beyond -90° in Fig. (235) for‘the case of

8. =32.
co,
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2) Another comparison can be made by examining an overlay of the phase
shift versus 1/f curves for the two infrared species in the high quantum
yield region. Figure (30) shows these curves for the 937 and 970 cm_l
for a reaction system with ¢C02.= 360. The different slopes and crossing
behavior of these two curves is characteristic for the phase shifts of -
these two species in the high quantum yield range.

Figure (31) shows a similar overlay plot of the phase shift versus
1/f behavior of the 220 and 265 nm. absorptions. These measured phase .
angles were done in a reaction system with a quaﬁtum yield of 392.
These curves show the same difference in slope and crossing behavior
as the infrared absorptions.

The crossing occurs at the same phase angle in both cases, but at
different flashing frequencies. This 1is probably due to the difference

in reaction conditions in the two cells. A radical decaying second

order in its own concentration has its lifetime given by:
= 1/2
T = 1/(2kr[Z])with [z] = (ZaIO[A]/Zkr) (81)

This w&s derived in the seétion on experimental,method; This shows

that the radical decay rate is inversely proportional to the rate of
radical formation. Hence, the second order decaying radicals in the
ultraviolet cell will have a shorter life time since the product of ché
light intensity, carbon monoxide, and chlorine is greater in that céll
under the conditions of the two graphs. Since fhe radicals will have a
shorter lifetime, they will also have a smaller phase angle at any given

flashing frequency than that same radical in the infrared cell.
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The reason for this crossing over behavior could be due to the
220 nm. and 937 cm—1 absorber having partial first order and partial
second order decay behavior. The overlay graph of the theoretical
curves for first and second order radical decay in Fig. (12) shows this
same cross over effect. Since the Cl0 radical shows pure second order
decay under these conditions as seen in Fig. (23b) it is possible that
any first order decay behavior on the part of the other free radical
would produce the crossing effect.
4) As shownvin Figs. (20) and (25) the modulation amplitude versus
reaction conditions behavior of the 970 c:m—l énd 265 nm. absorptions
is very similar.

This direct correspondence in kinetic behavior between the 265 nm;
and 970 cm“1 absorptions leads to the identification of the infrared

band as the fundamental vibratiomal absorption of the C10 free radical.

D. €10 Infrared Spectrum

The C10 fundamental absorption frequency has.been the subject of.

some interest since the discovery of the ultraviolet absorption spectrum

of the free radical. The most recent analysis of the electronic fine

structures done by O'Hare and Wahl in 1971 predicts a frequency of

975 cm™) for this vibration.*® o | o
Rochkind and Pimentel in 1966 did an in situ photolysis of

molecular C120 at 20°K, producing 8 absorption bands near 960 cm_1 and

a quartet near 375 cm—l. They attributed two of these absorptions at

945 and 982 cm’ to a C10 dimer (C10),. From this they speculated
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that the C1l0 absorption is probably near 970 £ 20 cm"1.38
More recently, Andrews and Raymond report having observed the

€10 radical in an argon matrix at 995 cm_l. They feacted 0120 with

- ~alkali metal atoms in a matrix to produce the free radical. They

based their assignment upon their observation of the appropriate
calculated oxygen isotopic shift in the 995 cm—; band,land on the
f?ct that the 995 cmn1 band has an appropriate chlorige isotopic
coﬁnterpart.Ag

The isotopic‘rotational constants for the €10 radical havevbeen
reported by Carrington, Dyer and ievy,so Using tﬁese constants, the
shape of the C1l0 band envelope can be calculated using the Honl-London
formuias for the intensity of the rotational lines in the P, Q, and
R brancheé of a diatomic molecule.51 Figure (32) shows the calculated
€10 band eﬁvelope with the Q branch centered at .950‘cm-1 overlaid on
the modulation absorption. This figure showé how it is not possible to

accurately predict a Q branch location from the‘Band envelope due to

the severe overlap of the two absorptions. Unfortunately, it is not

-poésible to do a separation of these two bands utilizing the phase

shifts since the 937 cm_1 absorption is so much more intense éhan the
sidg band. |

The éide band appears to have its maximum between 955 and 975 cm‘-1
which would place the maximum of the R branch in.this area. The
separation befWeen the Q branch Qgggthe maximum of the R branch preQ’
dicted by the Honl-London calculétion is about 15 cmfl. This would

place the center of the C10 band at about 950 cm-1 + 15 cm.-l

Lo
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This assignment of 950 * 15 el to the Cld‘fundémental is 45 waﬁe_
numbers lower than the 995 cm_1 value reported by An&rews and Raymond,
but it is in fhe areé of tﬁe 945 and 982 cm_l doublet observéd by
Pimentel and Rochkind for the (ClO)2 dimer. The nbfmal matrix shift for‘
.a vibrationél fréquency is about £ 10 cm_l.52
The infrared band at 970 cm-; is definitely an intermediate.radical

speciles in the Cl2 + 02 + CO + hv system, and it‘shows very similar
kinetic behaviof to that displayed by the C1l0 freé fadical, as monitored
in the ﬁltraviélét. Aéide from this, it would be &iffiéult to poétulate
another fregvradical in this system wiﬁh bnly bne strong infrared
absorption. Therefore,.the 970 cm-1 absorptionvhas been identified as
the R branch of ﬁhe C10 fundamental. This predicté ghe:Q branch,to,be.

centered at 950 * 15 cm_l, on the basis of the band envelope calcula-

A tions.

E. Unknown Radical Spectrum

The remaining four modulation absorptions have also been linked
tpgethéf byvtheir kinetic behavior. The obserﬁation that the.ﬁnknaWn'“
' radical species has a smaller phase shift at thgjlpwer flashing fre-
| quencies indicétes-that it is a faster.forming radical than C10. Sincev
~ the appéarépce of this unknown ffee radicgl_is accompanied By a marked ;
increase in the CiO.absorption and the pro&uctidn“of co ; it 1s
‘«possible‘that this free radical is a ﬁrecurSOr of Both C10 and 002'

1 1

The absorption bands at 1835 cm =~ and 1905 em 1 indicate that thé:l

radical containe at least one, and perhaps two‘étfbng carbonyl bonds.
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These absorptions are characteristic of a‘carbonyl group with partial
triple bonding, such as in C1CO, where the extra electron is localized
around the oxygen atom.

The C1CO radical is one possible explanation for these absorptions.
It is pfesent in the 012 + CO + hv system, and does contain a strong
carbonyl bond. The C1CO vibrational fundamentals have been observed in
a matrix at 14°K by Jacox and Milligan.36 The répofted fundamental
vibrational absorptions are at 281, 570, and 1880 cm—l. This radical
does not account for all the infrared absorptions observed, and it is
not likely to be present in large enough concentrétions to' have produced
these absorptions. |

Another more likely possibility for the unknown absorber's v
identity is the intermediate free radical ClCO3 postulated by Brenschede.35
Brenschede predicted the existence of such a free radical to explain

the temperature dependence of the CO2 production. This intermediate

could be formed by either:

1

cloo +co+M= ClCO3 +M (82)
or

Clco + 02 +M= ClCO3 + M (83)

The decay reaction ClCO3 + M ; Ccl0 + COZ’ would explain the phase shift
of the unknown absorber being smaller than that of C10 over most of the 
flashing frequency range. More definite confirmation of this radical's
identity as the major precursor to Cl0 comes from the low quantum.

yield limiting behavior of fts phase shift.
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!

i

As noted in the qualitative spectroscopic observations, the unknown

radical approaches a limiting phase shift at a CO2 quantum yield of two.

" This type of behavior is characteristic of one type of chain reaction

intermediate, as shown in the example below:

Model 3 : - Rate Constants
(a) A+hy > 2X | ol
V(‘b) x-i.-BfME;EY+M kb
(;;.) Y+M+>Z+P | ke
d z+B->X+ P kd Propagétion step
(e) Z+Z+M +'P2 + M | ke Terﬁinétion step

In this model, A'and B are reactants; X, Y and Z are free radical
‘ iﬁtermediates;-P is the major chain product; and M is the third body
molecule. - |

Considef reaction (b) fo be fast, SQ that‘thg,éhain carrier X
can be"cénsidered to be in a steédy state. Thé éroduction rate of

product P in a steady state modulation flow systgm”ié given by:

d[P] =d[B] _ =-(flow rate)([A] in -[AJout) :
dt —  dt (volume of cell) - +_kb[¥][B][M]

o N | o (84)
+ ky[z}[B].= 0 |

. This reduces to:

FAIAD - i (x11810M] + k,[2][B] - (85)
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The quantum yield is defined by:

_.kc[Y][M].+,kd[Z][B]

P = OI[A] (86)
The radical X can be considered to be considered to be in a steady
state.
* 20I[A] + kd[z][B]
X] = 87

Under the conditions of a flow experiment, all the radicals will be in
their steady state conéentrations. This gives:

. K IXI[BIM] 20T[A] + k;(z][B]

v ¥ - - (88)
ss kc[M] kc[M]
21, ek (89)
2 - 9
ss K (B] ¥ K_[Z]1[M]
Substituting into Eqs. (85) and (86) gives:
f—(A-%‘-‘-]l = 2(ar[A] + k,[2]1[B]) (90)
and
2(oI[A}] + k. [Z1[B])
_ ¢P d

aI[A] (91)

* -
Radical flow out terms are small and have been omitted for simplicity.
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Under these conditions, the larger the term kd[Z][B] becomes, the
larger theAquantum yield of P. The modulation behavior of the free
radicals Y. and Z will be controlled by the ratio of the chain propaga--
tion rate to the chain termination rate:

k4l2][B]

k [217 (4]
} _

If the prépagation rate is greater than the termination rate,sthe
anntum.yield will be high; and both radicals wi;l display very similar
éhase behavipr, since they*will both be controlled by the same decay
reaction. The phase shift of radical Y will be smaller than that of
lvradical Z, sincé.Y is the precursor; but both radicals will exhibit ;
sécond ordér radical decay behavior.
When reaétant B is decreased to the extenﬁ\that the termination

-_ rate is much greater tﬁan the propagation rate; tﬁe:férm of the _

:mechanism cﬁaﬁges. Iﬁ this low quanfum yield‘limit, the.equation

describing the reactions will be: In the limit B > O

_ ZOtILA] : ) _ ZGIIAI : | | B
[(Xlgg = k, [B][M] [Ylgg = k_[M] ¢
44 o arga) - K vID I

42l oy vy - kL2170 BN T
c e .
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d[P] _ _ :

ic - kc[Y][M] —'ZGI[A] (95)
lim. P, = 2
B0 ?

In this limit, the phase shift behavior of radical Y will be
characteristic of first order radical decay. Its phase'shift at any
given flashing frequency will decrease with the quantum yield to a
limiting phase shift at the limit @y = 2. The r#&ical Z will have its
phase shift increasing as ¢P drops, since it will start to exhibit the |
‘modulation behavior of a second generation radical whose phase shift
will vary from O to -180° with flashing frequency. .This behavior is
identical to that displayed by the two radical species observed by
molecular.modulation in this work. Fitting Model 3 to the Cl2 + 02 + CO

system gives:

A= Cl2 X = C1CO0
B =CO Y = ClCO3
Z = Cl10

0f course, provision must be made for the C1lCO and C1l00 free
radicals by slightly modifying Model 3. The exact algebraic manipulation

showing how Model 3 fits the C12 + 02 + CO system will be taken up in

the next section on kinetic results, but the major reactions are the
following:

Cl2 + hv + 2C1

Cl+CO+M~>CICO + M
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Clco + 02 + M ClCO3

ClCO3 + M > C10 + CO2 + M

€10 + CO >~ C1 + CO

+ M

2

Cl10 + C10 + M ~» ZCl2 + O2

Since the C1CO radical is quickly destroyed by reaction with oxygen,
it is always in a stéady staté. This series will reduce quite nicely
to the forhvof Modél 3.

This kinetic evidence confirms that the unknown radical absorption
is the precursor to C10, and indicates that its chemical composition
1s C1C0,.

It is poésible to speculate about the structure of this free
r;dical-ffﬁm itsiabsorption spectra. The 1835 and 1905 cm.l peaks
~ indicate a species with two strong carbonyl bonds, of perhaps two
isomeric forms of a species with one étrong carbony} bond. The 937‘cm-.1

absorption would indicate a bond like that in the C1l0 radical. Several

. structures ‘are possible:

1) 0 0
LI ‘ I(! o/0
-~ — 0
c1/'\o, c1 " (3) 0—c¢
e / .
0 cl )
/o
/c
2 —0 —_
(2) //0 e ///0 0\\\ .
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Structure (1) is a possible structure forming from the direct

combination of C1CO + O The nonbonded electron would probably be

2.
localized around the peroxide bond. An analog to this structure would

be phosgene: 0
| I
PN

cl o

The carbonyl bond vibration in phosgene occurs at 1827 cm_l, and has a
strong force constant for the carbonyl stretching vibration. It is
likely that the force constant for the carbonyl stretch in structure
(1) would be similar to that for phosgene. Two carbonyl stretches for
this form would require two isomeric forms, perhaps caused by a hindered
rotation of the peroxy group about the C—O0 bond.

Structure (2) is another peroxy form presumably formed from the

reaction C100 + CO + M + C100CO + M, or from a structural rearrangement

A

Voun

during collision of C1CO and 02. .It would also have to egist in two
isomeric forms to produce the two carbonyl peaks..

Structure (3) could arise from internal rearrangement of either
structure (1) or (2). By having two carbonyl groups in a resonance
structure, it is possible that this form could produce two strong -
carbonyi absorptions.

Any of these three forms could conceivably produce the infrared
absorptions observed, as well as decompose to form CO2 and C10.

Trying.to judge between any of the structures is guess work at

best, but (3) appears to have a more realistic chance of having two

distinct carbonyl stretches with a high force constant. One other
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possibility for the source of the two peaks in the'c"arbonyl region
could be Fermi resonance between one carbdnyl aﬁsorpi:ion and the first_
overtone of' the strong 937 cm—l band. This would 'prbduce t§o baﬁds ov'fv
approximately equal intensity similar to those observed. This argu-- |
ment of course cannot be carried further without complete knowlédge '

of the symmetry of the vibrational modes of the free radical.



=154~

IV. KINETIC RESULTS

A. C1, Dissociation Rate
A

The first quantitative experiments carried out were calibration
runs to determine the first order photolytic decay rate constant for
the chlorine. The value for this rate constant was determined in both
reaction cells by measuring the initigl decay rate of nitrogen dioxide.
This was theh related to the chlorine decay rate through the published
absorption spectra and quantum yields for these two species. The

photolysis of NO, was treated in detail in Part I of this paper; and

2
as was shown, the initial slope of the photolytic decay is given by:

Limit d[N02]
0  —gpt = Ty TIN0,1/ (ky + kD)
or . (96)

= 2k Tt/ (ky + k3[M])

1n([N02]/[NO
2

o1y

. By measuring this first order initial decay rate, a value can be

obtained for 2k Oy I/(k, + k_[M]). In Part I an experimental value
2 02 2 3

was measured for k3[M]/k2, which allows a determination of aNO I from
' 2

the NO2 decay.

If the concentrations of the light absorbing reactants are
maintained at a low eﬁough level such that there is a uniform distribu-
tion of light throughout the cell, there will be very little change iﬁ

the light intensity as the absorbers decay. In this case the light

intensity in the Beer's Law expression will be a constant over the
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1

whole decay curve. Therefore, Oyo Can be expressed‘as a wavelength
) 9 . v =
averaged product of the photolysis light output spectrum, the NO2

absorption coefficient, and the NO2 quantum yield for dissociation.

" This is'expféssed below:

"‘No2 = f(oNOZ))\PA(QNoz)Ad}‘ B ' o7

with ‘(ONO )A The NO2 absorptibn coefficient at ﬁavelength A.
-PA = The fraction of the total'photoh flux at wavelength A.

(QNO )A'= ‘The quantum yield for NO2 dissociation at wavelength A.
2 ' o

This same wavelength averaged product can be expressed for Ony

2
%1, < f (Ogy ))Bpdr ) (98)
2 2 .
_ QCl is equal to 1 at all wavelengths where‘Cl2 absorbs in this regiphf '
2 : '

 of the spectrum, since. it is a simpié molecule with a straight forward

- decay mechanism.

Once (aNO I) has been measured, (a I)'can be calculated from-
2 .
these two equations by taking a ratio.

| I (951 )Brd) o | ’
o =

c1 f o1\ ~ (99) -

2 (o. Y1 Py (Q~ ) dA .

| fNOz*;* N0, A
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These integrals can be approximated by using summations of the
products over 10 nm intervals. The values for PA can be taken from the
manufacturer's output spectrum for the black lamps shown in Fig. (3b).

- The values of QNO are taken from the literature and are shown in
2

Fig. (2). The absorption coefficients for Cl, and NO, are also from

2 2

the literature and are shown in Figs. (16) and (2) respectively.
The calculation of Oho  Was done in Part I of this paper with the
2
result of 0o = 5.41 x 10~19 cmz. The data for this calculation was
2 .

given in Table (10). The data for the calculation of Onq is given

53 - 2 19 2
in Table (15), and the calculated value is Ony = 0.935 x 10 "“cm".
2

Therefore the experimental value for the first order decay rate con-

stant for chlorine is given by:

o = x 0,173
c1, O‘1«102

The experimentally determined values for the NO2 decay slopes in the
two reaction cells are given below.

Ultraviolet Cell:

measured oy, I = 1.02 X lo-zsec-'1
2

calculated o I=1.77 % 10-3sec_1
Cl2
Infrared Cell:
For 2 flashing lamps: (o ),I = 0.46 % 10—25ec_1
NO2 2

-1

(9 )T = 0.796 x 10 sec
2

0.83 x 10 %sec”t

For 4 flashing lamps: (aNO )41
2

(0, ),T = 1.43 10 3sec™t
2
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photolytic rate constant.

Photons

-18

Mean O)

Spectral Range EEE:IBEK-XIO Meanvpx (1. /mole-cm) pkck
2700-2800A 0.015 .00065 4.6 .0040
£ 2800-2900 0.045 .00190 11.8 .0224
2900-3000 0.095 .00405 24.0 .0972
' 3000-3100 0.185 .00785 138.8 .3045
3100-3200 0.460 .0196 55.3 1.083
' 3200-3300 - 0.750 .0319 65.2 2.080
3300-3400 1.360 .0578 65.2 3.770
| 3400-3500 1.930 .0820 56.0 4.590
3500~3600 - 2.395 .1018 42.2 4.300
3600-3700 2.940 .1250 27.8 . 3.475
' 3700-3800 2.700 .1149 17.3 1.990
3800-3900 2.405 .1023 10.5 1.075
' 3900~4000 1.990 .0846 6.7 0.567
4000-4100 2.000 . 0850 . 4.3 0.3655
4100-4200 1.075 L0457 3.0 0.1371
42004300 - 0.720 .0306 2.2 0.0673
4300~4400 1.793 .0763 1.6 0.1220
4400-4500 0.280 L0119 1.1 0.0131
4500-4600 0.175 z=.9836 £=24.063
46004700 0.105 1./mole-cm
4700-4800 0.060 (base 10)
4800~4900 0.035 |
4900-5000 0.010
£=23.523x10°°
photons/sec
Therefqre, Zp, 0 ‘ A
gy = ) (24.063)(2.30;)20
| Z py (0.9836) (6.023x10")
= 0.935 x 10717 cn?
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B.  Proposed Mechanism

On the basis of the work by Brenschede, Johnston et al., and
the observations stated in the preceding sections, the following
mechanism is proposed for the chlorine sengitized formation of COi:

(1') ci, + hv » 2C1

2
(2') Ccl1+0,+M* Cl00 + M

2
(3') Cl+ CO+ M= CICO +M
(4') C100 + Cl = 2C10
(5') €100 + €l ~ Cl, + 0,
(6') cico + C1, ~ C1,00 + cl
(7') C1CO + CL » CO + CO + C1,
(8!) C10 + C10 + M+ C1,0, + M > Cl, + 0y + M
(9") (a) CICO + 0, + M = CICO, + M N
or
(b) C100 + CO + M = C1CO, + M
(10') €lCO, + M > Cl0 + CO, + M
(11') €10 + CO > C1 + CO,

(12') C1+Cl + M~ 012 + M

Most of this reaction scheme is a combination of the mechanism for
the formation of phosgene derived by Bodenstein,32 and the mechanism

used by Johnston, Morris and Van den Bogaerde39 to explain their studies

of the 012 + O2 photolytic system. Reactions (9'), (10') and (11'")
are proposed from the observations in this work indicating the role of

the new free radical species discovered by molecular modulation

spectroscopy.

|
|
|
|
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1. Cl1l, + CO + hv System
ALY

The reactions dealing with the formation of phosgene from the
C1CO free radical have been thoroughly studied, and it is generally
agreed that they explain all the qualitative aspects of the phosgene

forming chain reaction. The major rate constants for this system were

54

reported in 1952 by Burns and Dainton. Another measurement of some

of these same rate constants was performed by Clark, Clyne and Stedman

55

in 1966. The results of these two investigations are shown in

Table 16. As the table shows, there is considerable disagreeﬁent over
the value of the equilibrium constant for the C1CO radical formation.

The value of K reported by Burns and Dainton comes from kinetic

clco

measurements on the Cl2 + CO + hv system, using the rotating sector

method. The K reported by Clark, Clyne and Stedman is based upon

c1co
the thermodynamic properties of C1CO deduced by several investigations.
They used Jacox and Milligan'.s36 calculated value of the absolute

entropy of C1CO, 3398 = 63.49 cal/deg mole, which leads to a value of

85598 = -23.2 cal/deg mole for reaction (3'). The consensus of a
.number of investigation854’55’56 is that AH;QS for reaction (3') is

approximately -6.5 kcal/mole. From this, Clark et al. calculated

their value of:

kas —AS® NG
= exp /y— &XP Ry

K =
€doigo Koz

20

= 2.1 x 10°%%n3/molecule at 298°
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Table 16. Literature values for the rate constants in the 012 + CO + hv

reaction system. ‘ : -

Value

(-]
Rate Constant (ccx/molchlesx-sec) T °K Reference
-34
k3, 9.1 x 10 300 Clark et al. , (55)
Kgs 2.74 x 1014 298  Burns & Dainton (54)
. 1.62 x 10710 298  Burns & Dainton (54)
KClco 1.1 x 10_19 298 Burns & Dainton (54)
KClCO 2.1 x lszo 300 Calculated from thermo-
dynamic values by Clark
et al. (55)
k_g 30
6.5 x 10 300 Clark et al. (55)
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Though there is this quantitative disagreement over the rates of
reaction (3')? (6') and (7'), all the investigations agree that the
reactions do describe the kinetic behavior of the phosgene production
system.

2. €1, + 0, + hv System
& &

The reactions concerning the Cl2 + 02 + hv system have been fhe.
subject of several iﬁvéstigations in the last few yeérs.57’39’58
Table (17) shows a summary of the rate consténts reported fbr thesev
reactions. The major controversy between the investigators is over
the mechanism and rate constant of the C10 deca&. Johnston et al.
investigated the Clz,+ O2 + hv system through molecular modulation
techniques, and observed a M gas dependence in the C10 decay. They
attributed this to reaction (8').

8" C10+C10+M#C1202+M'>Clz+02+M
A recent flash photolysis study by Basco and Dogra57 reports observing
no M gas dependence in the C10 second order recombination reaction,
and they report a lower value for the recombination rate constant than
Johnston et al. The only majorvexperimenfal difference between these
investigétions waé the order of magnitude of the photolytic light
intensity. Johnston et al. had a photol&tic light intensity of
app;oximately 1016 photons/cmz-sec, while that'used in most of the'flash

20 to'1021 photons/cmz-séc.

photolysis experiments was on the order of 10
In order to account for the disagreement between these reports of the
mechanism for the C10 decay, it would be necessary to postulate a light

dependency in the C1l0 decay.



Table 17.

system.
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Summary of the literature rate constants for the Cl2 + 02 + hv

Value

... .. Reference

Rate Constant (ccx/molecules —sec) °K ..

K100 3.62 x 107 2% 298 Calculated by Johnston
et al. from thermodynamic
arguments (39)

Ky 1.7 x 10733 Nichols & Norrish  (59)

k_4, 2,2 x 10-14 Clyne & Coxon (58)

k8' 2.2 X 10--14 Basco & Dogra (57)

Kaq00 (kg 1, ) 5.4 x 1071 Porter & Wright (40)

K, 1.44 x 10712 Johnston et al. (39)

ke 1.56 x 10710 (39) |

kg 5. x 1072 (1n0)) (39)

K 1.17 x 10732 (in Ar) (39)
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The experiments in this work were carried out under the same
conditions as those used by Johnston et al., and several of their
experiﬁents were repeated during this investigation. The results of
thg experiments done on ;he Cl2 + 02 systeﬁ in this work agree with
those of Johnston et al.: that the empirical rate comstant for C10
decay at Qne atmosphere and 298°K is k =1.23 X 10_12cm/partic1e—sec.
The issué of whether the rate constant is M gas'dependent cannot be

determined from this work.

C. Determination of Experimental Rate Law for the Ccl, + 0, + CO System
. L (4

A éeries of experiments was carried out to determine the rate
law for production of CO2 under the conditions of approximately one
atmosphe:e of oxygen, 15 mn/Hg of carbon monoxide, and .5 mm/Hg of C12.
These conditions were selected to optimize the ability to monitor the
free ra&ical intermediates by modulation spectroscopy.

Iﬁ these experiments, the initial slope of the carbon monoxide
decay was monitored during static cell D.C. phot&lyéis runs for a wide
variety of initial conditions. Figure (33) shows a graph of phe iﬁitial
CO decay slope as a function of the square root of the initial chlorine
donceﬁtration, The good 1inear.plot indicates:é half power dependence.
on.chlorine dissociétion for the'CO2 productioh; |

Another set of photo;ysis experiments was cafried out holding the

\

initial Cl2 and CO concentrations constant, and varying the amount of

02 in the cell. In these experiments, the balance of the pressure was

made up to one atmosphere with N2' The results of these experiments

are shown in Table (18). The initial slope showed no significant
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vig. 33. Graph of the relative initial decay rate of carbon
monoxide as a function of the square root of the chlorine
concentration. The initial [CO] = 5.9 x 1017 molecules/cm
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Fig. 34. Graph of the relative initial decay rate of CO as
a function of thi initial carbon monoxide concentration.
[Clz] = 2.6 x 1016 molecules/em3 [02]' ~ 1 atm.
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Table 18.  Results of the experiments measuring the dependence of the

CO2 production rate on initial oxygen concentration.

Initial Conditions: [C12]~= 6.0 % 1015 molecules/cm3

16

[cO}] = 5.5 x 10 molecules/cm3

19

Case 1 [0,] = 2.45 x 10 molecules/cm>

Relative A[CO]/AT = 0.26 £ .04

9

1.2 % 10l molecules/cm3

Case 2 [0,]

1.2 x 1019 molecules/cm3

2] _
Relative A[CO]/AT = 0.23 * .04

9

0.75 X'101 molecules/cm3.

19

Case‘3 [02]

1.7 X 10 molecules/cm3

2]
Relative A[CO]/AT = 0.21 % .03
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change down to 250 mm of Hg pressure of oxygen. This shows that the

production of CO, is independent of oxygen concentration over the full

2
range of experimental conditions used in this studj.

A third series of initial slope experiments was performed to monitor

the effect of changing the carbon monoxide concentration. Figure (34)

shows the results of these experiments. Over the range [CO] = 0 to [CO]~

38 mm of Hg, the production of CO2 is approximately first order in

carbon monoxide for the conditions: O2 = 1 atm. and Cl2 = 2, X 1015
molecules/cm3. This gives an experimental rate law of:
d[co,] ,
= K(I[c12])1/2[co] - (100)

for the conditions used in these experiments. 'This contrasts with the
half powér dependency for CO found by the investigators in the 1920's
and 1930's for their experiments at one atmosphere; but in their work
they normally used carbon monoxide pressure of up rto 1/2 atmosphefe,
This point will be examined later.

This rate law can be related to the mechanism proposed at theb
start of this section. In the derivation of the.rate law, reaction
(9') will be taken as proceeding by CI1CO + 02 + M > ClCO3 + M.
Rollefson's work in 1933 showed that the ratio of phosgene production
to CO2 production depends only on the ratio [Clz]/[02].34 This

independence from the CO concentration indicates that the same precursor

2

and favors reaction (9'a). To confirm this would require the ability

leads to CO2 and C1,CO. This supports C1CO as the-precufsor to C1CO3

to detect C1CO or CLOO spectroscopically, but under the conditions of
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these experiments the C100 and C1CO absorptions were too weak to detect.

Using the proposed mechanism, the formation rate of CO2 is given by:

d[COz] o
TS = klo,[ClCO3][M] + kll,[ClO][CO] (101)

If reaction (~9') can be taken as negligible at room temperature

as suggested by Brenschede35 then the steady state radical cohcentra—

L .
tions are given by:

. k9, ;
[C1C03]SS = g [C].CO][OZ]

(102)

klb,[CICOS][M] + 2k, ,[€100][C1]
Ky, 1COT + 20_,, + kg, [H) [CI0]

aon,,

When carbon ﬁonoxidé is added to the system, the C1l0 concentration is
_ enhance&“by approximately a factor of ten, under the conditions used‘.
in this work. This indicates that klo,teléd3][M] = 10(2k4,[C100][Cl])ﬂ'
In the caée of a 1arge quantum yield, the propagation step will dominate
over termination 30'k11,[C0] will be considerably greater than
(2(k4, + k8,[M]){C10]). This leads to the approximation:

klo.[01co3j[n] kg, [€1C01[0,] [M]

[€101gs = = Teo1 T T kp0c0] (103)

Then, substituting these steady state assumptions into the equation for

002 production gives:
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d[COz]
dt  (steady state)

2k9,[ClCO][02][M] N (104)

Further reduction of this equation réquires a knowledge of which
termination step predominates at one atmosphere pressure. The major
terminatioﬁ reaction can be found by comparing the magnitude of the
termination reactions using literature rate constants and approximate
radical concentrations for a given set of.conditioﬁs. When [02] =

9 17 15 (molecules/cma),

12

2.4 x 10", [c0] = 5.0 x 10"/, and [cL,] = 5.0 x 10
the approxiﬁate Cl0 steady state concentration‘is 2.4 x 10
as determined from its ultraviolet absorption spectrum. Under these
same conditions the quantum yield is 452. The C100 concentration caﬁ |
be approximated from its infrared absorption band. The 1443 cm_1
absorption of C100 was monitored for a long peridd of time, and no
signal was observed under these reaction conditions. Since the maximum
sensitivity of the infrared instrument in this region of the spectrum

5

is AI/I = 1.6 X 10 ~, a maximum C100 concentration can be calculated

. using the absorption coefficient reported by Van den Bogaerde.27

If: AI/T = al[Cl00] < 1.6 x 107
with 1 = 40 meters
o =1.4 X 10_19 cm2/molecu1e

10

Then: [C100] < 2.8 x 10 m.olecules/cm3

Assuming that the C100 will be in equilibrium, one can calculate the

chlorine atom concentration using the value for K

€100 reported by

Johnston et al.

molecules/cmB,
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[c1] < % Cl?g o= 3.0 x 101t
c100[02

The [C1CO] concentration can be approximated by its equilibrium constant

for formation, as reported by Burns and Dainton in Table (16).

[c1c0] = K, [C1][CO] = 1.6 X 1010

i Using'these‘numbers and the rate constants in Table (16), the
relative values of the four termination reactions can be evaluated at

one atmosphere total pressure:

12 (particles/cm3—sec)

2.

k8,[010]2[M] = 7.1 %10
kg, [C100][C1] < 1.3 x 107
k., [c1C01[C1] < 0.8 1012

ky, [c11%[M] < 2.6 x 10™°

- These caICulated rates show that for the reaction conditions used in
this investigation, reaction (8') is the major termination step;

Applying the long chain approximation; that the chain terminating rate

:quals the chain initiating rate at steady state, gives the following
equation: -

_ , 2 ' aI[ClZ] 1/2 '
OLI[C].Z] = k8, [Clo_‘]ss[M], or [ClO]SS = | W : (105) g
Substituting this relationship into Eq. (103) gives:

aIfc1,] }/2
k9' [clco] [02] M] = kll' [co] W (106)
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Using this in Eq. (104), for the CO, production rate gives:

2

d[co,] __ forxlc1,] 1/? 4 .
— = 2k, [co] Rgi Tl (107)

This is the form found for the experimental rate law in this investiga-

tion.

D. Calculation of Rate Constant klO'

The proposed mechanism meets the requirements set by the experi-
mental rafe law for these experiments, and it fuily describes the
kinetic behavior observed for the C10 and C1CO, free radicals. Fulfil-
ling these conditions then, the mechanism can be used to calculate tﬁe
rate constants of reactions 10' and 11'.

In the limit of low quantum yield the mechanism shows that:

-‘d[ClCOB]

It = kg,[ClCO][Oz][M] - klo,[MI[C1CO3] (108)

- As shown previously, the ClCO3 phase shift reaches a limiting value at

¢C0 = 2. If it is assumed that all chlorine atoms formed enter into
2

" the 002 producing chain, then a quantum yield of two says that each
chlorine atom produces one 002 molecuie. The factor of two is obtained
from the fact that each chlorine molecule dissociating produces two
chlorine atoms.

In order to have a quantum yield of two using the proposed mechanism,

it 18 necessary that each C1l0 radical formed from ClCO3 be removed by
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the termination step before it can react with CO to produce another
carbon dioxide molecule. For this to occur the chain termination rate

must be much greater than the chain propagation rate.
" kyq0[C101[C0] << kg [c101%[M] (109)

In this ‘1limit the C1CO, decay behavior will be strictly first order

3
in radical concentration, with its limiting phase shift defining its

'l;fetime. The lifetime calculations anﬂ curves, showing the approach
" to a limiting phase shift with decreasing quantum yield, were shown in
the specffoscopic results section. (Fig. 2la and Fig. 26) The results

for the'CICO3 lifetime were:

T = 0.022  .001 sec.

220 nm.
(110)

-1 = +
1937 cm. 1 0.021 .005 sec.

For a radical decaying first order in radical concentration

= llkr[C]. ' In this case k = kr’ and [C] = [M]. Then using the .

10"
- 220 nm. value for the lifetime gives:

k = 1.9+ .2 x 10-18 cm3/molecu1es—sec (111)

10'

E. Calculation of kll"

PR

The rate constant kll; can be calculated from the quantum yield

of the CO production. Since no phosgene formatioﬁ is observed, this

2
quantum yield for a éteady state flow system with flashing photolysis

lamps, can be defined as:
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Fig. 35. Modulation amplitude versus 1/f behavior of the 265 nm.
absorption at a quantum yield of 392. The 1/f values are shown on
a logarithmic scale. The overlay is the theoretical curve for a
second order decaying radical. These data are from experiment 2
in Table (19).
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_ (Flow Rate) ([cO] in - [CO] out) (112)
co,,  (Cell Volume)(aCl IO[CLZ]IZ)
2

The light intensity term is divided by two to account for the flashing

of the lamps, since this leaves the lamps on only half of the time. If

it is assumed that all the chlorine atoms formed from the initial
photolysis enter the CO2 production chain reaction, then the quantﬁm
yield is a ratio of the rate of chain propagation to the rate of chain
termination. This will be a quantative relationship if the quantum

yield is divided by 4, since every dissociating Cl2 molecule produces

two chlorine atoms, and every chlorine atom that passes completely through

the chain produces two CO2 molecules. This gives:

¢C02/4 = kyq0[C0]__/(2kg, [C10]_[M]) (113)
The value of [ClO]SS can be approximated to about * ten percent -
from the modulation amplitude measurements and the literature value
for the Cl0 absorption coefficient. Clyne and Coxon report a value of

8 cmz/particle,58 and the value used for

0(257.7 nm.) = 4.83 x 107"
265 nm. will be based upon their number, with a correction for relative
absorption at the two wavelengths.

At high CO, quantum yields the C1l0 modulation behavior closely

2
resembles that of a second order decaying radical. This allows the
steady state Cl0 concentration to be approximated from the modulation

amplitude versus log 1/f curve. Figure (35) illustrates this for the
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case of ¢COI = 648. The graph shows the modulation data superimposed
2 . .

oh a‘theoretical curve for a second order decaying fadical'srmodulation
amplitude behavior. |

The ClOvconcentration derived from this graph is a value for [ClO]SS
at a light intensity of'Io. Since the flow steady state has .a light
intensity of I,/2, due to the flashing lights, the modulation C10

1/2

concentration must be reduced. The correction factor is 1/(2) due

to the radicai's having a half power dependence upon the term aCIZI[C12],
All the radicals in the system show this dependence under these con-
ditions, due to the termination reaction being bi-radical.
The data used for the calculation of kll' is shown in Table (19)
The only other value required for this calculation is k8" The value
reported by Johnston et al. is used for this rate constant, since it
‘'was measured under the same experimental conditions as those used in
this investigation.
The average value for kll' from these measurements is:
15

k = 1.4t .14 x 10

11" cm3/molecules—sec (114)

F. Absorption Coefficient for C1CO,, in the Ultraviolet

Once klO' and k11' have been determined it is possible to calculate
v abéorption coefficients for the C1C03 absorptions. As shown in
.~ Eq. (101), in the high quantum yield range, the ClCO3 steady state

k.,
Y ) _ fgr '
concentration is given by: [C1C03]ss = ET——_[CICO][OZ]

10'
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Utilizing the relationship in Eq. (106), equating

kg1 [C100110,] €0 1y [CODMI™ (g TICT,1 /i, )2,

.the ClCO3 concentration can be approximéted as:

1/2
k.. [co] %1, I[C1,]
11 2 @1s)

[C1C03]ss =

Using Eq. (115) and the data in Table (19) a value can be cal-

| .
culated for the C1CO, steady state concentration in a modulation flow

3
experiment. The corresponding absorption intensity can be calculated
in the same manner as the C10 concentration in the previous section.

Since the C1C0O, shows second order decay modulation behavior in the

3
high quantum yield range, its steady state absofption intensity can
also be approximated by overlaying a theoretical curve on the measured
modulation amplitude versus.log 1/f graph. The extrapolated [ClCOB]SS‘
absorption intensities and the calculated concentrations are listed
;in Table (20) along with the calculated absorption coefficients.

8cm2/particle for this absorption

The value of 1. * .25 x 1071
: coefficient has a large uncertainty due to the approximation used to
calculate'[C1C03]SS.' This can be seeh by comparing the values of
[ClO]Ss calculated fromAEq. (105) with those extraﬁolated from the
observed modulation amplitude. The concentrations calculated from

Eq. (105) average about 25 percent lower than the experimental values

as shown .in Table (21). This could be due to error in extrapolating
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Table 20. Calculation of the ClcO3 220 nm. absorption coefficient.

(base e)
E N [C1603] s 3 (A1/T) 5 - 'AI/ [CIL- sz .
*p. Fo. (molecules/em™) =~ ss Y7 1 particle
1 2.06 x 107> 1.0 x 1072 1.2 x 10718
2 2.44 x 1013 0.86 x 1072 0.89 x 10718
3 2.84 x 10%3 1.13 x 1072 1.0 x 108
| -18 cm2
= + P
average 0C1CO (220 nm.) 1. .25 x 10 part.

3
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Table 21. Comparison of the experimental values for [ClO]SS with those

calculated from Eq. (105).

Exp. [ClO]S Experimental [c10] calculated - Difference
; . . (molegules/cm3) . . - . . 88 . o )

1 1.8 x 10%2 1.37 x 1072 24y

2 2.5 x 1012 1.85 x 1072 26%
' .

3 2.4 x 1012 1.9 x 10%2 21%

The calculated values are about 257 lower than the observed.
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the experimental values, or it could be that the other termination

reactions cause the approximations in (105) to be low. In either case

this produces an uncertainty in the numerical results greater than

the precision would indicate.

G. Absorption Coefficients for C10 and CICO, in the Infrared
£

The infrared absorption coefficients can be approximated in the
| same mannér as the ultraviolet absorption coefficien; for ClCOB. The
absorption intensities for the steady state concentfations can be
extrapolated from the curves of modulation amplitude behavior versus
log 1/f, and the steady state concentrations of C10 and ClCO3 can be
calculated from Eqs. (106)and (115).

Table (22) shows the data for and results of tﬁese calculations.
Only two high quantum yield experiments were run in the infrared, and
in both of these fhe CiO #bsorption was very small. In these runs
the observed absorption intensities at 970 cm._1 were caused by both
C10 and ClCO3 due to the band overlap problem. Because of this, the
predicted intensities for the C1l0 absorptions in these two runs were
divided by a factor of two. As the results show, the calculated absorp-

9

tion coefficient for C1l0 is approximately 3 X 10-1 cm2/particle.

The approximated error in this prediction is about the same order of

magnitude, indicating that the absorption coefficient is probably

9

bewteen 0.5 and 5. X 10--1 cm?/particle.

absorption coefficient are more reliable;

3
with the predicted value being 3.8 + 1. X 10_19 cm.2/particle.

The results fbr the C1CO
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|
Table 22. Calculation of the Infrared Absorption Coefficients of C10

and C1C03i

(a) Data (all concentrations are in molécules/cmB)

v : f -1
a., I(sec ) _
Exp. [c1,] L, [col @COZ
1 2.6 x 10 1.44 x 107 5.8 x 10%7 360
2 5. x10” 1.44 x 1073 2. X 1017 170
(b) Results (ClCO3)
| 5100, cn 1)
Exp. (81/1) .937 cm_1 - [c1co] ’ 2 L = 32 meters
T ss (cm*/particle)
1 2.8 x 1072 2.14 x 1083 4.1 x 10717
2 1.1 x 1072 1. x1083 3.6 x 107
-1, _ ' -19 2, =
average O (937 cm ) = 3.8 % 1, x 10 cm” /particle
c1co,
(c¢) Results (C1l0)-
Exp. ~ (BL/T) 970 o7t [c10] 6970 cm 1
V/f . A ss cm
(reduced for C1CO
absorption overlap)
1 1.7 x 107> 123 x 107 0.43 x 10718
2 1.2 x 1072 1.67 x 10%2 0.24 x 10718
-1 -19 2
average 0010(970 cm ) =3, % 2,5 x10 cm“/particle
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This approximate absorption coefficient for C10 can be compared

to those measured in this laboratory for other diatomic molecules.

o..~1, X 10—20 cmzlparticle

co

cNO ~ 3,7 x 10

-1
OCIO ~ 3 x 10

20 cm2/particle

2 cm2/particle

These results are quite reasonable when the dipole moments for
these molecules are examined. The C10 dipole is a factor of ten greater

than either of the others which could explain a larger abéorption

coefficient.
- 0.122 D, (60
uCO 0.1%2 D.
W = 0.158 p. (61)
- (50)
“c10 = 1.26 D.

Absolute proof of this side band's identity as C10 would be to observe
the free radical in énother system. Since C10 is produced in the

C12—02 photolysis system, experiments were attempted at 4 mm of Hg. of

Cl2 and 754 mm of Hg. 02.

meaningful results because the large amount of Cl2 degraded the mirrors

These experiments failed to produce any

during the feaction. This caused low frequency transients which
blotted out anykmodulation signals.

1 believe .that another series of experiments along these same
lines using magnesium fluoride coated aluminum reflecting surfaces on
the mirrors would prove more fruitful. From eiperiments in the ultra-
violet apparatus wé have observed this mirror surface to be more resist-

ant to Cl atom reaction.
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V. DISCUSSION

A. Comparison of the Proposed Mechanism with the Literature

1. 922:92 System

The reported literature rate constants for the second order
recombination reaction of Cl0 disagree by a factor of 60. Basco and
Dogra feported a M gas independent recombination rate constant of

2.25 x 107

cm3/molecule—sec from their measurements at 200 mm of Hg.
total pressure in a flésh photolysis system; The present investigation
énd that done by Johnston et al.39 agree that the observed one atmosphere
recombination rate constant for C1l0 is k8,[M] = 1,23 X 10-12 cm3/
molecules-sec. in oxygen.

Using the larger recombination rate constant predicts that this
reactionvwiil be‘the major termination step in the C12—02—CO system
at one atmosphere total pressure and low CO concenﬁration. With this
;hain.tefmination step thé experimentally observed rate law is easily
derived from the proposed mechanism, whergas using any other termination
step would not produce the proper results. From this supporting
evidence it appears that Johnston et al. 's value for the one atmosphere
rate constant is correct. This also indicateé that there exists a
_ lighf dependent step in the C12-O2 system, which has not as yet been
explained, to corfelate the work of Johnston's group with that of
researchers doing high energy flash photolysis.
2. QLQ:QQQCOIsttem

The literature on this system indicates a half power dependence

on carbon monoxide in the rate law fér formation of'CO2 over the whole
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pressure range from 10 f 760 mm of Hg. These literature studies were

all done with large initial concentrations of carbon monoxide, typically
a factor of ten higher than those used in this study. Under these con-
ditions the ratio of [C1CO]/[C10] would increase, since the C1l0 radical
is removed by carbon monoxide while C1CO is generated from it. This
would enhance the rate of reaction (7') while decreasing the significance
of reaction (8'). This would make C1CO + C1 - 012 + CO the major |
termination.step, causing a change in the rate law for CO2 formation.

In this case the rate law can be derived as follows:

[C100]_ ~ ky,[CL1[COT/ (kgs[0,] + k_g1)

d[C02]

—ge ™ 2k9,[C1C0][02][M]

and from the long chain approximation:

aclzl[C12] = k7,[01co]ss[C1]-
Then; .
gy TIC1,) (kg [0,] + k_y) /2
[c1] = 2
Substituting into the rate law:
dleo,] 2k kg, [0,][M] [cO] /2 o 2 e
(kge[0,] + k_got/2 Gl 207N
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This gives the half‘power dependence upon carbon monoxide that
the earlier investigatof; reported, but it also predicts an oxygen
dependence that was not observed.

A much more realistic épproach is to consider all termination
reactions as going on simultaneously rather than trying to predict the
rate law for a special case. This approach_useé the relation:

— . .- . 2
oy, TIC1,) = K5, [C100][€1] + Ky, [O1CO] €] + ke, [€10)% )

This equétion can be rearranged, using the steady state expressions

for the free radicals, to give:

2. .3)"1/2
[C1] = (ag, TIC1,D) ks1Xc100l%) Yt o g Tt 2
2 ' /> 91t 21" 3 Ky,
11
(117)
Following through to derive the rate law:
d1co,] 2kg, [CO1[0,]{v] s -1/2 |
= - kg 0, T, (a0121[012]) | (118)

‘vhere the braékets indicate the expression which is bracketed in
Eq. (117). |

This raﬁe 1aw will shoﬁ dependence on carbon monoxide which will
vary Setween 1/2 and 1 as the ratio [CO]/[OZ] decreases. Tﬁe oxygen
dependence will also bg variable. 1In the high IOZ] case the rate law

will be independent of oxygen, and in the low [02] case the rate law
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will show half a half power dependehce on oxygen.

This form of the rate law will explain all of the observations in
the literature except the lack of dependence on oxygen repqrted by the
early investigators in the region of conditionsvwhefe the rate law was
half power in CO.

One more interesting relationship can be derived from this
mechanism. At low pressures, where the M gas dependent reactions
become less important, a new pathway foerO2 formation emerges through

the C100 free radical.
") €100 + €1 + 2 C10
(11') €10 + Co ~ CO2 + C1

The rate law for this reaction can be approximated as:

'[010013s = KgypolClll63]

| 2
2k, , [C100][C1] 2%, K., [C1]1°[0,]
o _ 4 c100 2
[ciol PACY RO (119)
Then:
d[c02] ) |
—pE = 2,0k 0olCL1%10,] + kg, [C1C01[0,][M] ' (120)

This expression will still have a term containing the same com-
plex dependence upon carbon monoxide, but the new term does not have

any half power dependence upon chlorine molecule or light. The
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appearence of this side reaction at low pressures could explain the
.observed low pressure change in the chlorine molecule dependence in
the rate law. Tt was observed to change from a power of 1/2 to 1 as

the pressure was lowered, while the carbon monoxide dependence remained

31

the same.
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VI. CONCLUSIONS

In this investigation kinetic arguments have been made to show
that the six free radical modulation absorptions in the C12—02-CO system
can be identified with two distinct species. One of these species has
been identified as the Cl0 free radical on the basis of its ultraviolet
absorption séectrum around 265 nm.

The second free radical species with absorpfions at 220 nm., 937,

1835, and 1905 em ¥

has been shown to be a precursor of C10 and CO,
through moiécular modulation kinetic experiments. On the basis of
these experiments and the free radical's showing two strong carbonyl
absorptions in the infrared, it has been identified as the ClCO3 free
radical. Support for this identification comes from the work of
Brenschede.35 His experiments showed a change in the 002 production
mechanism at 150°C, which could be explained inbterms of a free radical
intermediate such as ClC03. The radical's ability to decompose to CO2 +
C10 at low temperatures and to ClC0.+ Cl at high temperatures could
cause the mechanism change.

The 970 cm~) infrared absorption has been identified as the R
branch of the C10 fundamental vibrational frequenci. This identifica-
tion was méde on the basis of the similarities in kinetic behavior
between the 265 nm. Cl0 aﬁsorption and the 970 cxn_1 peak. A Honl-London
band envelope calculation matched to the infrared spectrum indicates

that the Q branch of the C10 vibrational absorption would come at

950 * 15 cm L.
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' Aniexperimental rate law was determined for the 002 formation,
. _ and it was explained in terms of a mechanism combining the new free

- : radical with the reactions of the 012-02 and.Clz—CO photolysis systems.

From the expefimental,measurements, a rate constant was calculated
for the decomposition of the ClCO3 radical to 002 and C10. A rate

constant was also,determined for the reaction of C10 with CO. These

; .
rate constants were respectively:

8

k = 1.9t ,2X 10—1 cm3/molecules-sec

10!

kppe = Lb® .14 X 107t

3 cm3/molecules;sec

"From these calculated rate constants and the assumed mechanism, it
' %as possible to calculate absorption coefficients for the modulation

absorption peaks. These values to the base e are:

o (220 mm.) = 1.t .25 x 10 8cm®/particle
c1co, 220 |

o (937 ety = 3.8 % 1. x 10 en?/particle
c1co, % |

oClO(97o'cm'1) = 3.% 2.5 10'19cm2/partic1e

The proposed mechanism has explained the observed kinetic behavibr.
' of all observable séecies in the reaction systeh, and can be gxtended
" to explain‘some'of the observations in the literature. It.has failed
to explain the lack of oxygen dependence in the‘QOZ‘formation rate "
’ © . reported by several investigators in the 1930's for the reaction con-
ditions which produce a half power dependency upon carbon monoxide.
In genefal it is felt that the complexity of‘thié system, con-

taining five highly reactive free radicals, requires that it be studied
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in the different reactant concentration extremes. It appears very
difficult to derive any simple expression for the reaction behavior at
intermediate concentrations, as was attempted by the earlier researchers.
This studybhas fully described the behavior of the system in the.extreme
of one atmoéphere of oxygen and small concentrations of chlorine and

carbon monoxide.
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