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ABSTRACT

This research was initiated to help quantify several key aspects of
the chemistry of the polluted atmosphere which remain ill-defined. Kinetic
and mechanistic studies were made related to several important atmospheric
contaminants: sulfur dioxide, formaldehyde, nitrous acid, and the nitros-
amines.

Through the use of laser excitation, sulfur dioxide has been excited
at selected wavelengths to characterize the reactions and lifetimes of the
several common excited states of this species with various atmospheric com-
ponents. The reactions of sulfur dioxide with the methylperoxy radical were
also studied by flash spectroscopy. All of these data and other published
rate data were reviewed and evaluated. It was concluded that the homogeneous
oxidation of sulfur dioxide in the atmosphere is initiated largely by way of
three free radical intermediates; the hydroxyl radical (HO) is the most im-
portant of these. The hydroperoxy {HO-) and methylperoxy (CHsOs) may con-
tribute significantly for certain highly polluted atmospheres.

The present studies have shown that the ubiguitous formaldehyde molecule
can be a major source of the important hydroperoxyl radical through the photo-
lyeis process, CHO + sunlight — HCO + H, followed by, HCO + O —» HO» + CO and
H+ O3 +M =-HO: + M. Our data allow a quantitative evaluation of the ap-
parent first order rate constants for the rates of HO-. generation by this
process within the troposphere at various solar zenith angles.

The absolute extinction coefficients for nitrous acid were determined,
and estimates were made of the rates of hydroxyl radical generation in the
troposphere through the reaction, HONO + sunlight — HO + NO.

Long-path Fourier transform infrared spectroscopy was employed in one
phase of the work to help evaluate the potential for nitrosamine formation
in the polluted atmosphere. It was found that the dimethylamino radical,
(CHs)sN, is 1.5 x 10~° -times and 3.9 x 10~7 times less reactive toward
oxygen than nitric oxide and nitrogen dioxide, respectively. Thus alkyl
amino radicals formed by H-atom abstraction from amines by HO-radical attack
in the atmosphere have a reasonable chance of forming nitrosamines (RoN-N=0)
and nitramines (RoN-NO5) even though nitric oxide and nitrogen dioxide
impurities are at concentrations in the pphm range. '

This report was submitted in fulfillment of grant number R804348-01 by
Ohio State University under the sponsorship of the U.S. Environmental Pro-
tection Agency. This report covers a period from January, 1976, to April,
1979, and work was completed as of March 1979.
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SECTION 1

INTRODUCTIQON AND CONCLUSIONS

OBJECTIVES

There are several aspects of the chemistry of the polluted atmosphere
which remain ill-defined. The research effort supported by this grant was
designed to elucidate some of the remaining key problem areas. (1) The
atmospheric removal and transformation mechanisms for sulfur dioxide remain
a major ares of concern and interest. In spite of the rather general
concensus that sulfuric acid, ammonium sulfate, and ammonium bisulfate are
ultimate major sinks for atmospheric sulfur dioxide, the mechanism by which
the S0o is transformed to these and other products is not clear. The research
on this grant has provided some new insights into these processes and some
important information related to the S0, tropospheric reactions.

(2) 1In recent years it has become increasingly clear that the aldehydes
are significant participants in the chemical transformations which occur
within the troposphere. Thus the photodissociation of formaldehyde and the
higher aldehydes generates H-atoms and HCO and alkyl free radicals:

CH:0 + hv = H + HCO

RCHO + hv & HCO + R

Each of these radicals can generate HO-. radicals by reactions with oxygen:

H+ 0 (#M) > HOs (+M)

HCO + 02 - H02 + CO

R + 02 > ROZ

ROs + NO - RO + NO»

RO + 02 > HOg + RtCHO

The HO» and ROs radicals can initiate the chain photooxidation reactions of
NO to NOs:

HO, + NO > NOs + HO

HO + RH - H:0 + R



R + On 9 ROs
RO + NO = RO + NOs
RO + O = R'CHO + HOs

Since the [NO5]/[NO] ratio is increased by the occurrence of these reactiQns,
Oz builds up in the sunlight-irradiated atmosphere as the NOo-NO-Os reaction
sequence occurs:

NO> + hv = 0 + NO
0 + 0z (M) > 0z (+M)
Oz + NO < O + NOo

Although it has been recognized for years that the aldehydes may play an
important role in the initiation of chain reactions responsible for photo-
chemical smog, the quantitative aspects of this thesis, s0 necessary for
accurate, realistic modelling efforts and control strategy development,
remain unevaluated. In particular, the quantum efficiency of the radical
formation from CH,0 and RCHO, irradiated at the wavelengths of sunlight
within the troposphere, have not been characterized well. In this work
several studies have been completed which help define these important
parameters.

(3) The nature of the chemical transformations among the nitrogen-

containing molecules such as NO, NO,, HONO, HONO,, HO-NO-, NHsz, RNHp, RoNH,
etec., are directly related to the NO, balance and ultimately to the Oz
generation potential within the troposphere. The amines are of special
concern in our considerations of tropospheric chemistry by virtue of their
potential transformation to the highly carcinogenic compounds such as the
nitrosamines and the nitramines. Our work of the past year has provided
some new quantitative kinetic information which should allow a realistic
evaluation of the significance of nitrosamine and nitramine generation by
free radical reactions in the troposphere.

The following section A-2 provides a brief summary of our several
findings. In the section B, Parts I, I, III, the detalled reports on each
of the several aspects of our studies are given.

SUMMARY OF FINDINGS DURING THE PROJECT PERIOD

a) Several key points related to the tropospheric removal mechanism of
sulfur dioxide have been established in this work:

i) Through the use of laser excitation of SO, at selected wave-
lengths within the region, 2662-3273 A, we have defined the lifetimes and
quenching rate constants for the S05('B;) and S0-(*A;) excited states of
SOp with various atmospheric gases. The SO5(LA5) state is quenched extremely
effectively by all of the molecules studied. For example N> and Os quench



this molecule with rate constents: 1.9 x 102 1/mole-sec, respectively.

The S0-(1B;) species is quenched less efficiently; for example, k = 3.5 x
100 and 3.4 x 10%° 1/mole-sec by No and O, respectively. These data
suggest that S50, excited by sunlight within the troposphere will be quenched
to other longer lived states of SOp very quickly. The S02(°B;) state is a
dominant one which 1s clearly involved in S0, photochemistry.

ii) In a further guantitative study we have established the
mechanism of the reactions of the singlet [S05(%By)] and triplet [S0-(3By)]
states of SO, with isobutane. The reaction in the absence of a large excess
of quencher molecules involves both the S0-('B;) and the S0-(®B,) species
with rate constants: 8.4 x 102 and 8.7 x 10® 1/mole-sec, respectively.

iii) The reaction of CHazO» with S0, was studied using kinetic
flash spectroscopy to monitor the CHz0s radical directly. The results give
the rate constant for the reaction CHz0s + S0, = Products, k = (3.2 + 0.7)
x 10° 1/mole-sec. In the same study we derived the rate constant for the
reaction, CHsOp + CHgOs = Products, k = (2.4 + 0.1) x 108 1/mole-sec.

iv) A1l of our existing data related to SO> atmospheric transforma-
tion paths and that of the literature were reviewed carefully in another
phase of our work, and a quantitative evaluation has been made of the sig-
nificance of various pathways for S0, reaction in the troposphere. The
results suggest that the oxidation occurs largely by way of the reactions:

HO + SO (+M) = HOSO> (M) (a); HOs + SO; = HO + SOs (b); CHsOs + SOo
CHs0 + SO3 (or CH30080-) (c). Through computer simulations of the chemistry
within both "clean" and polluted atmospheres, the theoretical rates of S0s
conversion were estinated. Our present evaluation for the case of the
highly polluted atmosphere, suggests the three reactions (a), (b), and (c)
may all occur and with near equal rates. In these cases, the total of the
rate corresponds to an SO, removal as high as 4%/hr. The many remaining
uncertainties and alternatives in the mechanisms for S0, atmospheric removal
have been discussed in detail in an attempt to provide a reasonable basis

for the plamning of the further studies.

b) In three detailed kinetic studies which were carried out on this
grant, we determined the quantum efficiency of the two photochemical
decomposition paths in formaldehyde in experiments at a variety of wave-
lengths:

CHo0 + hv = H + HCO (1)
CH-0 + hv = Hs + CO (11)

The kinetics and the quantum yields of the products of the photolysis of
CHo0-NO, CH-0-MegSiH, CHs0-iso-butene, and CH50-0z, CHp0-05-CO; mixtures have
been studied. The wavelength dependence of the absolute quantum yields of

the primary processes (I) and (II) have been established. From these results
and solar irradiance estimates, the apparent first order rate constants for
CH-O dissociation by process (I) at various solar zenith angles (in parentheses
parentheses) are: 2.31 x 1073(0°); 2.17 x 1073(20°); L.71 x 1073(L0°%);



0.92 x 1073(60°); and 0.17 x 1073 min~*(78°). In further studies of CHp0-0s
mixtures we discovered an unexpected reaction leading to the formation of Ho,
CO, and HCOoH in a chain reaction. From the unusual kinetics observed we
concluded that the reaction involves HO, and/or HO-radical addition to CHzO.
These considerations bear directly upon the mechanism of transformation of
formaldehyde to formic acid with the polluted troposphere.

c) Two detailed studies have been made in this grant period of the
atmospheric reactions of some important nitrogen-containing species.

i) The absolute extinction coefficients of nitrous acid wvapor have
redetermined. The large disagreement between the previous literature values
has been resolved, and apparent first order rate constants for the reaction
(111),

HONO + hv - HO + NO (111)

in the sunlight-irradiated lower atmosphere have been derived for various
solar zenith angles (in parentheses): 0.089 (0°); 0.086 (20°); 0.077 (L40°);
0.054 (60°); 0.017 min~%(78°).

ii) In the second phase of our work on nitrogen compounds of
atmospheric interest, we have used the long-path FT-IRS photolysis system to
study the reaction modes of atmospheric generation of the (CHz)oN radical
and the kinetics of its subsequent reaction with Os, NO, and NOs: (CHz)oN +
O = CHo=NCHs + HO5 (d); (CHs)oN + NO = (CHz)oNNO (e); (CHs)oN + NOo
(CHz)2NNOs (f). The rate data give the following preliminary estimates of
the rate constant ratios near 25°C: kd/ke = (1.48 £ 0.072) x 1078} kd/kf =

2

(3.90 # 0,28) x 10=7. The very large reactivity of the (CHsz)oN radical with
NO and NO-, compared with that with O, suggests that the alkyl amino radicals
formed by HO abstraction from amines present in the atmosphere have a
reasonable chance of forming nitrosamines and nitramines even though the NO
and NO» impuritlies are at concentrations in the pphm range.



SECTION 2

STUDIES RELATED TO SULFUR DIOXIDE REMOVAL MECHANISMS IN THE ATMOSPHERE

KINETICS OF FLUORESCENCE DECAY OF SO, EXCITED IN THE 2662-32734 REGION

Introduction

A thorough understanding of the photochemistry of SO, excited within the
first allowed electronic absorption region, 2500-3400 &, has been impossible,
since the nature of the excited species and their mechanisms of population
and decay are poorly characterized today. The spectroscopic assignment of
this band of S0o has puzzled spectroscopists for many years. Both the 1B1
and the 1A, states of 80z are predicted to lie In this energy region?"s and
although only the 1B, - X lAi transition is formally allowed, the vibronical-
ly induced transition to the —A, state may also occur. The Renner-Teller
coupling between the 1B; and ' 1p, states of SO;, the Jahn-Teller interaction
between the 1B1 and *A, states, and the spin-orbital coupling between the
triplet states (®As, °By, and °Bs) and singlet states (1By , %As), maeke the
singlet electronic transitions in the 2500-3400 A region extremely difficult
to analyze. It was generally believed that this absorption system belonged
to the allowed 1B, - # ¥ 1A, electronic transition.®~® However Dixon and
Halle® did a partial rotational analysis of the 3340 A band, and they sug-
gested that it corresponded to a vibronically induced A, <« X A, electronic
transition. Hemada and Merer 1212 carried out a much more detailed
rotational analysis of twelve bands of S0, and two bands of 80, in the
3000-3400 A region; they concluded that all of the obvious banded structure
in this wave length region could indeed be assigned to the A, . X 1A,
transition and that its origin was near 3580 A. Analyzable viprational or
rotational structure which might be attributed to the 1B; < X A; transition
has not been observed, but on the basis of the other less direct evidence at
hand, Hamada and Merer'® tentatively suggested that the band origin of the
1B, « %'1a, transition lay between 3100 and 3160 A. Brand, et al.l® have
rationallized the observed Zeeman effect within the %A, <« X TA; band system
in terms of coupling of the LA, state with a background of interacting
vibrational levels of the ground state and the low lying states of the
Triplet manifold.

Recently Shaw, et al., have carried out an analysis of the fluorescence
of S0, from single vibronic level excitation in the 3150-3080 A% and the
3070-2930 'S regions. The qualitative conclusions from the data support the
view that the SO» (1B;) excited state, with an origin near 3160 A, provides
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the major component of the emitting levels. In time-resolved fluorescence
studies of 350, excited in the 2617-3350 A region, Brus and McDonaldl® and
2utler =nd cDonaldl? found double exponential decay of the excited S0-. The
long-lived (1) state and the short-lived (S) state which contribute to this
emission were attributed tentatively to the 1By and 1A, states of SOp,
respectively. McDonald and co-workers concluded that th§ 1B, state of S0z
could bpe populated even at wavelengths as short as 3350 A, in seeming con-
tradiction of the tentative band origin assignment from the data of Hamada
and Merer'® and Shaw, et al.l*31% Tt was not possible to choose between
alternative mechanisms of independent generation and decay of the L and S
species and that involving generation of one from the other by way of first
order or second order, collisionally perturbed processes.

Heicklen and his co-workersl® 21 have presented a great deal of indirect
evidence for the existence of some other ill-defined, non-emitting singlet
state of SO, which they designate as S0-*%. This hypothesis was formulated
in view of the observed kinetics of product formation resulting from excited
SO, interactions with various reactants as well as in SOo and biacetyl
emission studies in various mixbtures using steady illumination. These workers
have concluded that excitation of SO, within the first allowed singlet band
leads directly to the S0-* state; they speculated that its radiative lifetime
was about 6 x 10-7 sec, corresponding to that expected from simple theory
relating lifetime and integrated absorption data for the first excited singlet
band of S0,.1 22 They further suggested that the emitting singlet,
presumably the long-lived state usually seen by previous workers, was formed
by internal conversion from the SOp* species. However there is no corre-
spondence between the observed kinetic properties of the S0-% state sug-
gested by Heicklen, et al., and the Stern-Volmer quenching parameters derived
for the emitting states of SOs. Obviously firm conclusions concerning the
true nature of the excited singlet states involved in the photochemistry of
30> are not now possible from the information at hand.

This study was initiated in an attempt to define better the kinetic
properties of the first excited singlet states of SO;. We have excited SOo
at discrete wavelengths in the range 2662-3273 & employing a guadrupled
neodymium laser and a powerful, frequency doubled, tunable dye laser. We
have studied the fluorescence decay kinetics of SO, at finite pressures and
under essentially collision free conditions, and in SOs-added gas mixtures.
Some significant new evidence has been obtained which provides a clearer
understanding of the kinetic mechanisms which control the generation and
decay of the singlet emitting specles in S0, excited at wavelengths in the
2662-3273 A range.

Experimental Section

The experimental apparatus used in most of these studies was similar
to that employed by Brus and McDonald.® A flashlamp pumped dye laser,
Candela model ED-66, was used to excite SO, molecules at low pressures
(0.05-12 mTorr) with a light pulse covering a narrow band of wavelengths
(Y1 A). With a Rhodamine-B (Eastman No. 4453) solution (107*M) in ethanol,
this laser produced approximately 40O kW of light at 6260 A, or approximately
150 kW of light at 6522 A with an optimum mixed solution of Rhodamine-6G
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(Eastmen No. 10724 and Cresylviolet (Eastman No. 1188L) in ethanol. Kiton
Red (Exciton No. 620) in methanol was used in some experiments to obtain a
better output around 6400 A. The pulse length of this laser was about 200
nsec. These lager pulses were frequency-doubled with a KDP crystal to give
the corresponding uv-output with a power of 3 to 20 kW. The dye laser
system was employed to secure pulses of near monochromatic ultraviolet

radiation over the wavelength range, 2975-3273 A. Wavelength determinations
were performed with a Jarrell-Ash 3.4 m Ebert spectrograph.

In all of the lifetime studies at low pressures we used a cell of 22 4.
volume, similar to that employed by Sackett, et al.®® Two cylindrical
sidearms with Brewster angle windows of Suprasil were fused directly to the
spherical cell body through quartz-Pyrex graded seals; these served as the
entrance and exit routes for the exciting laser light pulse. The uv laser
pulse passed an appropriate filter (Corning 7-54) to exclude the fundamental.
At 90° to the excitation path a third sidearm, 3.5 in. long, was fused to
the cell; it had a 2 in. diameter Suprasil window to which an RCA 7265
photomultiplier was positioned as closely as possible. Various cut-off
filters were inserted between the window and the photomultiplier; the
transmission of these is shown in Figure 1. The fluorescence signal from the
photomultiplier was monitored via a Tektronix model 7704 oscilloscope, and
stored on a Biomation model 610 transient digitizer. With the help of the
interactive light pen display of a PDP-7 computer interfaced with a Datacraft
6024 computer for computations, the data tape could be transformed into
seml-logarithmic form, displayed on the screen, judged to be a double or

single exponential decay, and resolved by least squares computer fit ac-
cordingly.

10 L SLENLI B SRUAL RO (D PRLA i OV (N Nt M A A B B B T

%o

Transmittance,

ObLa LA L P A N
300 400 500

Wavelength, nm

Figure l. Comparison of the wavelength dependence of
the transmission of filters used in front of the
fluorescence intensity detector in this study, the
photomultiplier response, and a typlcal S0, fluorescence
envelope for 80, excited at 3133 A [12]. Curve k
represents the relative photomultiplier response.



In the quenching experiments of the long-lived singlet with various
reactant gases at 2662 A, a separate laser system and cell were employed,
and a 20 nsec pulse of 2662 A light was generated using a neodymium laser
source, The oscillator was & 9 in. neodymium-doped glass rod, excited by
three linear xenon flash lamps placed symmetrically about the rod; these
provided an input of about 4000 J. Q@-switching was accomplished with a
rotating prism (24,000 rpu), and the laser beam was polarized by an angled
Pyrex plate. A dielectric coated mirror completed the oselllator cavity.
The peak intensity of the beam from the oscillator was of the order of 10 Mw
at a wavelength of 1.064 u. A ten-fold increase in peak intensity was
obtained by use of an amplification system. This consisted of a 12 in.
neodymium-doped glass rod which was excited by a 700 J linear Xenon flash
lamp. The Q-switch was used to time the flash of both the oscillator and
amplifier flash lamps; the amplifier flash was delayed with respect to that
of the oscillator lamps by an electronic network. Both oscillator and
amplifier were forced air cooled. The 100 MW 1.064 p laser beam was twice
frequency doubled to produce the desired uv pulse, The first frequency
doubling was effected by a precisely oriented potassium dihydrogen phosphate
(KDP) crystal. Any scattered flash lamp ultraviolet light was filtered from
the beam by a Corning 7-57 filter, and the resultant beam contained about
1 MW of peak power at 5324 A, together with unchanged fundamental neodymium
frequency. The latter was removed by a Corning 4-96 filter which also
served as a beam splitter. The light from the beam splitter activated the
oscilloscope trace by means of a phototube (RCA 922) and allowed the
recording of the fluorescence from the reaction cell., For doubling the
green light, an ammonium dihydrogen phosphate (ADP) crystal was chosen to
minimize absorption of the ultraviolet frequency. The arrangement employed
generated about 10 kW peak power at 2662 A with a half-intensity peak
duration of 20 nsec. A Corning 7-54 filter placed before the sample cell,
removed the green radiation from the beam. The fourth harmonic of the
fundamental Nd centered at 2662 A was found to have a band width of 1.2 &
for our system. In these studies at relatively high pressures where only the
long-~lived singlet emission was followed, the reaction cell was constructed
from a Pyrex tube, 25 mm in diameter and 88 cm long, with Brewster angle
windows of Suprasil sealed to the ends. The emission beam was filtered
with a Corning 7-60 filter and the intensity of the fluorescence was
monitored at right angles to the excitation beam.

The grease-free, mercury-free, high vacuum system employed was equipped
with Teflon and metal valves (Granville Phillips). Pressure was measured.
with a MKS Baratron capacitance manometer (MKS-1H). The SO, reactant used
in this study was purchased from the Baker Chemical Co. The condensed gas
was distilled from trap to trap at -196°C, retaining only the middle third;
this was degassed many times. In the quenching experiments we used high
purity gases from Phillips Petroleum Company (isobutane, trans-2-butene,
cis-2-butene, methane), Fisher Scientific Company (Benzene), Matheson
Company (argon, oxygen, nitric oxide), and Airco (carbon monoxide, carbon
dioxide). All gases except nitrogen were distilled on the vacuum line and
only the middle fraction was retained.



Results and Discussion

The Double Expenential Decay of 30, Fluorescence--

The time resolved emission from SO, excited within the first allowed
band shows a most interesting behavior first observed by Brus and
McDonald .16 Tupical fluorescence decay curves for SO, excited at 3020§,
0.97 mTorr pressure, and 27°C, are shown in Figure 2. Only the time scale
of the observations has been changed in the different experiments shown in
order to accent the nature of the short- and long-time decay regions and the
degree of the fit of the data to the kinetic equations employed. Clearly the
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" Flgure 2. Time resolved fluorescence decay curves
of S0- excited at 3020 & and 0.97 mTorr. The solid
lines are calculated assuming a double exponential
decay as outlined in the text.

fluorescence intensity does not follow a simple, single exponential decay.
However the results are described well using a double exponential decay
formula:

—#/TS o -t/TL

_ -+ o0 1
I=1 + I 0 (L)

-t/7g —t/TL

. = /1 © + (2)
or I, = (Ig [1:7)e e

where ‘ i pal intensi e fluorescence
where I and Irel’ respectively, are the total intensity of the flu
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. o)
znd the relative fluorescence intensity at time t, and ISO and IL are the

initie. intensities of the short-lived and long-lived components, respec-
tively. The solid curves shown in Figure 2 have been calculated from o
equation (2) using a single set of garametersofor the components oftﬁmlizzﬁg-
/7. = 6.93 x 10%; /v = 8.46 x 10%; (1.%/1.7) = 1.36. Obviously the

of the data points are reproduced well assuming the @ouble exponential decay
of the fluorescence, in confirmetion of the observations of_Brus and
‘eDonald.l® Failure to observe this phenomenon in our previous study at .
wavelength 2662 A2% was the result of the wavelength choice and the relatively
high pressure range employed (2-80 mTorr) in this study. Even a? low pressures
of SO the short-lived component of the fluorescence is not readily detected
using 2662 & excitation. This is confirmed by the fact that Brus and

McDonald did not attempt to derive Stern-Volmer quenching data related to the
short-lived species only in their experiments at 2617.4 and 2715.1 A.

All of the fluorescence intensity-time data observed in thig wogk could
be fitted well in terms of relation (2) to derive Tgs Typ and IS /IL values.

It should be noted that a third exponential component to the fluorescence
decay is observed at very long times; this emission which originates from
the SOZ(SBl) state is the subject of a further study in a subsequent report.

The Lifetimes and Stern-Volmer Quenching Parameters for the Short-Lived
(S) and the Tong-Tived (L) Components of the SO, Fluorescence-- The values of
l/TS and l/TL determined at each excitation wavelength (2975-3273 A) were

plotted versus the S0- pressure over the range 0.5 to 12 mTorr. Typical data
obtained in experiments with the excitation at 3107 A are shown for the L and
S components in Figures 3 and h, respectively. It is seen that the emission
from the S component shows Stern-Volmer behavior down to the lowest pressure
at which data could be obtained. The data from the I component also shows
Stern-Volmer behavior down to a pressure of about 1 mTorr; below this pressure
the l/TL versus PSO2 plot shows upward curvature. We will consider this

deviation later and merely note here that this appears to arise from dif-
fusional loss of the L species from the observation zone during their life-
times.

Stern-Volmer quenching constants for each of the emitting species were
derived from the linear portion of the l/T versus pressure plots. These data
are summarized in Table 1, and they may be compared with those published by
Brus and McDonald® in Figures 5-8. The error bars shown for both sets of
data correspond to % twice the standard deviation. It is seen that the two
studies are in general agreement within the error limits for most of the
parameters determined. The one apparent difference between the two studies
is the lifetime of the L species excited near 31833 cm?; see Figure 5. Thus
Brus and McDonald found a lifetime of 617 * 103 usec for excitation at
3140.5 A, while we observed a value of ¢ 220 + 30 psec in the same general
wavelength region at 3143 A. The effect may result from the selective
excitation of a peculiar, narrow region of S0, states for which perturbations
of near lying states are less important; the band width of the laser light
employed by Brus and McDonald is somewhat narrower (~3 em?) than that which

]

10



¥

9//’/ﬁ

g S

(@]

x10

Two Points

“Four Points

0 N S B |
O 5 10
P502 , mTorr

Figure 3. Stern-Volmer plot of the long-lived (L)
component of SO, fluorescence excited at 3107 A.

Figure 4. Stern-Volmer plot of the short-lived (S)
component of S0, fluorescence excited at 3107 A.



we exployed (~10 em™). However this difference may in part result from the
choice of cut-off filter which was placed before theodetector inothe Brus
and licDonald exveriments; they switched from a 3100 A to a 3550 A cut-off
filter in experiments at 3140.5 R excitation and the longer wavelengths.
The influence of the apparent lifetime on the cholce of fluorescenc§ wave-
lengths monitored for excitation at a given wavelengthocan be seen in the
data of Tables 2 and 3. We found that the observed 1, values varied

from extremes of 224 to 646 psec with a 3300 R or a 6000 A cut-off filter

in place.

In both the study of Brus and McDonald and the present work the
observation was made that the apparent lifetime of the L component increased
as the observed fluorescence was restricted to the longer wavelength region.
Since the emission intensity-time profile of the S species is obtained by
subtracting the intensity of the L state extrapolated from the data at long
times, the Tes and. ISO/ILo values are somewhat dependent on the choice of

Tilters empl&yed; see Table 3. In general the TSO and the quenching rate

congtants for the S and L species all decrease as the fluorescence is
observed at increasing wavelengths. As Brus and McDonald have pointed out
previously, the filter effect on the Stern-Volmer parameters indicates that
the L and S species created at a given excitation wavelength, must be a

group of rovibronic states with a range of TSO and I, values, Therefore

the lifetimes and quenching rate constants obtained from the Stern-Volmer

plots must be only an average value of this group of states. To overcome

the potential problem of enhancement of the fraction of the L or S fluorescence
envelope observed, we have employed a cut-off filter and photomultiplier
response which meximized the width of the band of wavelengths monitored in
each experiment. See Figure l.

The dependence of the apparent values of ISO/II? on the choice of cut-

off filter suggests that the emission spectrum of the S component is some-
what shifted to longer wavelengths than the L component. If one accepts the
premise that the S and L components arise from the 1A, and B, states of SOs,
respectively, then the minor differences in emission profiles can be
ratignalized in terms of the differences in the geometry of the A5, 1By,
and X, 1A; states of S0, predicted in theoretical studies.® % Thus Lindley>
has estimated that the S-0 bond distances in the A, and 1B, states are 1.50
and 1.49 R, respectively, compared to 1.40 A in the ground state; the 0-S-0
angles in the 'A,, !By, and ground states, respectively, are 92.6°, 117.3°,
and 119°. The relatively large difference between the equilibrium 0-S-0
angles in the ¥ A; and the A, states is expected 1o enhance the transition
probability for radiative decay of the YA, to the higher vibrational levels
of' the ground state, and hence shift the fluorescence envelope to somewhat
longer wavelengths than the lBl emission.

Vibrational relaxation of the long-lived excited SO» molecules, first
observed by Sidebottom, et al.,®* and confirmed by Brus and McDonald,l® was
also observed in this work. The effect arises largely from the variation in
quenching rate constant and radiative lifetime with excitation energy; see
Table 1 and rFigure 10. As an excited molecule is vibrationally relaxed to
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TABLE 1. LIFETIMES AND QUENCHING RATE CONSTANTS FOR THE LONG-
LIVED(L) Al\l'g SHORT-LIVED(S) SPECIES EXCITED IN SO, AT VARTIOUS
WAVELENGTHS

° -1 -1 -1 -1 _... b
by , A LI s%c, g, igg' kg l.mgig sec, k3, l-mo}il sec, Filter

exc x 10 x 10 x 10

2662 3.8 + 0.1 a
2975 2.0 £ 0.1 7.2 £ 0.1 ¢’
2998 2.4 £ 0.2 4.3 % 2.8 7.9 + 0.1 10.5 = 1.1 c
3020 3.0 £ 0.6 1.7 * 0.6 8.5 + 0.2 7.9 £ 0.7 c
3046 1.8+ 0.1 8.3 * 10.6 8.9 £ 0.1 10.2 ¢ 1.0 4
3065 3.0 £ 0.4 4.0 % 3.8 9.0 £ 0.1 8.5 £ 1.3 c
3107 3.2 £ 0.2 4.0 £ 1.0 9.1 £ 0.1 7.8 £ 0.5 c
3129 2.2 £ 0.3 3.2 % 2.2 10.4 ¢ 0.2 7.6 £ 1.4 a
3143 2.2 £0.3 2.4%0.7 10.2 £ 0.1 7.2 £ 0.6 a
3196 2.0 £ 0.3 4.1 % 2.8 9.7 £ 0.2 6.4 £ 0.8 a
3211 2.5 £ 0.4 1.7 0.8 9.8 £ 0.5 5.4 £ 1.1 ¢
3225 1.4 £ 0.3 1.9 £ 0.8 9.4 + 0.2 4.8 £ 0.7 b
3235 1.5 £ 0.5 2.5 % 2.2 11.3 £ 0.7 6.1 + 2.2 a
2251 1.10.3 2.7%1.6 10.5 * 0.4 8.4 £ 1.6 a
3273 1.8% 0.5 1.8% 1.6 8.4 0.4 6.9 t 1.3 £

aTemperature, 25 * 2°C; error limits shown here and elsewhere throughout this work are
* twice the standard deviation. CTransmission curves for the filters referenced
here are shown in Figure l; these were placed before the fluorescence detector.
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TABLE 2, STERN-VOIMER PARAMETERS FOR THE L AND S COMPOIQ]‘ENTS
AS A FUNCTION OF THE FLUORESCENCE WAVELENGTHS MONITORED

o

tL‘, sei, ts ’ sgc, k4, L.mo}ialsec—l k3, ﬂ.mgii—lsec'l Detector Filterb
x 10 x 10 x 10 x 10
2.1t 2.5 2.4 * 8.4 10.1 # 0.5 9.5 + 4.3 (a)x » 3200 &
©2.8 % 2.5 4.2 t 4.6 10.0 * 0.6 9.2 % 0.4 (b)x > 3300 &
2.2 * 0.3 3.2 ¢ 2.2 10.4 % 0.2 7.6 + 1.4 (d) 3400 € X € 3800 &
2.9 % 0.8 3.3 £ 0.7 7.9 £ 0.3 8.4 % 0.2 (e)x » 3700 &
2.5 % 1.2 2.3 £ 0.9 7.7 £ 0.6 7.5 + 0.5 (h)A = 3800 A
3.1+ 1.0 2.2 £ 2.2 7.8 + 0.3 7.9 + 0.4 (g)A = 3850 R
6.5 * 4.2 2.4 % 0.6 6.6 + 0.3 5.9 * 0.5 (372 > 6000 A

°
Bpxcitation wavelength, 3130 A; temperature, 25 * 2°C;
transmission curves of the filters employed which are designated by the letters.

15
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O
TABLE 3. RECIPROCAL LIFETIMES OF THE S AND L COMPONENTS AND IS / L AS A
FUNCTION OF THE FLUORESCENCE WAVELENGTHS MONITORED®

1/1L. sec-l, l/Ts, sec-l, Is°/IL° Tb, usec/ Detector Filter®
x 10~3 x 1074 div.

©
16.9 * 0.3 10.9 t 0.6 1.08 + 0.08 10 .?(b)k > 3300 A
16.5 + 0.2 10.6 * 0.4 1.14 £ 0.06 20

Q
15.7 + 0.3 12.4 0.5 1.16 + 0.07 10 (e)A > 3700 A
15.4 + 0.3 13.9 * 0.9 1.58 + 0.13 10
14.3 £ 0.3 8.9 * 0.5 0.97 + 0.07 20
14.5 0.5 9.4 £ 0.7 0.95 % 0.11 20
13.0 £ 0.3 12.1 £ 0.8 1.42 + 0.13 10 (i)\ > 4800 A
12.6 * 0.2 11.4 + 1.2 1.40 £ 0.17 20
10.7 0.1 13.3 + 0.1 2.22 £ 0.04 10 }.(j)k > 6000 A
11.4 + 0.1 12.4 £ 0.2 memmememeeee 20

0
8Excitation wavelength, 3130 A; Pgpp = 2.96 mTorr in all runs except those with
filter (j)cwhere 2.85 mTorr was used; “sweep time of the oscilloscopic trace
employed; “see Figure 1 for complete transmission curves of the filters.
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the lower vibrat%ongl levels, its larger quenching rate constant and some-
what shorter radiative lifetime, increases its chance for decay; thus in
theory the slope of the &zIL versus time plot should become increasingly more

negative with increasing time. At sufficiently high pressures (p > 8 mTorr)
where collisional deactivation is significant, this vibrational relaxation
phenomenon can be seen in the emission of SO, excited in the 2662-3107 A
region; typical data from SO, excited at 2998 R are shown in Figure 9. The
phenomenon is almost undetectable at 8 mTorr for 3211 A excitation, where
the original vibrational excitation is near that of the completely relaxed
molecule, From the data of Figure 9 and similar decay curves from excitations
at other.wgvelengths, we can estimate the average internal energy removed
per ?011151on. From the change in slope of the én I versus time plot, and
the initial rates of decay of the L component anticipated for the S0-(8.08
mTorr) excited at various energies (See Figure 10), we estimate that the
approximate loss in energy (kcal/mole) per collision is: 1.2 (2998 R);

0.8 (3020 A); 0.9 (3065 &); 1.3 (3107 A). Thus among those excited SOs
molecules which do not suffer electronic quenching on collision, about

1 kecal/mole per collision appears to be lost by SO-(L) species excited in
the 2998 to 3107 A region.

The Diffusional Loss of Excited I Moleculeg-~

In their earlier study of the time dependence of the fluorescence of the
L and S states of S0», Brus and McDonald® considered the kinetics of the
emission in terms of two contrasting mechanisms: (1) essentially independent
population and decay of the L and S states; (2) collisional conversion of one
state into the other (S L). They used the variation in the ISO/II? ratio

as a function of pressure in an attempt to choose between these mechanism.
They felt that thelr data obtained at 3225:9A provided the most sensitive
test of the mechanism. TFrom these data they concluded that an upper limit
of 15% of the S state deactivating collisions gave L state molecules for ex-
citation at this wavelength; that is, the L and S states decayed essentially
independently of one another. Data from the shorter excitation wavelengths
were not accurate enough over a wide pressure range to provide a choice
between the mechanism alternatives. The main difficulty in the experimental
test of the mechanism lies in the necessary limit in the low pressure range
in which the experiments can be performed. Diffusional loss of the excited
molecules and the very low initial population of the states at low SOo
pressures, limit the useful range of pressures. As we noted previously in
Figure L4, the S state with its very short lifetime, follows Stern-Volmer
behavior down to the lowest limit of pressures which we could employ (0.05
mTorr). This is expected since essentially none of the S species is lost
from the observation zone by diffusion during thelr very short lifetimes.
However the L state shows a departure from Stern-Volmer behavior below about
1 mTorr: see Figure 3. Since the data below 1 mTorr are very important in
allowing a mechanism choice, we have attempted to understand the origin of
the upturn in the l/TL versus P802 plot in this region. The increasing im-

portance of L loss at the walls at low pressures may be the origin of this
effect. Low pressure deviations from the Stern-Volmer relation for excited
S0,(®B; ) molecules were observed by Otsuka and Calvert,®® Strickler, et al.,2®
and Briggs, et al.27 In view of the much shorter lifetime of the L component
9f the excited S0, compared to that of the 3B1 state, one expects the dif-
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Figure 9. Semilog plot of the intensity of the total
fluorescence of the SO, molecule versus time with ex-

citation at 2998 A and Poy = 8.06 mTorr; note the
2

downward curvature at long times which is thought to
result from vibrational relaxation of the L state.
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fusional loss of the L species to become important in a ten-fold lower pressure
range than in the case of S05(°®By). Indeed this is the pressure range for

the L state deviations seen here, Theory requires that at sufficiently low
pressures the rate of diffusional loss of excited molecules from the
observation zone will be determined solely by their molecular velocities

and. the geometry of the cell and the observation zone, provided that excited
molecules which reach the wall are deactivated effectively. At an S0s
pressure of 0.9 mTorr and excitation at 3107 ﬁ, an L molecule will undergo
about 1 collision during its lifetime, and its mean free path is about 4.8 cm.
Obviously below this pressure region we expect the molecular velocities of

the excited molecules to be a major factor in controlling the diffusional

loss rate. At somewhat higher pressures diffusion out of the observation

zone will be controlled largely by molecular diffusion and collisionally
controlled processes. In this latter case the kinetic theory the Brownian
motion can be applied.®® The time t required for a molecule to diffuse a
distance x is given approximately by: t = x*/D, where D is the pressure
dependent diffusion constant: D = a/p. Thus we would expect for these
conditions that the apparent first order constant for diffusion of excited
molecules out of the observation zone of average radius T will be given by:
Kyspp =D ° = a/pf©. Experimentally we can estimate Kqspp Trom the

measured lifetimes of the excited species at low pressures (Te ) and that
anticipated in the absence of diffusional loss from an extrapolation of the
Stern-Volmer lifetime plot from the higher pressure region (Tcalc): kdiff =

(l/TeXp) - (l/Tcalc). Thus if the molecular diffusion mechanism is operative
then we expect that (l/TeXp) - (l/Tcalc> to be a linear function of 1/p.

Such a plot is shown in Figure 11 for the data from the L state excited at
3107 R. It can be seen that the functional form of the highest pressure
regime (l/;)-)—CU is near linear as anticipated from simple theory, but

the values became less dependent on the pressure as the pressure is reduced
(1/p % =) and collisionally controlled diffusion becomes less important.

The data of Figure 11 fit well the empirical equation: kdiff(secﬂ) =

5.0 x 10%[1 - e-0.060/p(mTorr)]. If we interpret this equation in terms of
the simple diffusion model outlined, then the experimental limiting slope

of the kg, oo versus 1/p plot as 1/p>0, is 300 sec™ mPorr™. For gaseous SO,

at 25°C we can estimate that D =~ 7.9 x 10%/p (mTorr). Thus simple theory
suggests: 300 sec? mTorr® = 7.9 x 10*4/r® , from which T = 16 cm, a
physically realistic result. At the low pressure limit (L/p>w), the
empirical experimental law gives kdiff = 5.0 x 10® sec?, Then according to

the simple theory, T/F = 5.0 x 10% sec’l; taking ¥ = 3.2 x 10%* cm/sec,
¥~6 cm., This is in qualitative accord with the alternate estimate made
from the higher pressure limit and as good an agreement as one night expect
from the very approximate model assumed here. In S0-(°By) lifetime studies
carried out in this same system, the kdiff versus l/p plot was linear as

expected for this longer lived species, and r =~ 10 cm was estimated.
Certainly the deviation of the L state lifetime data from Stern~Volmer
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Figure 11l. Plot of the apparent first-order rate
constant for the diffusional loss of the L state
[kdiff = (l/TeXP) - (l/Tcalc)J versus the reciprocal
of the pressure of SOs. The dashed line is the
calculated fit of the daba by the empirical

equation given in the text.
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Figure 12. Plot of the ratio ISO/II? Versus pressure:

excitation wavelength 3107 A. The curves shown are
the theoretical fits to the data assuming the S = L
conversion calculated fram the nonequilibrium model
[eq. (24)]. The parameters chosen to obtain the
various curves are outlined in the text.
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behayior at low pressures is consistent with the diffucional loss of the L
species from the obscrvation zone, and it is reasonable to usec the experiment-

ally determined kdiff equation to esghimate the diffusional loss term for L
at low pressures.

The Kinetics of the Formation and Decay of the L and § Components of SOs
Fluorescence --

It seems highly probable that the two components of the S0s fluorescence

seen here involve two excited species as suggested by Brus and McDonald.®

It will be convenient to consider the results in terms of the following
general reaction scheme:

| S0, + hv = S05(S) (Iy)
S0, + hv = S0,(L) (1g)
S0-(S) + 805 » 80o(L) + SO (3a)
S0(8) + 805 = (250z) (3b)
S0-(L) + S0 = 805(8) + SO0s (ka)
S0o(L) + S0s = (2802) (4b)
802(8) > 80z + hvg (52)
S05(8) = 80s(L) (5Dp)
502(8) - (802) (5¢)
802(L) = S0z + hv (6a)
S0-(L) == S02(8) (6D)
$02(L) > (802) (6c)

In reactions (3b), (4b), (5c), and 6c above, (2502) and (S0z) symbolize
S05(% 4;), (®B1), (®As) or other long-lived or non-emitting product
molecules. In terms of the above mechanism the following decay laws may be
written:

a[sl/at = -k [8] + k., L] (7)

a[ry/at = -k [L] + K [8] (8)

where kg = (kg + Kg) [802] + kg, + gy + Ko (9)
kL = (kha + Kmo) (5027 + kg, + Kep T ke (10)

k, = kg, [502] + kg, (11)



ko= k) [802] + kg (12)

“olving the coupled differential equations (7) and (8) gives expressions for
the tire dependence of {S] and [L]:

(5] = ae™tt 4 BeE? (13)

(1) = ce™® 4 peE? (1)

where ¢ = (1/2) [(kg + k) + w] (15)
£ = (1/2) [(kg + k) - o] (16)

and w = [(kg - k)% + bk k1%

A= ((1/2) (w+ kg - k)[S]o - ky/[L]o]) (17)
B=uw?l {(1/2) (w - ko + kL)[S]O + kt/[L]o} (18)

¢ = wt (k,STo + (1/2) (w - kg + k) [Lo) (19)
D=(r1£késb-+0/m u)+ks-kL)[mo} (20)

Clues concerning the relative significance of the various reactions in the
general mechanism outlined can be had from a consideration of the variation
of the I %/I.° ratio with pressure. Values of this ratio estimated for ex-

periments at 3107 A are summarized in Table 4 . The plot of these data

shown in Figures 12 and 13 may be considered in view of the trends expected
for various mechanism choices.

Mechanism I--

The simplest possible mechanism choice, that favored by Brus and
McDonald for their experiments at 3225.94, involves the independent decay
of the S and L species; that is the rate constants k3a’ kha’ k5b’ and k6b

all are equal to zero. For this condition the fluorescence intensity and
the ISO/ILO values are described by the simple expressions (21) and (22):

k.t

I=0[S]ee S kb

+ B [Lle” (21)
ISO/ILO = (o/B) ([S]o/[Llo) (2

Thus for this condition we expect ISO/ILO to be independent of the pressure.

It is seen in Figures 12, 13, and 14 that the data for 3107, 3211, and 3225 )y
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excitation do not follow thig expectation.

X There is a s i i
ISO/ILO ratio at the low prossures. strong increase in the

Only one set of data derived from our

experiments with 3273 A excitation appear to follow relation (22); note the
points marked by triangles in Figure 14. However in this case thé results

are least ac?urate since the extinction coefficient of S0z is very low, and
the necessarily limited pressure range employed (1.8-12 mTorr) could nét be
extended to the region in which T o/I © g most sensitive to the pressure.
Clearly.we can conclude from the presént results that the L and S states of
?Oe.ex01te§ at 3107, 3211, and 3225 & do not decay independent of one another;
it 1S°pOSSlble.th§t this mechanism is operative at excitation wavelength

3273 A. Thus it is necessary to consider these results in terms of alternative

mechan%sms which involve S to L conversions. We will consider two such
mechanisms,

Mechanism IT--

The least complex of the alternative L and S interconversion mechanisms

is one chich allows only the § L transformetion; that is, kt/= 0, kt # O.

This non-equilibrium mechanism leads to the following relations for the
fluorescence intensity and the ISO/IL? values:

kt -kst kt -kLt

I={a[S], - E:—:—EZ [8lgle -F{EE::—EE [8]g + [Llgle

0

(23)

1.°0/1, = (@ /B) - k/(ky - &)}/ ([L1o/(8]o + Ey/ (kg = k1)) (e4)

We may test the compatibility of this mechanism using the data set for 3107 i
excitation (Table 4 ); in this case the strong absorption by SO, allowed
study of the fluorescence to very low pressures (0.05 mTorr) corresponding

to nearly collision-free conditions. The 3107 R data can be fitted well
employing the following experimentally determined rate constant expressions:

ks(sec'l) = 2.51 x 10% + 4,19 x 10%p (25)

k; (sec™) 3.11 x 10® + 4.86 x 10%p + 5.0 x 10°[1 - e"0‘060/p] (26)

where the pressure p is expressed in mTorr units. Equation (24) contains
three unknown rate parameters: /B, [Llo/[ 8]0, and kt' Since the decay of

both the S and L states was determined in the same experiment using a fixed
geometry of the cell and the detector, QVB should be a constant which
depends only on the lifetimes of the emitting species, the detector wave-
length response, and the relative emission envelopes of the S and L states.
From the effect of filters on the apparent ISO/ILo values, Brus and McDonald

have concluded that the emission envelopes for thg two species are not
greatly different, and in this case, O/ = TLO/TS = 8,08 (3107 &) is a good

approximation. However it is seen in Table 3  that the calculated ISO/II?
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Figure 13. Plot of the ratio ISO/IIP Versus pressure:

excitation wavelength 2107 A. The curves shown are
the theoretical fits to the date assuming the S 21
interconversion calculated from the equilibrium model
[eq. (31)]. The parameters chosen to obtain the
various curves are outlined in the text.
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Figure 1l4. Plot of the ratio I O/I © versus pressure.

Excitation wavelengths, open c1rcles - 3211 A; closed
circles - 3225 A; triangles - 3275 A; the solid curves
are the theoretical fits to the 3211 - and 3225 A data
calculated from eq. (24) for curves 2 and 4, and eq.
(31) for curves 1 and 3; values of the parameters
used for curves 1, 2, 3, and 4, respectively, are
a/B = 8.26, 8.26, 3.2, 4.3: [L]/[S] 0.50, 167,
0.03, 1.0; k, =k .86l+xlog 0 x 10°

2.91 x 10%, 32 56 X i04 2.56 x 104 sec =, nrorrl.
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TABIE 4. THE EFFECT OF PRESSURE ON THE ISO/ILO VALUES

AND RECTPROCAL LIFETIMES OF THE L AND S COMPONENTS OF
SO FLUORESCENCE EXCITED AT 31074

Pressure, T, usec/ l/rL, sec'l, /T, sec‘l‘ T °/1.°

nTorr div, -3 " 4 5§°°L
x 10 x 10

8.19 5 42.9 33.6 1.34
8.19 10 43.0 —— ———
6.12 5 "32.7 28.5 1.58
6.12 10 32.8 — ———
3.99 10 22.6 19.8 2.14
3.99 20 22.6 —— m——
2,93 10 17.1 16.5 2.00
2.93 20 17.3 {10.3)k (0.92)b
2.93 20 17.4 (10.9) (0.88)
2.93 50 17.5 —~—— ——
1.71 10 11.7 12.]1 2.24
1.71 20 11.2 ——— ———
1.14 20 8.54 6.93 2.25
0.93 20 7.88 7.13 2.52
0.91 20 8.00 5.54 2.00
0.91 50 8.29 (4.73) (1.72)
0.77 20 7.01 5.36 2.23
0.55 20 6.15 4.73 2.78
0.55 50 6.19 (3.94) (2.08)
0.40 20 6.30 4.73 2.95
0.40 50 5.41 {3.00) (2.84)
0.38 50 5.50 3.37 3.10
0.29 50 5.33 3.21 3.76
0.20 50 6.08 3.48 2.73
0.20 50 5.60 3.39 3.24
0.18 50 4.94 2.80 4.18
0.17 50 5.41 2.86 3.04
0.16 50 5.34 2.86 3.18
0.14 50 5.70 3.02 2.88
0.11 50 5.46 2.60 3.42

aSweep time of the oscilloscope; bthese data in parentheses were determined
using longer sweep times for which the S component data were highly compressed
on the time scale; they are not considered as accurate at the small T runs; the
runs at large T served as a check on the L component analysis at small T values.
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valoes ey Ciffer by a significant factor depending on the wavelength region
ron’tored. The emiscion of the S state appears to be shifted somewhat
“owzri tne longer wavelengths. In consideration of these results 1t appears
%o us that a realistic choice of @/p for 3107 A excitation is in the range:
-°/1.° =8.08> a/g > b.7. The choice of magnitude and kinetic form of

K, in this case is somewhat arbitrary. Theoretically®® one expects that non-

reéistive unimolecular processes such as (5b), (5¢), (6b), and (6¢) will be
Unirportant in a small molecule such as 30-. In studies of 80, fluorescence
excited within the second allowed band, Hui and Rice®° have found that the
ouantun vield of radiative decay of the S0-(*Bs) state is near unity at ex-
citation energies less than the dissociation limit. The magnitude of the
fluorescence quantum yields at zero pressure of S0, excited within the first
allowed band have been the subject of some disagreement. 1> 2 fhe failure in
the earlier work to recognize two emitting species, the very great efficiency
of the collisional guenching of the S species, and the very long lifetime of
the L species, together with the use of cells too small to avoid diffusional
loss of the L state with these unrecognized properties, all contributed to
this problem. However most workers and we now agree that the limiting quantum
yield of fluorescence at zero pressure is probably near unity, in accord with
the original suggestions of Mettee.3' Therefore it is reasonable to assume
that only second order reactions such as (3a) should be important in con-
verting S to L states, and we may take k, equal to some fraction (F) of the
observed bimolecular quenching rate cons%ant for the S state; for the ex-
periments at 3107 A, kt(sec'l) = k3ap = F x 4.19 x 10%p (mTorr).

Using reasonable choices for the various parameters in equation (24)
does provide a good fit of the experimental ISO/ILo variation with pressure.

In Figure 12 the effect of various choices of F on the fit can be seen.
Taking [L]o/[S]p = 2.3, and o/B = 8.08, F was varied; 0, 0.25, 0.5, 1.0 in

curves 1, 2, 3, and 5 respectively. Obviously the F = 1 curve best describes
the experimental results. The sensitivity of the theoretical curve shape

to the choice of the unknown variable [L]o/[S]y, teking £ = 1, is also

shown in Figure 12; for the choices of /B = 8.08, the value of [L],/[S]o

was varied: 2.0, 2.3, and 2.6 in curves 4, 5, and 6, respectively. The
best match of the data is had for [Llo/[S]o = 2.3. As we pointed out
previously, Q/B may be somewhat less than TSO/TLO’ and we may investigate the

effect of this choice on the results. Taking the apparent lower extreme for
this ratio, o/ = 4.7, F = 1, and [L]o/[S]o = 1.0, gives a somewhat better
it (curve 7 of Figure 12) at higher pressures. It is evident that this
mechanism involving the efficient, second order S - L conversion is con-
sistent with our data at 3107 &. TFor other excitation wavelengths where
fairly complete ISO/ILO versus pressure data were determined in this work

(3215 and 3225 A), the mechanism II also fits well; see Figure 1l.
The mechanism IT appears to be unattractive in one sense; the physical
circumstances which would favor the conversion of S » L, without the

reverse reaction occurring significantly, are hard to imagine. It is not
likely that the density of states available to the L species is much greater
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than ?hat fo? th§ S species in the region of the potential energy surfaces

to WElCh excitation occurs. In fact if we associate the L species with
SO0-(*By) and the S species with S05(%A.), one might expect the density of

the state§ avallablg to the S species to be somewhat greater since this
molecule is formed in a highly vibrationally excited state where anharmonicity
would create a close packing of the states. TIf there is no energy difference
between‘the states, then microscopic reversibility requires that L = S
conversion occur as well as S 9 L. In this light a test of the compatibility
of the more complete, "equilibrium" mechanism with our date is in order.

Mechanism III--

. in thistegui}ibrium mechanism we may make the reasonable assumption that
= kg o It 1s important to recognize that under these conditions the ex-
perimentally determined decay constants for the L and S states no longer are
equal to the real decay constants; i.e., { # k_and ¢ # k.. From equations
(13)-(16) we obtained the following relationsh%ps: S

£+t =ky+k (27)
€ - € = [(xg - k)2 + b 292 (28)
Tet ¢ = € - & . (29)
Then ¢ = (V° - uktz)% = kg - kg (30)

Now equation (20) reduces to (31):

oo (B + 0)([8]0/2[L]0) - k) + (-k([8]6/[L]o) + (¥ - ©)/2]
Is°/T1, = To/BY (v = ) ([S1o/2 Tlg) + E,) + (E([S1g/[]o) + (v w &y72] 3%

Again three parameters must be specified to test the fit of this equation to
the data: Q/B, [8]o/[Llgs and k . For various "reasonable” choices of these

parameters the fit to the 3107 A data is shown in Figure 13. For curves 1,
2, and 3 we have assumed [L]o/[Slo = 1.67 and o/ = 8.08, but we have varied

the second order rate constant k, (mTorr?® secd): 3 x 10°, 4 x 103, 5 x 10°,
respectively. Note that the choice of kt = 5.0 x 10® mTorr? sec? gives an

excellent fit of the data.

Tt is instructive to observe the expected influence on the ISO/ILO

~pressure relationship of a significant first order component to the inter-
system crossing constant k. ; i.e., k5b = kgy # 0. Taking k5b = kg = 3.1x

103 sec? and no second order component (k3a = kha = 0) gives curve 5 in
Figure 13. With the same value for k5b and k6b but taking k3a =k, =

5.0 x 10° mTorr? sec?, curve I results. It is evident that both curves have
the incorrect form of ISO/ILO variation with pressure and that first order
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interconversion of S and L at any significant rate appears to be an inap-
propriate choice..

Our only other extensive data sets for excitation at 3225 and 3211 A
are also described well by this equilibrium mechanism III. Obviously one

cannot differentiate between mechanisms II and IIT on the basis of the fit

to the ISO/I © _pressure data alone. However out results do exclude the
mechanisii I ™n every case where reliable, low pressure results are available,
and they are incompatible with the significant occurrence of first-order

intersystem crossing between the L and S systems.

It is interesting to note that the [S]O/[Ljo values which we estimate
using either of the two S @ L interactive mechanisms are relatively higher
for experiments with excitation at 3225 A than at other wavelengths which we
employed. Brus and McDonald observed a jump in ISO/ILo to 19 in this wave-

length region (3226 ﬁ), which seems consistent with our present result.
However in their work the ISO/IL values appeared to be independent of the

pressure, so it is not clear that the two results apply to the same phenomenon;
the somewhat smaller excitation bandwidth in the Brus and McDonald ex-
periments may have led to a rather different set of states. In any case, our
Observations for 3225 R excitation and Brus and McDonald's results at 3226 g
both are consistent with the work of Hamada and Merer'! who reported that the
absorption band of S0, at 3226 R is less perturbed than its neighbors in the
spectrum.

Brus and McDonald’s data for 3140.5, 2981, 2961.6, and 2889.3 A did not
extend to pressures below O.4 mTorr where the most sensitive test of the
mechanism can be made, but their data also can be fitted well to both the
mechanisms IT and IIT outlined here, using reasonable choices for the
parameters; see Figure 15.

Mechanism IV--

One might question whether the present data could support equally well
the hypothesis that only one excited state of SO, is involved in the emission.
Presumably a variation in the radiative and nonradiative decay constants may
occur with change in vibrational excitation within the single state, in a
somewhat more dramatic fashion than we believe occurs in the L species.

Then a '"step-ladder'" collision dynamics scheme such as that outlined by
Freed and Heller®* may be used to rationalize the non-exponential behavior.
This case is approximated in terms of the present mechanism taking B = 0
and (L] = O in equation (20):

ISO/ILO = (w + kg = kL)/(w - ko + kL) (32)

If k_ and k' involve only the bimolecular quenching terms then ISO/ILO—>wn

as the pressure approaches zero. Thus at the very low pressures the col-
lisionally induced intermnal conversion becomes negligible and single ex-
ponential decay should be observed. However even at the lowest pressure at
which we could carry out the experiments successfully, 0.05 mTorr, the
fluorescence of SO, follows double exponential decay; see Figure 16. Further-
more the decay constant of the L component does depend on the excitation
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Figure 15. Plot of the Brus and McDonald [1h]
data for the ratio I°/I,° as a function of

pressure of S0,; excltation wavelengths,
hexagons -- 2961.6 f; squares -- 2981 £;
triangles -- 2889.3 A; circles -~ 31%0.5 &;
the solid curves are the theoretical fits
to the data calculated from eq (24); the
dasghed curves are the theoretical fits
calculated from eq. (31); values for the
parameters used for the excitation wave-
lengths, 31L40.5, 2981, 2961.8, and 2889.3 A,
respectively, are: a/B 4.0, 2.0, 2.7, 2.0
for mechanism II; 8.0, 15, 14, 15 for
mechanism IIT; [L]o/[S]o = 1.15, 0.60, 1.0,
2.0 for mechanism II; 2.11, 5.71, 5.88, 12.5
for mechanism III; k3a = 3.67 x 10%*, 5.90 x

10%, 6.00 x 10%, 5.90 x 10* sec™ mTorr? for
mechanism II, and ky =k = h.27 x 10%,

L.oh x 103, 3.48 x 103, 2.67 x 10° sec™ mTorr™
for mechanism IIT.
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Figure 16. Semilog plot of the fluorescence
intensity versus time for SO, under essentially
collision free conditions; excitation wave-
length 3107 4; Pso, = 0.05 mTorr.

energy (see Table 1), in contrast to the expectations of the one state,
vibrational relaxation model. Thus the single state model seems inappro-
priate to explain the present double exponential decay data. However it
appears to us that the fluorescence behavior of the L state of S0, would be
an excellent example to test quantitatively the Freed and Heller model, in
that the properties of the L state appear to follow, at least qualitatively,
all of the predictions from their theory.

“he Nature of the S and L Species-- The tentative assignment of Brus
and McDonald of the S species to the SOg(lAe) state and L species to the
SO-('B;) state seems to be in accord with most of the experimental data
available today, including our own. Strong evidence for this is provided by
the observed enhancement of the [S]o/[L]O state population ratio on ex-
citation within the relatiyely unperturbed spectral region near 3226 ﬁ,
attributed to the A, < X *A; transition. We would like to point out that
the tentative identification of the structure in the fluorescence emission
excited within the 3150-2930 A region 1%°15 as originating fram the 1B, <
X 1A, transition, when coupled with the present results, also supports this
assignment indirectly. It may appear incongruous that absorption by SO0- in
a structured region characteristic of a SOo(%As) <« S0-(X YA;) transition
should yield fluorescence which on analysis appears to support the 1B; state
as the emitter. However from the kinetic parameters derived in this work,
it can be seen that in the steady state experiments of Shaw, et al.l%»1%
carried out a 2 and 1 mTorr pressure, the dominant intensity of the
fluorescence could originate from the L species for most excitation wavelengths
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they employed. From the kinetic mechanicms II and I1T presented, we would
expect the equations (33) and (34) to describe the ratio of the intensitics

for the steady state condition (IS IL)

~ o
[OFS

Mechanism II: (I./I.) = (9/B)([8]o/[Llo)k/lky + k3a([s]o/[1;]o)p} (33)

) (QVB){<[S]O/[L]O)<kuP + k6) + khap}
Mechanism III: (I /IL a5 = e k5 TE, NENESE (3k)

Using equations (33) and (3&) and the approprlate kinetic data which we
obtained from the fitting of the I /I -pressure data and the Stern-Volmer
quenching constants, We simulated %he Conditions employed by Shaw, et al.
We estimated the ratio /I ) and the fraction of the total fluorescence

from the long-lived state [I / IL)] for the two seemingly realistic

mechanism choices IT and ITI; see Table 5. One evident feature of these
data is the rather striking difference between the IL/(IS + IL) values

expected for the two mechanism models. The choice of mechanism II, invoking
only S - L conversion, leads to fractions in the range 0.94 to 0.72 for
wavelengths in the 2889 to 3211 A range, while there is a near equal
fluorescence from the L and S components expected if the mechanism ITI, in-~
volving § & L interconversion, is operative. Thus the observations of
Shaw, et al., who observed only 1B, - X 1A; structure, coupled with the
present work, appear to favor 1nd1rectLy the choice of mechanism II as well
as add further support for the L and S state assigmments as B, and A,
respectively. These considerations indicate that additional fluorescence
steady-state studies should be made with excitation near wavelength 3225 A,
where it appears that A, emission should be more intense than that of the
lBl component if the interpretation outlined here is correct.

One important experimental result remains to cloud the assignment of
the L and S states. Both states can be readily populated with excitation
wavelengths as long as 3273 A, while the tentative SPectrosc0p1c assignment
of the SO5(1B,) <= SO-(X 'A;) transition is near 3150 £.12,145,15 1f one is
to accept the L and S states as SOe(lBi) and S0-(YA5), respectively, then
the orlgln of the transition 1B; <« X A; must be at some wavelength greater
than 3273 A, since the direct population of the L state at this wavelength
is too large to reflect absorption from vibrationally rich ground state
molecules.

The Quenching of the S and I States by Some Atmospheric Gases--

The quenching rate constants for the first excited singlet states of
S0> with various common atmospheric gases and pollutant molecules are of
interest to many atmospheric scientists and photochemists. These data for
excitation at 31308 are of special value since many photochemical experiments
have been carried out at this wavelength. We have determined rate constants
for both the L and S states of S0, excited at 31304 for guenching by some
important atmospheric gases through direct lifetime studies in gaseous SOs
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TABLE 5. THE ESTIMATED FRACTION OF THE TOTAL FLUORESCENCE INTENSITY DERIVED
FROM THE L SPECIES IN SO, STEADY STATE IRRADIATIONS

Excitation - -' ------- [IL/(IL + IS)]SSa -—— - Source of kinetic
wavelength, A b . c data employed
Mechanism II Mechanism III

2889.3 0.94 (0.90) 0.59 (0.860) Ref. 16
2961.6 0.88 (0.85) 0.52 (0.53) Ref. 16
2981 0.88 (0.85) 0.44 (0.45) Ref. 16
3020 0.92 (0.91) -0.51 (0.58) This work
3065 0.85 (0.86) 0.46 (0.49) This work
3107 0.74 (0.76) 0.46 (0.43) This work
3140.5 0.80 (0.81) 0.51 (0.47) Ref. 16
3211 0.72 (0.72) 0.51 (0.45) This work
3225 0.44 (0.42) 0.26 (0.23) This work

. 3The values shown were calculated for steady state irradiations of SO, at
2 mTorr and 1 mTorr pressure(in parentheses); bestimated using equation
(24) of the text; Cestimated using equation (31) of the text; the parameters
chosen. for a/8, [S],/[L],, and k_ were those providing the best fit of the
data for Is°/IL° versus pressure data.
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-quencher molecule mixtures. The quenching rate constants for the L state
were also determined using 2662 & excitation. In this case the emission from
the S state was too weak to allow estimates of rate constants. All of these
data are summarized in Table 6 . Several features of these results should

be noted. The quenching rate constants for the S state are significantly
larger than the gas collision number for each of the quencher molecules.

Only a very minor perturbation is effective in quenching the short-lived
component, and this presumably leads to the L state. Thus it is highly
unlikely that the S state is involved in any chemical reactions.

The data of the last column of Table ¢ show the ratio of the quenching
constant for the long-lived species to that of the short-lived species,
kh/k3' Observe that this ratio is approximately constant for the great

variety of reactant molecules studies. For the potentially chemically
reactive gases such as 0., isobutane, and trans-2-butene, the ratio may be
somewhat larger than in the case of the chemically unreactive species; if
this difference is real, some chemical contribution to the observed total
gquenching of the L species may occur in these cases. Another interesting
feature of these dafta is the regular enhancement of the quenching rate
constant for the L state with excitation at the longer wavelengths; kh(2662)/

k 14(3130) is approximately constant, independent of the nature of the

quenching gas. This effect has been inferred from less direct measurements
of kh/k by Mettee®® and Horowitz and Calvert®® from steady state fluorescence

studies. The effectiveness of the L state quenchers appears to be related to
the polarizability of the molecules as suggested in other studies of excited
SO> singlet and triplet quenching.®5 %° Presumably the excited SO, molecule
acts as an electrophilic reactant on collislon with polarizable molecule to
form a highly polarized charge-transfer complex which may enhance intersystem
crossing or internal conversion of the excited SO; species. The constancy

of the kh(2662 /kh(3l30 ratio may merely reflect the relative density of

states (X Ay3 By, As, Bs) in the two regions of the L state potential
energy surface which correspond to these excitations. The strength of the
SOs-quencher molecule encounter involving molecules of different polari-
zability may govern the extent of this enhancement of crossover at each
region of the potential energy surface.

The present work gives no new insight into the mysterious, non-radiative,
reactive singlets of S0, invoked by Heicklen, et al. If as seems likely
the S state is indeed the SO-(%A5) and the L state is the SOg(lBl) then
these states are excluded as condldates for the S0-* species since the
quenching properties do not correlate with those of S0-*%. It appears to us
that the only other potentially important excited singlet reactant which
remains a viable candidate for the Heicklen SO-% Spec1es is a highly
vibrationally excited ground state molecule, Sog(X 1p,). It is probable
that these species are formed in a large fraction of the guenching collisions,
and they could be highly reactive toward some reactants employed by re-
searchers. It is not clear that they could survive the usually rapid
vibrational relaxation processes to be important reactants with CO, CsHs,
CoFy, ete., in mixtures at the relatively high N, and CO, concentrations which
were employed.
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TATILE 6. RATE CONSTANTS FOR THE QUENCHING BY VARIOUS ATMOSPHERIC GASES OF

e L(k L) AND S(kqs) COMPONENTS OF THE SO, FLUORESCENCE EXCITED AT 3130
AND 266282
, . -1 -1 -11
Quenching Quenching rate constants, £.mole “sec ~,x 10
gas L L
k_T(2662) k " (3130) x_S(3130) k “(2662) k_“(3130)
q qd q q q
k ¥(3130)  k _5(3130)
q q
Nitrogen 0.12 + 0.01 0.35 + 0.04 19 * 18 0.34 0.018
Oxygen 0.12 £ 0.01 0.34 + 0.07 16 * 14 0.35 0.021
Carbon 0.27 + 0.02 0.91 %+ 0.13 59 + 8 0.30 0.015
dioxide
Carbon . 0.17 * 0.01 0.46 £ 0.14 30 £ 21 0.37 0.015
monoxide
Argon 0.11 * 0.01 0.27 + 0.03 21 + 11 0.41 - 0.013
Isobutane 0.45 + 0.02 1.41 + 0.46 70 % 56 0.32 0.020
ﬁrans-z- 0.69 + 0.04® 1.68 + 0.98 51 + 60 0.41 0.033
Butene
Sulfur 0.38 £ 0.01 1.04 £ 0.02 76 + 14 0.37 0.014
dioxide
Nitric oxide 0.28 % 0.02
Methane 0.23 £ 0.02
Benzene 0.80 + 0.04
Biacetyl 0.81 + 0.05
a +~o b, ° . . .
Temperature, 25*2°C; in 2662 A  experiments, the cis-2-butene isomer was used.
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THE %ECHANISM OF PHOTOCHEMICAL REACTIONS OF SO- WITH ISOBUTANE EXCITED AT
3130A.

Introduction

The primary photophysical and photochemical processes in SO, excited into
the first allowed singlet band (2500-3400 A) and the forbidden band (3400-
4000 A) have been studied for about a decade. Since the 0S-0 bond dis-
sociation energy is about 135 kcal/mole, corresponding to a wavelength
smaller than 2180 A,l any photochemically induced reactions of SO, in the
excitation wavelength region 2500-4000 A are the results of interactions with
bound excited states of S0 molecules. Three emitting states of S0-, one
short-lived singlet and one long-lived singlet, presumably the 1A, and 1B,
states,®»® and one triplet SO-(3B;),* have been observed in emission upon
excitation into the region 2500-4000 A.

Dainton and Ivin®5?® studied the photolysis of SO, in the presence of
several paraffinic and olefinic hydrocarbons. The principal product was the
sulfinic acid. A slight decrease in reaction rate with increasing temperature
was found between 15 and 100°C, Timmons” then reexamined the photochemical
reactions of SO; with various alkanes. The negative temperature coefficient
reported by Dainton and Ivin was confirmed, but the product analysis showed
a number of important products. Since no evidence for the formation of
alkyl radicals was found, he supported the insertion mechanism for the SO, +
RH reactions, as suggested by Dainton and Ivin. He also argued that the
great variety of products arise from thermal and/or_photochemical decomposi-
tion of the sulfinic acid. Badcock, et al.,® presented arguments questioning
this conclusion and suggested a primary reaction by excited SO, of H-atom
abstraction in irradlated SOo~RH mixtures. A quantitative analysis of
products of the photochemical reactions of S0- with n-butane and isobutane
was performed by Penzhorn, et al.®»1% They concluded that the reaction of
excited S0, molecules with alkane involves H-atom abstraction rather than
insertion, and more than one triplet state of SO, molecules was thought to
be involved in the reaction mechanism.

The photochemical reaction mechanism of SOs-added gas mixtures is
known to be complex. The results of these studies carried at low pressures
(P < 10 Torr)*1>12 can be understood by invoking reactions of one singlet
and one triplet state, presumably the B, and ®B; states. However, both the
Heicklen and the Calvert research groups have concluded that the low pressure
mechanism requires an expansion of some sort for the high pressure conditionsg
(P> 10 Torr).1®7® 1In addition to the previous states, one more unknown X
state was suggested by Calvert and co-workers,13218 and three more states,
designated as S0%, SO0%* and S05, were proposed by Heicklen and co-workers.
14,15,17-25 At the time of most of the previous studies of the photochemistry
of SO- at high pressures, the pressure saturation effect of 50-(°B;)
quenching 26729 was unknown, the quenching rate constants determined at low
pressures were applied incorrectly to the high pressure experiments. It is
thus necessary to reexamine all the o0ld kinetic reaction mechanisms of S0o
photochemical reactions.

37



Penzhorn, et al.,®?1° have shown that a good mass balance (> 97%)
between the rate offpressure drop and the rate of formation of the principal
products 1s obtained in the photolysis of SO-~isobutane mixtures. We thus
carried out our studies on the SOs--isobutane photoreaction by following the
vressure drop during short irradiation periods (generally less than 3
minutes) at excitation wavelength 3130 A. A new insight into the photo-

chemical reaction mechanism of the SOs-alkane system is given here.

Ixperimental

Iight from a high pressure point source mercury lamp (HBO 500 W/2 L2)
was filtered through the following solutions:3° NiSO, (0.178 M, 5 cm), KoCrOg
(5.0 x 10=* M, 5 cm), potassium biphthalate (0.024 M, 1 cm) and a Corning
glass filter 7-54 (9863), 0.3 cm. A nearly uniform parallel beam through
the cell was obtained utilizing a condensing lens and light stops. The
incident light was monitored continuously during photolysis by reflecting a
small fraction of the incident light from a quartz plate onto an RCA 935
phototube (S-5 cathode). Radiation exiting the reaction cell was attenuated
with a uniform density filter and monitored with another RCA 935 phototube.
The light intensibty measured by both phototubes showed the stability of lamp
to be about * 5% during the experimental period. The reaction chamber was a
5 cm long, 4.5 cm diameter quartz cell. The light intensity was calibrated
by potassium ferrioxalate actirometry.3! The linearity of the response of
the phototube with light intensity was also checked with actinometry. At
S0- pressures of less than 50 Torr, the absorption followed the Beer-Lambert
law with the decadic extinetion coefficient, 1.59 x 1072 Torr™ cm™ (0 < P
< 15 Torr). This checks reasonably well w1th the literature values of 1.60
x 1073,% 1.57 x 1072,13 and 1.53 x 102 Torr® em?,3® for experiments at the
same ex01tatlon wavelength.

A grease-free vacuum line was used in all the photolytic experiments.
A mercury diffusion pump, separated from the main vacuum line by a liquid
nitrogen trap, kept the system at a pressure of 5 x 10-5 ~ 1.0 x 10~® Torr.

Matheson Co. isobutane and J.T. Baker Chem. Co. SO, (anhydrous) were
used. Both gases were distilled fram trap to trap at -196°C, retaining
only the middle third, which was degassed many times. Before each run, the
gases were degassed once again. Spectroquality benzene (Matheson Coleman
and Bell) was degassed and distilled under vacuum, and the middle third was
retained for use. These three gases were checked by mass spectrometry
(Du pont Model 21-491 B), and no impurity was observed. (O, (Matheson Co.)
was also purified by vacuum distillation.

The photoreaction of SO- with isobutane was followed by means of the
pressure drop in the reaction cell. The pressure was measured directly
by three different Baratron capacitance manometers (MKS 310AHS-1, 310AHS-100,
and 310BHS-1000), which were fused onto the reactlon cell as closely as
possible. In the medium pressure case (1.2 < P < 120 Torr), the pressure
drop was quite linear with time during the 1rrad1at10n period; i.e., the
least squares fit of the pressure drop vs. time was almost exactly equal to
the total pressure drop divided by the total irradiation time; see Figure 17.
However, even at very short reaction times (1 ~ 3 minutes), scattered light
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Figurg]fL Example of the pressure variation in the
3130 A photolysis of S0, (15.0 Torr) with isobutane
(44,6 Torr).

in the cell was appreciable; see Figure 18. Since the pressure drop was
quite linear with time, 1t was assumed that this scatter did not influence
the absorption of light by SO0, and the Beer-Lambert law was used to
calculate the intensity of light absorbed. Light scatter was not an ap-
preciable problem at low pressures (P < 1.2 Torr); see Figurel8. However,
the pressure drop was not linear with time; see Figure 19. The reason for
this non-linearity is not clear. To investigate the possibility that it
was caused by interference of the product, the photolysis was carried out
in two steps. After an initial radiation period, the contents of the cell
were condensed in a liquid nitrogen trap and then allowed to warm to room
temperature before radiation was continued. Removal of the solid and
liquid products in this way indicated that the observed decrease in gquantum
yields was not due to the interference by these products. Because of the
non-linearity of the data, only data taken during the first minute of ir-
radiation (10 second interval) were utilized in the calculations of gquantum
yvields. High pressure data (P > 120 Torr) were not reported because of the
nonlinear pressure drop and the high magnitude of light scatter. Qualitatively,
however, they showed a leveling-off of the quantum yield at high con-
centrations of isobutane (P > 500 Torr).

Blank experiments were carried out for each experiment to ensure that
the pressure drop was due to reactions involving the isobutane.

39



Time, sec

360 240 120 0]
[ D N O A O O

:

A t

Intensity, arbitrary unit

LLIIIIJIIJ

3860 240 120 0

Figure 18. Light scattering observed in the photo-
lysis; pressure of SOs and isobutane for curves A,
B, C, D, and E are 0.196, 0.751; 2.50, 17.20; 2.50,
51.703 14.99, 32.06; and 15,00, 707.7, respectively.

P, Torr

0.446!" light on
0.4441
0.442}- i3
B °’.° light oft
0.440r
! ! i 1 11 1 ]
o] 2 4 6
Time, min

Figure 19. Example of the pressure variation in
the 3130 A photolysis of S0, (0.195 Torr) with
isobutane (0.251 Torr).

it}



In the medium pressure case, the gases in the cell after irradiation
were analyzed by mass spectrometry. Within the maximum sensitivity ob-
tainable (1-10 ppm), no gaseous products were detected. These results are
contrary to those reported by Penzhorn, et al.l©

Results and Discussion

Low Pressure Kinetics of Excited SO- Molecules--

Penzhorn, et g;,g have shown that the photolysis of SO0p with paraffins
does not involve a chain mechanism under high pressure conditions. This is
consistent with our observation that the gquantum yield of product formation
is independent of the light intensity; see Figure 20.

®
O.BP_H__%;_HL_@_@T
0.2:—
orb
A o e

I,, quanta sec, x10'8
Figure 20, Plot of gquantum yields as a function of
light intensity; a test of the chain reaction

1 . = . * o2 s = ¢ i
mechanism; PSOE 5.0 £ 0.23 Plsobutane 38.0
0.3 Torr.

We have shown in our previous studies®:3% that two excited singlet
states, presumably the A, and 1B, states, can be reached at excitation
wavelength 3130 A. However, the kinetic data® and the quenching rate constants
of S0-(*As) and S0-(*By) molecules®2® all indicate only the SO5(*B,)
molecules are chemically important for steady state experiments. Furthermore,
Butler ami McDonald®5 have shown that the S0-(*As) species are not the pre-
cursors of SOE(sBl) molecules. Therefore, for simplicity, we will not con-
sider the SO0-(1As) molecules in the following discussion of kinetic scheme
of S0s.

The low pressure quantum yields for the SOo-isobutane photolyses are
tabulated in Tables 7 and 8. The reaction mechanism can be written as
follows:

SO> + hv =2 S0-(*B;) (1)
SO5(1B;) + 805 > 80-(®By) + 80 (1a)
S04(1B;) + S0 > (28505) (1b)
S0-(*By) + isobutane > products (2a)
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TABLE 7. QUANTUM YIEIDS FOR THE PHOTOLYSES OF S0s
AND ISORUTANE MIXTURES UNDER LOW PRESSURE CONDITIONS
(P < 1.2 TORR)

{021, [RH), (RHE]/[502] 3 ¥ ale

Torr Torr

0.050 0.160 3.2 0.251 0.265
0.258 5.16 0.23%6 0.287
0.31h4 6.28 0.277 0.296
0.405 8.10 0.313 0.302
0.462 9.24 0.319 0.306
0.515 10.3 0.313 0.308
0.907 18.1L 0.306 0.319

0.100 0.069 0.69 0.125 0.151
0.096 0.96 0.161 0.179
0.135 1.35 0.185 0.207
0.231 2.31 0.240 0.246
0.307 3.07 0.239 0.263
0.423 L.23 0.257 0.279
0.522 5.22 0.291 0.288
0.535 5.35 0.286 0.289
0.589 5.89 0.320 0.292
0.591 5.91 0.291 0.293
0.688 6.88 0.283 0.298
0.73k 7.34 0.309 0.300
0.822 8.22 0.327 0.303
0.881 8.81 0.335 0.305
0.924 9.2k 0.326 0.306

0.200 0.071 C.36 0.109 0.099
0.161 0.81 0.158 0.164
0.252 1.26 0.201 0.201
0.297 1.48 0.212 0.214
0.376 1.88 0.235 0.232
0.404 2.02 0.201 0.237
0.498 2.49 0.242 0.250
0.500 2.50 0.2432 0.250
0.512 2.56 0.245 0.252
0.526 2.63 0.252 0.254
0.540 2.70 0.248 0.255
0.612 3.06 0.245 0.263
0.683 3.4k 0.264 0.269
0.81h 4,07 0.267 0.2T7

0.300 0.111 0.37 0.102 0.102
0.180 0.60 0.128 0.12%9
0.273 0.91 0.162 0.1Tk
0.282 0.94 0.187 0.177
0.430 1.43 0.211 0.211
0.502 1.67 0.198 0.223
0.632 2.11 0.231 0.240

a

$alc is calculated from relation (A) by assuming k2b/k2 = 0.273.
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TABLE 8. QUANTUM YIELDS FOR THE PHOTOREACTION OF SOs
WITH ISOBUTANE IN THE PRESENCE OF BENZENE UNDER LOW
PRESSURE CONDITIONS

[s0:21, [RH], [CeHs]» ]
Torr Torr Torr

0.200 0.517 0.00000 0.248
0.199 0.515 0.00652 0.144
0.200 0.515 0.0118 0.118
0.200 0.513 0.0185 0.0901
0.200 0.516 0.0215 0.0375
0.200 0.512 0.0297 0.0779
0.200 0.518 0.0406 0.07L4L
0.200 0.517 0.0572 0.06L4
0.200 0.524 0.0721 0.0592
0.200 0.51k 0.0867 0.0553
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Figure 21, Plot of gquantum yields as a function
of [RH]/[S0s] ratio. Experimental conditions:

Pgo, = 0405 (0), 0.10 (W), 0.20 (A), and 0.30

Torr (@®); curves A, B, and C are calculated from
relation (A) by assuming kgb/kg = 0.291, 0.255,

and 0,273, respectively.
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Figure 22. Plot of the function of the quantum
yield, relation (C), versus the benzene pressure.
Data are from the benzene-inhibited 3130 A photo-
lyses of SOs~isobutane mixtures under low-pressure
conditions.



S05(%B,) + isobutane - S50-(°B,) + isobutane (2b)

802(%By) + isobutane =~ (S05) + isobutane (2e)
S02(YBy) > 0Os + hv, (3a)
802(*By) > (802) (3b)
S02(®By) + 805 = S0s + SO ' (La)
S02(°By) + S0 = (2505) (L4b)
S0s(®By) + isobutane == products (5a)
S05(®By) + isobutane - (80-) + isobutane (5b)
S02(®By) > S0s + hvP (6a)
802(®By) > (50z) (6b)

where (250) and (802) symbolize SOz(X 2A;) or other long-lived or non-
emitting product molecules, and "products" r'egresents the various sulfinic
or sulfonic (solid or liquid phase) products.”»:® In the pressure range
employed here, steps (3a), (3b), (6a), and (6b) are not important.®** Using
the steady state assumption, the above mechanism predicts:

[S05]

Koa ey o TRET * Xep) K5
Q = + (A)
[505] [502] [50:]
BTRE) Y Re Unmm et Oyt Es)
= o° +of (B)

where @S and @T represent the gquantum yields contributed from the excited
singlet and triplet molecules, respectively; RH represents isobutane.

Relation (A) predicts the quantum yield @ is a function of the [80s]/
[RH] ratio. Figure 21 shows that the experimental data do support this con-
tention. Most of the rate constants in relation (A) have been determined
previously: k. = (1.0k + 0.02) x 10**37; k, = (L.41 £ 0.46) x 1014 37];

k), = (4.21 £ 0.12) x 10°[4]; kg = (8.74 % 0.17) x 10° 4. mole™ sec™ [36].

Since the quantum yields for this reaction are near unity, we then assume
k‘ja = k5. There are still three unknown variables, kyos Boys and kla'

An estimatbe of the extent of the singlet excited SO, involvement in
the quantum yields in the photolysis of SO--isobutane mixtures-- The photolyses
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of the SO,-isobutane mixtures were inhibited by benzene addition in a series
of runs at fixed pressures of SO (0.200 * 0.001) and isobutane (0.516 *
0.007 Torr). These are summarized in Table 2. The rate constant for S0
(381) guenching by benzene is about 100 times that for isobutane.>® Note

in Table 2 the effectiveness of small quantities of benzene in quenching a
large part of quantum yields; for these conditions @ is reduced from 0.248
in the absence of benzene to 0.0744 for benzene pressures greater than about
0.0406 Torr. The concentration of the excited singlet fluorescence state of
SO> could not have been altered significantly by the benzene addition (less
then 10%), so that the benzene-inhibited quantum yields can be used to
extract the contribution from the singlet state involved. The following
step is added to the reaction mechanism:

S02(°By) + CeHg > nonradiative products (7)

The total mechanism thus predicts

o° _ oP k7[CsH6]

5= - (c)
L k) [802] + kg[RH]

Here ®o, oF and ¢ refer to the measured quantum yields of products formed

in the SOs-isobutane-CgHg mixtures with PSO2 = 0.200, Py o iore = 0.516

"Torr, and with benzene at 0, p Torr, and at a pressure which gives nearly
camplete triplet quenching, respectively. Relation {C) is tested with the
experimental data in Figure 22. The best value of ¥ extrapolated from the
data of Table 8 is 0.0465. From the slope of Figure 22 (158 + 33 Torrd)
together with the measured rate constants kh and k5, we estimate the quenching

raie constant of S0-(°By) for CgHg, k., to be (8.5 # 1.8) x 101° £, mole™
sec?, This checks reasonably well with the values determined previously in
the direct S0-(®B;) lifetime studies: (8.1 = 0.7) x 101°[37]; (8.8 * 0.8)

x 10%° £, mole™? sec? [36].

From the value of @ = 0,0465, relation (A), and the previously
reported rate constants for kl and kg, we estimate kEa = 8.4 x 10° £, mole™

sec?, This rate constant has not been extimated previously. Although

Badcock, et ég.,s assumed that the triplet molecules of S0, are alone
responsible for the photochemistry observed in SO,-hydrocarbon mixture photo-
lyses in both the first allowed and the "forbidden" absorption bands of S0,
the present work shows that the contribution from the singlet excited S05
molecules, although small, is not negligible, at least for the SOs-isobutane
system.

An estimate of the intersystem crossing ratios for excited SO, singlet
induced by collisions with SO, and isobutane --Relation (A) can be rearranged
to the more convenient form of (D):
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@ a k
(0 - 0% 00.738 Lol + 1)(0.82 + L) - < =) Mok (0)

vhere @S = (12.3 [S0o]/[RH] + 16.7)% ()

Relation (D) has been tested in Figure 23, where the term on the left
side of relation (D) was plotted versus the ratio [RH]/[S0s]. A very good
linear relationship between the variables is seen. From the slope of Figure

23 we estimate: kgb/kg = 0.291 * 0.011l. 1In order to optimize the sensitivity

of the guantum yields to [S0;] and improve the accuracy of the intercept,
which determines the intersystem crossing ratio for S0, the data for [RH]/
[S0-] > 5 were discarded. A least squares fit of these data gives a inter-
cept of 0.107 + 0.027. Together with the previously reported rate constants
kg and k,, k; /k is extimated to be 0.145 % 0.037. This checks reasonably

well'with the various literature values: 0.21 * 0,04 [32]; 0.12 * 0.01 [38];
0.20 * 0,05 [38]; 0.14 £ 0.02 [39]; 0.14 % 0.01 [39]. In this case the

slope is somewhat smaller, 0.255 + 0.012, than that determined from total

sets of data, 0.291 * 0.011l. The theoretlcally calculated guantum yields
with the above reported rate constants were plotted in Figure 21 as curves A,

B, and C with kgb/k = 0.291, 0.255, and an averaged value 0.273, resPectlvely.

It is seen that the averaged value of k /k = 0.273 + 0.018 gives the best
fit to the experimental data, Therefore, in the following discussion we will
assume k2b/k2 = 0.273 * 0.018. ©No estimates of this ratio have been reported

previously. The apparently higher intersystem crossing ratio for lsobutane,
0.273 * 0.018, is not surprising in v1ew of the comparison with that for
alkenes prev1ously reported at 3130 A: 0.51 * 0,10 (cis-2-pentene) [37];
0.62 £ 0.12 (trans-2-pentene) [38]; 0.85 + 0.37 (cis and trans-2-butene)
[32]; and 0.62 + 0.05 (cis~CsHs) [39].

I
]

(RH_
+1XA82+ [502])
w
I T

LM
1

L]

)

[SC2}

[RH]

\

(H-$S).738:

Piso-Cquo/ ' P502

Figure 23, Plot of the function of the left-
hand term in relation (D) as a function of
the [80-]/[isobutane] ratio.
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Kineties of Excited S0- Molecules at High Pressures--

The quantum yields of the product formation for the photolyses of SO2-
isobutane mixtures in the absence or presence of CgHg or COp under medium
pressure conditions (1 < P < 120 Torr) are reported in Tables 9, 10 and 1l1.
In these Tables the initial pressure Jjump of the system after irradiation
(see Figure 1) and the rate of light scattering (see later discussion) are
also reported.

Thermal effect on the initial pressure jump-- Dainton and Ivin® first
found that on irradiation of any mixture containing SO> a small but very
reproducible initial pressure rise was always observed during the first
seconds of the irradiation. This has been shown in Flgure 7; it is apparently
due to the conversion of the absorbed light into heat. Dainton and Ivin also
found a smooth, almost linear, relation between the pressure jump and the
subsequent rate of pressure fall for given pressures of reactions, independent
of the method of variation of the incident light intensity and wavelength.
However, no theoretical argument to explain this effect was given by them.

We have found that this thermal effect is a very interesting and useful
phenomenon; it not only affords us a useful method to calibrate internally

the absorbed light intensity in the system, but also gives us a new way to
determine various physical properties such as thermal conductivities and
concentrations of the reactants in the system. A debtailed analysis 1s given
elsewhere,* and only a brief description of some of the results will be given
here to illustrate these observations.

It can be shown that for a pure SO, system the initial pressure jump,
Pj’ is related to the pressure of SOo, P, and the absorbed light intensity,

Iaa by

Py = 7PI, = 7PIO(Ia/IO) (F)

where ¥ = G/TQ§6; 6 is a proportionality constant which relates the rate of
heat generstion to the rate of absorbed light intensity; & is the "heat
transfer coefficient" per unit area;*® T, is the temperature of the wall; S
is the total area of the wall; I, is the incident light intensity. Relation
(F) is tested by experimental data in Figure 24. An experimental y = (2.3 %
0.3) x 10-1® sec/quanta is obtained. This checks reasonably well with the
theoretically calculated y value, 1.7 x 10-'®sec/quanta.3*

In the presence of added gases it can be shown that

0.00903P

P, o= (79P) + 7,8, + 73P5) I (1~ 10 1 + 0.001k B,/P,) (G)

d

(P, < 15 Torr)

where 7y = 9/(TO§8i); Pl’ P2, and. P3 are the initial partial pressures of

SOz, isobutane, and CgHg or CO, respectively. A good check of relation (G)
with experimental data in Tables 9, 10, and 11 is obtained. Theoretically,

7i/7j - Bj/Si - Aﬁ/Ai’ where A, is the thermal conductivity of gas i.
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TABIE 9. QUANTUM YIELDS FOR THE PHOTOLYSES OF
S05-ISOBUTANE MIXTURES UNDER MEDIUM PRESSURE
CONDITIONS (P < 120 TQRR

[502], [RH], s Pj,a Ryt AP/at
Torr Torr mTorr x 10°  mTorr/sec
2.50 12.26 0.hk2 k.7 5.03 0.400

15.59 0.322 3.9 - -
17.20 0.348 5.3 5.10 0.433
19.24 0.379 7.2 - -
22.39 0.361 7.6 5.40 0.479
22.93 0.375 5.0 - -
2Lk.50 0.3%9h 7.1 6.45 0.507
2L.71 0.4kh6 7.0 5.78 0.463
26.66 0.369 8.4 - -
27.48 0.409 8.9 7.73 0.528
29.90 0.336 T.7 - -
30.10 0.423 8.9 6.53 0.513
32.61 0.376 1.4 5.78 0.381
3Lk, 72 0.379 9.6 4.95 0.429
35.97 0.381 10.8 6.60 0.412
36.15 0.371 12.3 5.48 0.466
37.44 0.479 9.8 - -
28.83 0.387 11.6 7.k2 0.539
41.70 0.358 11.8 8.18 0.498
4k 55 0.366 2.4 - -
46.53 0.379 13.0 T.95 0.525
50.47 0.392 14,5 8.48 0.540
51.67 0.398 4.8 - -
51.70 0.418 15.0 7.58 0.556
61.79 0.389 16.6 - -
66.76 0.385 8.4 8.4 0.563
70.71 0.517 20.0 - -
87.93 0.48L 22,7 8.70 0.682
4.98 L.90 0.171 6.0 1.58 0.350
5.00 .77 0.23h4 6.0 - -
5.07 16.11 0.271 - 6.60 0.558
5.00 18.89 0.283 8.6 7.50 0.569
.99 24.02 0.325 12.3 2.78 0.557
5.00 29.86 0.346 15.5 T.73 0.685
5.00 39.09 0.371 26 8.02 0.667
L.o8 45,33 0.385 23 8.02 0.644
5.00 51.1k 0.388 27 8.70 0.795
5.00 53.25 0.394 - 7.50 0.637
5.00 58.06 0.411 31 7.20 0.851
5.00 58.26 0.398 32 7.35 0.696
k.99 66.06 0.414 3l 9.75 0.835
.98 65.7h 0.405 - 7.05 0.679
5.00 73.25 0.418 2 - -
h.or 76.79 0.h32 kO 6.9 0.679
5.01 79.36 0.431 - - -
(Continued)
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TABIE 9. (Continued)

[802]’ [R}I] > Pj’a Rscat’ AP/At’
Torr Torr ¢ mTorr x 10°  mTorr/sec
5.00 79.50 0.kk2 39 8.55 0.878
5.00 87.53 0.L462 37 9.60 0.912
5.00 85.43 0.462 4k 9.52 0.854
5.00 97.70 0.488 k5 8.32 0.789
4.98 102.27 0.499 L6 11.32 0.829
5.00 102.13 0.453 - - -
k.99 109.31 0.530 53 8.48 0.955
9.99 9.86 0.191 19.7 8.7 0.7he

10.00 15.43 0.234 2h. b 11.55 0.909

10.00 21.62 0.269 29.5 13.12 0.997

10.00 25.07 0.287 33.2 15.15 1.10

10.00 3h.oh 0.323 43 16.80 1.25

10.00 39.40 0.323 45 16.95 1.15

10.00 4s5.19 0.346 49.3 18.45 1.35
9.99 ug.24 0.367 52.7 18.52 1.34
9.99 55.01 0.365 57 19.12 1.k2

10.00 58.57 0.381 61.6 18.38 1.53
9.99 58. 6L 0.383 60.6 21.52 1.54
9.99 6h.61 0.394 61.7 22.88 1.62

10.00 69.86 0.397 6h.1 19.28 1.57

10.00 70.69 0.381 66.5 19.42 1.18
9.99 73.97 0.k2 75 19.95 1.61

10.00 79.67 0.399 75.8 19.72 1.51

10.00 81.24 0.399 Th. L 21.75 1.54

10.00 89.h1 0. kL 80.6 19.12 1.76

10.00 96.35 0.438 83.6 21.30 1.75

10.00 102.16 0.5428 82.8 20.4 1.55

15.00 14.85 0.208 b1 11.1 1.08

15.00 19.91 0.240 - k.2 1.25

15.00 27.22 0.258 55 16.2 1.34

14.99 32.06 0.288 58.6 19.1 1.50

15.00 40.15 0.313 70 15.6 1.62

14,99 ks.s51 0.322 3 22.8 1.71

15.00 53.27 0.341 81.3 23.L4 1.78

14,98 59.46 0.358 87 22.3 1.90

15.01 66.88 0.363% 88 ok.1 1.89

k.93 76.78 0.366 100 oh.1 1.9

1h.9k4 85.25 0.378 108 2h b 1.8

15.00 95.15 0.405 113 27.2 2.16

1,94 100.69 0.39% 121 26.3 2.04

a
The numbers reported here have been normalized to I, =

3.07 x 1016 quanta/sec.
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Experimentally we found that 71/7i = 1.99, 1.20, and 1.64 for isobutane,
Cells, and COz, respectively. Thermal conductivity data*l show that A../Al =

1
1.77, 1.19, and 1.7l for isobutane, CgHg, and COs, respectively.

C 8
. 300
e b
e} -
[t
€ C
—_ 200
L'? L
p =
= -
a~ 100
O y { ) |
0 20 40 60

P Torr

SOo!

Figure 2k, Plot of Pj/(Ia/Io) as function of P, ®

The T, values for lines A,B,C,D,E, and F are 3.79,
3.16, 2.26, 1.58, 1.13, and 0.69 x 1071® guanta/
sec, respectively.

Evaluation of the high pressure photoreaction mechanism of SO--- The
deviation of the phosphorescence lifetimes of SOo(~Bp) molecules from the
simple Stern-Volmer quenching relation in experiments at high pressures
(P - 10=760 Torr) was recently reported by Rudolph and Strickler,28°27 gy,
et al.,2® and Calvert.®® This phenomenon has been described elsewhere and
need not be considered in detail here. We have shown that the results of
the thotolyses of SO.-isobutane mixtures carried out at low pressures (P < 1.2)
Torr) can be understood by invoking reactions of one singlet and one triplet
state, presumably the 1B, and SBl state. However, the quantum yields of
products from SO, photoexcited in isobutane mixtures at high pressures
(P> 10 Torr), are much higher than those anticipated from the low pressure
mechanism; this is shown in Figure 25. The dashed line in Figure 25 is
calculated from relation (A) of the low pressure mechanism with the rate
constants reported previously except k), = 2.6 x 10% + 2.0 x 10%/{1 +
0'0133P802 (Torr)} Torr™ sec? was used to take into account the known

saturation effect.“® This phenomenon has been found also in many other
photolysis systems of SOs~added gas mixtures.23™25 1In addition to the
previous low pressure steps, one more unknown X state was suggesteguby the
Calvert groupt®»18:32  and three more states designated as S05, S05, and SO
were proposed by the Heicklen research group.t?*:15:17-25 1n our view the
high pressure mechanism of Heicklen has some serious shortcomings. First,
there is no correspondence between the observed kinetic properties of the

sog state suggested by Heicklen, et al., and the Stern-Volmer guenching
parameters determined either by Brus and McDonald® or by us.® Second, the
produced fractions, Q, B, and y, for the designated S05(°By), S02, and SO
excited molecules, defined by Heicklen and co-workers, are assumed to be
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three constants at a given excitation wavelength. The intersystem crossing
ratios from S0-(1B;) to SO0-(°B,) for various foreign gases are known to be
different.*l  Thus, it seems unlikely that the @ value will be a constant
in the presence of a mixture of different added gases within a wide pressure
range (10-%-10% Torr). The B and 7 values determined by Heicklen, et al.,
are always different for different systems at the same excitation wavelength.
For example, the 7y value was determined to be 0.019 by Kelly, et al.ézl but
0.092 by Partymiller and Heicklen.2® Furthermore, Su and Calvert® have
reexamined the data from the photochemical reactions carried out in the
presence of high pressures of C0%*2 and Colz[22]. The postulate of Kelly,

et al.,%% that the photolysis of SOp-CoHp-added gas mixtures excited within
the S02(°B;) =« S02(X %4;) band involves the reactions of three different
excited states of SOz, namely the S05(°®B;), SOZ and SOA* states, appears to
be incorrect. We feel that the Heicklen mechanism is essentially an empirical
equation used to fit the experimental data; in our opinion it is not based
upon a realistic photochemical reaction mechanism. Therefore, we have not
used the Heicklen mechanism in our further discussions on the SO--isobutane
photolysis system,

o 50 100
Torr

P
'$0-GHo
Figure25. Plot of quantum yields as a function of

P. sobutane’ PSO2 = 5.0 Torr. Dashed curve - calculated

from relation (A); solid curve - calculated from rela-
tion (H).

In applying Calvert's photoreaction mechanism of S0, to the high
pressure conditions, one should also consider the saturation effect on the
phosphorescence lifetime of the SOZ(SBI) molecules. Now we are ready to
rationalize the data of the high pressure photolyses of SO.-isobutane mixtures.

Photolyses of SOp-isobutane mixtures at high pressures: In addition to

the reaction mechanism from (I) to (6b) suggested before, the following
steps should be considered:

S0o(1By) + S0s > X + SOs (1e)

52



S02(*By) + isobutane - X + isobutane (2d)

SO2(*By) + M 3 S02(°By) + M (8a)
S02(*By) +M > X + M (8b)
SO2(*By) + M = (S02) + M (8e)
X + 802 3+ S05(°By) + SO (9a)
X + 805 > (2805) (9b)
X + isobutane == S0,(®B;) + isobutane (10a)
X + isobutane - (S05) + isobutane (10b)
X +M > 80:(°%B,) +M (11a)
X+ M > (80:) + M (11b)
X > (80z2) (12)
S0-(%By) + M = (S0s) + M (13)

Using the steady state approximation, the following relation can be derived:

k2a.[ RH] k5a|: RH]

¢ = (k,[S02] + K [RH] + Kg(M]) * (K [802] + k [RH] + ko[ H]) {

(k [802] + ky [RH] + kg [M])
(E,[S02] + K [RH] + Kg[M])

+

(k,[8021 + k4 [RH] + k8b[M])(k9a[ 802] + kq [RH] + K,y [M])

(R\[50s] + K,[RA] + RglM]) (K, + kg[8021 + Ky JRA] ¥ Ky [W]) ° (8)

In our present experiments M represents the CO, molecule. All the rate con-
stants concerning the X state are unknown. Obviously, relation (H) is very
complicated and cannot be tested adequately with the very limited data now
available., However, in the absence of CO, as quenching gas, a reasonably
good fit to the data in Table 9 was obtained by using a curve-fitting method.
The results are shown in Figures25 (solid curve) and 26 (all curves). The
ratios of rate constants used for these fits were: k9/k12 = 0.053,

klo/k12 = 0,0067, k9a/k9 = 0.005, klOa/klO = 0.7, klc/kl = 0.136, k,,/k, =
0.65 [all from this work], and k) = 2.6 x 10% + 2,0 x 10%/{1 + 0.0133[80=z1}

Torr? sec? [28]. All the other rate constants (or ratios) have been reported
previsouly in our discussion of the low pressure mechanism.
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TABIE 10. QUANTUM YIELDS FOR THE PHOTOLYSES OF
S05-ISOBUTANE-CgHg MIXTURES UNDER MEDIUM PRESSURE
CONDITIONS (P < 120 TORR)

(CeHel, ; Pis® Ry AP/AL
Torr mforr nTorr/sec
)2 0.000 0.411 31 8.25 0.851
0.000 0.398 32 6.68 0.696
0.022 0.386 28 6.82 0.666
0.054 0.362 31 6.45 0.700
0.101 0.340 31 8.02 0.618
0.153 0.313 27 8.18 0.624
0.247 0.283% 32 4,05 0.451
0.359 0.251 27 5.10 0.409
0.450 0.239 30 ;.88 0.486
0.545 0.ah7 28 5.32 0.499
0.551 0.226 31 5.62 0.450
0.653 0.222 29 h.20 0.4L6
0.800 0.201 32 3.75 0.408
0.997 0.181 31 3.60 0.361
1.202 0.173 31 3.00 0.318
1.h00 0.176 31 3,38 0.375
1.600 0.1hs 28 2.92 0.302
1.800 0.142 28 3.22 0.285
1.960 0.121 30 2.25 0.250
2.197 0.127 30 2.78 0.260
2.387 0.113 30 3.45 0.238
3.130 0.111 32 2.ko 0.234
3.727 0.090 35 1.80 0.178
4. ho2 0.0%4 33 1.50 0.187
b L .989 0.092 35 1.50 0.190
II). 0.000 0.383 60 20.1 1.54
0.000 0.381 62 19.1 1.54
0.152 0.304 59 17.8 1.2h4
0.4h7 0.234 59 12.9 0.941
0.719 0.215 61 9.52 0.830
0.841 0.194 59 9.52 0.764
1.127 0.178 63 8.55 0.696
1.219 0.177 63 6.98 0.695
147k 0.163 62 6.38 0.613
1.536 0.168 6l 7.88 0.658
1.917 0.13k 60 5.18 0.531
2.461 0.128 66 5.32 0.506
3.001 0.109 64 4 28 0.434
3.860 0.099 62 34,5 0.401
k.611 0.09L 6k 3.68 0.372

aThe numbers reported here have been normalized to I_ = 3.07 x 1026
quanta/sec. °

b Experimental conditions for part I and II are: Py, =5.02 £ 0.13,
10.00 + 0.01; P = 58.31 * 0.58, 58.36 +58251 Torr;

respectively. isobutane
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Figure 26. Plot of quantum yields as a function of
P sobutane* P302 = 2.5 (0), 5.0 (@), 10.0 (A),

and 15.0 Torr (@ ). Solid curves are calculated
from relation (H).

The photolyses of the S0s-isobutane mixtures were inhibited by Cglg
addition in a series of runs at fixed pressures of SO and isobutane. These
have been summarized in Tablel0O . Again it can be seen that the effectiveness
of small quantities of CgHg in guenching a large part of quantum yields. For
our experimental condition the concentration of the excited singlet fluores-
cence state of SO; could not have been altered significantly by the Cglg
addition (less than 10%). The effect of addition of a small amount of CgHs
on the X state is not clear. We will assume that the CgHg-1lnhibited quantum
yields can be tested simply to extract the contribution from the singlet
state involved.® Thus by adding the reaction step 7, we predict relation
(C) in the low pressure case can also be applied to the high pressure case.
This is tested in Figure 27. Relation (H) predicts @° and %o to be 0.410
(0.373) and 0.056(0.053), respectively, for the case of PSO2 = 5,02 £ 0.13

(10.00 + 0.,01) and P, coputane = 58.3 + 0.6 (58.4 £ 0.5) Torr. As we have

argued in the low pressure case, the two slopes of Figure 27, 1.86 + 0.17
and 1.52 * 0,10 Torr?, together with the previously reported values of Ky 5

P} sobutane® &€ k = (9.9 = 0.9) x 10¥° and 8.3 £ 0.6) x

10102, moled secl, respectively. Within the error limit, these values are
in reasonable accord with the low pressure value, (8.5 * 1.8) x 10%°, and the
literature values derived from lifetime studies: (8.1 * 0.7) x 10%° 4. mole™

sec} [36].

5, PSO , and P
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Figure 27. Plot of the function of quantum yield,
relation (C), versus benzene pressure. Pressure
of SO, and isobutane, respectively, are 5.0, 58.3
(®); and 10.0, 58.4 Torr ( 0).

The quantum yield data for the photolyses of SO,-isobutane-CO. mixtures
have been given in Table 1ll. Several rate constants were determined
previously: kg = (4.9 % 0.7) x 10° 137, k), = 2.6 x 108 + 2,0 x 10%/{1 +

— 3
0‘0133Ps02 + o.oouspcoe} [281, ki3 = 6.76 x 10%/{1 + 0.0133PSOE + 0.0045P

Torr?t sec? [28]. Here, for convenience,

cog}

P and P are in units of Torr.
SO COs
Three more unknown parameters in relation (H), kg s Kq,0 and kllb

be determined. Again, relation (H) is too complicated to be tested adequately
by the limited data now available. Figure28. shows that a very good fit
can be obtained by assuming k8a/k8 = 0.05, k8b/k8 = 0.5, kll/klE = 0,025

, need to

Torr™, and klla/kll = 0.64. Of course, these are not unique solutions.

However, the fit in Figure 28. indicates the relation (H) can be used to
rationalize all the data in this work.

The intersystem crossing ratio for COs, k /k = 0.05, determined
from this work check§ fairly well Withothe previously reported values:
0,052 = 0,014 (2662 R);#* 0.052 (3130 A).%2 kg, /g = 0.5 determined in this

work is of comparable magnitude to that determined by Demerjian and Calvert,32
0.76 * 0.11. However, the kll/k12 = 0.025 Torr™% estimated here is a factor

of 5.6 higher than that reported previously [Ref. 32], 0.0045 Torr~t. &ince
the saturation effect of the phosphorescence lifetimes of the 802(3B1>
molecules had not been discovered and was not considered in the previous
data treatment,® the values derived in the previous work at high pressures
must be ineorrect.
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TABLE 11. QUANTUM YIEIDS FOR THE PHOTOLYSES OF
S02~ISOBUTANE~CO, MIXTURES UNDER MEDIUM PRESSURE

CONDITIONS (P < 120 TORR)

[co=1, . Py Rgcat, AP/At,
Torr mTorr x 108 nTorr/sec
0.00 0.269 29 13.72 1.00
5.039 0.26k 35 12.75 1.02
T.7hS 0.259 38 13.95 0.993
8.076 0.251 4o 12.08 0.96k
11.30 0.259 ko 10.8 0.951
19.18 0.2k6 46 13.7 0.943
23.55 0.242 50 13.0 0.887
26.75 0.251 57 13.3 0.959
30.94 0.243 55 11.8 0.904
35.19 0.235 62 11.2 0.878
37.94 0.242 62 1.4 0.913
h1.52 0.24h 6l 10.8 0.927
hE. k1 0.2%2 T 11.7 0.888
53.57 0.227 - 11.h 0.859
57.98 0.222 81 12.4 0.839
58.76 0.226 81 11.0 0.855
66.46 0.224 8k 11.7 0.823
®Experimental conditions are: Psp, = 10.00 £ 0.01; P, o tame

* 0.17 Torr.

bThe numbers reported here have been normalized to T 0 = 3.07T x 10

quanta/sec.
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Figure 28. Plot of quantum yields as a function
of the CO, pressure. The curve is calculated
from relation (H).

The nature of the X species --The nature of the ill-defined X species
remains uncertain. Presumably it could be an excited nonemitting singlet
or a triplet state of SO, one of its unstable isomers S-0-0 or cyclic S0,
or a high energy vibronic state of the ground electronic state. The
structure of the phosphorescence spectrum of SO, at high pressures (250 Torr)
was examined recently by Rudolph and Strickler.2? The shape and position of
the spectrum were identical to those observed for emission from the °B; state
at low pressures. Thus the X species does not emit significantly for A <
6500 A. Tt cannot be the LA, or 1B, state because the kinetic properties of
this species show no correlation with those observed in our previous studies
of these states.®>3* Tt cannot be the %A, or B, state either, because both
theoretical arguments?® and experimental evidence?>4%545 ingicate that the
efficient unimolecular radiationless process such as step 12 are impossible.
Therefore, we feel that the X state may be one of the isomers (S-0-0, or
cyclic SO5) or a high energy vibronic state of the ground electronic state
of the S0- molecule. Obviously, more studies on this state under high
pressure conditions are needed to further characterize this species.

Light scattering and aerosol formation-- Although no appreciable oily
product was visible in the photolyses carried out here, the solid and
liquid products, presumably the sulfinic and sulfonic acids,?>10 were capable
of being followed by the scattered light observed at the rear phototube in the
optical train. As has been shown previously in Figure 8, the scattering was
not appreciable under the low pressure conditions, but it could be measured
quite reproducibly under the high pressure conditions. The scattering had
about a 5-10 sec induction period and then started to inerease for about
40-60 sec. It then reached the maximum value and fluctuated slowly around
the maximum. The rate of increase of the scattering, R , reported
in Tables 9, 10, and 11 is defined to be the initial rg%%tof increase of
intensity of scattered light divided by the initial transmitted light
intensity. The Rscat was plotted versus the rate of pressure fall, AP/A&,

in Figure 29. A roughly linear relationship was found. This indicates that
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the initial increase of scattered light is a result of the formation of the
product molecules. About 40-60 sec after the homogeneous nucleation*® starts
the new particle production ceases. The particles already present grow by
condensation mainly (there is some growth by coagulation) and decrease in
number through this process.*® The observed scatbered light must depend on
both the particle size and particle number. The condensation and coagulation
thus cause a slow fluctuation of the scattering around the maximum value.

30 7

aP/6t, mlorr/ sec

Figure 29, Plot of the rate of increase of initial

light scattering Rscat’ as a function of the rate of

pressure drop.

Instead of measuring the scattered light, Penzhorn, et al.,” measured
the aerosol mass concentration as a function of time for the photolyses of
SOs-n-butane mixtures., A good correlation between the product and aerosol
formation was found. The detailed kinetic studies of the particle formation
processes for the photolyses of 805-CoHo and SOo-allene had been reported by
Luria, et al.%*7»%® They found that initially as the reaction mixture was
irradiated there was an induction period of about 45 sec, before which
particles with size larger than 25 R in diameter were not produced, although
CO was produced immediately. Nucleation occured suddenly, particles were
produced for a few sec, and then particle production ceased. The induction
period of about 45 sec in their experiments is about the time of reaching
maximum scatbtering in our experiments. Since large particles (diameter >
25 R) were not formed during the first 45 sec, the total number of small
particle then increased linearly with the time (because the rate of reaction
is constant). Thus a linear relationship between R_ . . and AP/At found in
Figure 29 is not unexpected.
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A KINETIC FLASH SPECTROSCOPIC STUDY OF THE CHgOo-CHszOs and CHa025-50> REACTIONS.

Introduction

The alkylperoxy radicals, ROs, are a dominant reactive species generated
within the sunlight-irradiated, NO.-RH-polluted troposphere, and as such, they
are of special interest to the atmospheric chemist. Computer simulations of
the chemistry of the lower atmosphere suggest that orgenic peroxy radicals
are important in the oxidation of NO and possibly other impurity species
such as 802.>72 However there are very few direct determinations of the rate
constants for the gas phase reactions of the RO radicals, and the suggested
role of their significance in the chemistry of the polluted troposphere has
been inferred largely from "reasonable" kinetic speculation.

In this work we report the first results of a kinetic flash spectro-
scopic study of some of the reactions of the simplest alkyl peroxy radical,

CHz0z. A first estimate of the rate constant for the CHz0,-S0- reaction is
presented.

Experimental

The CHgzO0s, radicals were generated by the flash photolysis of azomethane-
oxygen mixtures. The azomethane was prepared by the HgO oxidation of the
symmetrical dimethyl hydrazine (Merck) by the method of Renaud and Leitch;*
it was purified, degassed, and dried by repeated vacuum distillation at low
temperatures. The SO» reactant gas (Matheson, anhydrous) was also further
purified by vacuum distillation in the vacuum line.

The xenon flash lamp and multiple pass cell employed in these ex-
periments was similar to that developed at the Physics Division of the
National Research Council (Canada) and was constructed from drawings
provided by them. The flash lamp, constructed of Vycor, operated at 20 kj
per flash with a width at half maximum intensity of about 50 usec. It
paralleled the quartz reaction vessel (220 ecm in length, 6.3 cm i.d.) but
was separated from it by a Pyrex-plate filter (0.5 cm thickness) which
transmitted only light of A > 2900 A. This wavelength range of the exciting
light caused negligable excitation of SO, or CHzOs product of the flashed
azomethane-S0,-0- mixture. A white surfaced (Kodak 6080 paint) reflector
surrounded the flash lamp and cell, The cell housed a multiple reflection,
White optical system which was usually adjusted for a path length in the
range of 800-1600 cm in most of this work. The actual effective path length
of the analytical beam was determined at each wavelength used for analysis
by employing acetone vapor as the calibration gas. The ultraviolet and
visible spectrum of the flash products was recorded photographically in a
few experiments using a 0.65 m Hilger spectrograph and a small argon flash
lamp which was fired with delay times varied from 0.6 to 2.0 msec following
the large photochemical flash. In all kinetic experiments a continuous,
450 w point source xenon arc was employed together with a Jarrell Ash mono-
chromator equipped with an RCA 1P-28 photomultiplier-oscilloscope com-
bination. In most experiments a wavelength of 265 nm was selected from the
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analytical beam to follow CHaO.. Absorption due to reactants MeoNo and SOz
and the possible secondary product radical HO, were minimized with this
wavelength choice. The oscilloscope trace was photographed, and a kinetic
analysis of the measured trace was made using computer techniques described
in the next section.

The number of methyl radicals formed per flash, and the CHzO- radicals
formed ultimately in the MesN5-0, mixtures, were extimated from the nitrogen
yield from the flash photolysis of pure azomethane in the cell. The measured
pressure increase following the flash was not a good monitor of the extent
of azomethane decay since a small temperature increase (1-2°C) occurred
slowly following the flash, largely as a result of the dissipation of the
residual heat generated from the flash lamp itself following the discharge.
The amount of nitrogen formed was determined both by volume measurement and
by gas chromatography (Varian 5100TC) using He carrier gas and molecular
sieve columns. These measurements showed that 0.29% of the azomethane was
decomposed per flash for the usual charging voltage employed.

The gaseous mixtures of M62N2-02, MegNg—Og-N2, and MeZ.Ng-Og-SOg was
prepared using a capacitance manometer (Baratron) and other calibrated
pressure gauges (Wallace and Tiernan). Uniform mixing of the components was
ensured through the operation of a mechanical,glass, circulating pump which
was attached in series with the cell.

The flash photolysis of the MesNo-05-50, mixtures with the PSO above
2

0.5 Torr, resulted in aerosol formation following the flash, and the
resultant light scatter prevented quantitative measurements of the CHz0-
decay for these conditions. Thus all MesN--0--80, mixture studies were
carried out at SO- pressures below 0.2 Torr.

Results and Discussion

The Ultraviolet Absorption Spectrum of the CHgOp Radical -

The methylperoxy radical was generated in the filtered (A > 290 mm),
flash photolysis of azomethane-oxygen mixtures through the reactions (1) and
(2):

CHsNNCHs + hv = 2CHs + Ny (1)
CHz + Os (4M) 9 CHz0s (M) (2)

For our conditions of high O, concentration, less than 1% of the CHgz radicals
formed ethane in reaction (3):

2CHz =9~ CoHg (3)

The temperature of the flash mixture remained essentially constant (23 * 2°C)
during the flash photolysis period.
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The extinction coefficient of CHasO, at 265 nm was determined in an ex-
tensive series of experiments utilizing mixtures of azomethane (1-5 Torr)
in 50 Torr of O-. The absorbance of CHz0. was followed as a function of
time (£t>’ and an extrapolation of these data to the initial absorbance A
was made using the linear function, étﬂ = Aot + (2k/el)t. Here 2k is the
experimentally observed second order rate constant for CHgO, decay, 1 is the
effective path length of the analytical beam at 265 mm, and ¢ is the ex-
tinction coefficient for CHsz0z at 265 mm {e = [logyo (Io/I)]/[CHs0-]1 }. The
Ay measurements derived from a series of 17 different flash experiments are
plotted versus azomethane pressure in Figurel2. The observed linear relation~
ship between the variables is consistent with the limiting form of the Beer-
Lambert absorption law and the small fractions of the incident flash lamp
light absorbed by the azomethane for our conditions. The slope of this plot
(equal in theory to 2£1/760 x 0.0821 x T), the measured fraction of the
azomethane photo-dissociated per flash (f = 0.0029), and the measured effective
path length of the analytical beam (1 = 633 cm, acetone standard), gave
e(265 nm) = 530 * 27 1l/mole-cm for CHsOs. Extinction coefficients at several
wavelengths were derived in a similar fashion from less extensive data and
are summarized in Filgure 13 where they may be compared with other recent
estimates of €. The general broadband structure of the CH30- absorption
reported previously5:6 is confirmed. The absolute values of € are most
consistent with those reported by Hochanadel, et al.,® where the experimental
method was very similar to that employed here. We find Amax = 235 with ¢ =

870 1/mole-cm. The estimates of Parkes, et al.® are somewhat higher than
ours at most wavelengths; they were derived by molecular modulation gpectro-
scopy in a less direct fashion from photolyses at much lower intensities and
radical concentrations.

The Rate Constant for the CHz0»-CHs0- Reaction --

Most of our kinetic studies were carried out using the wavelength 265 nm
for the analytical beam to follow CHzO, decay. Plots of the reciprocal of
the measured absorbance versus time were linear over a large portion of the
time period measured. However small positive deviations from linearity were
always observed at long times. The linear portion of the decay curves gave
extimates of the ratio 2ku'/§£ , from which values of kh" the apparent second

order rate constant for CHaO. decay, were derived. These are summarized in
Table 30 for experiments over a

2CHa0» 2 Products (4)

range of azomethane, oxygen, and added nitrogen gas pressures. There appears
to be no significant trend in the observed rate constant for the runs with

PO = 50 Torr and with a ten-fold variation in azomethane pressure or with
=)

645 Torr of added nitrogen gas. In experiments at the lowest gas pressures,
5 Torr of azomethane and 20 Torr of Oy, values of kh’ appear to be somewhat

higher, (3.08 + 0.17) x 10, than those observed in similar mixtures at
higher gas pressures. The origin of this effect is not clegr. It is .
possible that it arises from non-thermally equilibrated radicals present in
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Figure 12. The measured initial absorbance of CHzOo
at 265 nm versus azomethane pressure used in the
flash photolysis of MesNo-0s (50 Torr) mixtures;
path length, 633 cm.
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Figure 13. The gas phase extinction coefficients of
CHzO- as a function of wavelength, ¢ = logzo(Io/I)/1
[CHz0s]; data are from this work (closed circles);

Parkes, et al.® (triangles); and Hochanadel, et al.®
(open cirecles).
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TABLE 12. ESTIMATES OF THE APPARENT RATE CONSTANT
FOR THE REACTION 4, 2CHs0-. PRODUCTS (k4), DERIVED
IN THE FLASH PHOTOLYSIS OF AZOMETHANE-Os-No-
MIXTURES?

PMe2N2’ k4, 1/mole~sec, PMeZNZ, k4,, 1/mole-sec,
torx X lO-8 torr X ].0"e

1.0 2.38 5.0° 3.24

1.0 2.62 5.o: 2.97{ 5 06 s 0.17

1.0 2.56 $2.50 £ 0.16 | 5.0 3.21

1.0 2.28 5.0° 2.89

1.0 2.64 5.0° 2.60

2.0 2.49 }2.45_1 o.06] 59 2.40

2.0 2.40 5.0° 2.14 % 2.36 + 0.18

5.1 2.03 5.0% 2.24

5.1 2.52 5.0° 2.40 )

5.1 2.47 10.0 2.79 3

5.1 2.10 10.0 2.72

5.1 2.70 10.0 2.96

5.1 2.88 $2.53 + 0.31 | 10.0 2.50 % 2.63 * 0.25

5.1 2.36 10.0 2.31

5.1 2.76 10.0 2.29

5.1 2.65 10.0 2.74 /

5.1 2.36

5.1 3.00 /

Py, = 50 torr except for runs labeled b; temperature, 23 *+ 3°C;

CH3O2 absorbance followed at 265 nm.
bpo = 20 torr.

cp 2 = 50 torr, p = 645 torr.
02 Ny
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the system at the lowest total pressure. However this seems unlikely to us,
since a filtered flash was employed in this work and "hot" radical effects
arising frsm either azomethane photolysis within its second absorption region

(A < 2100 A) or from absorption by the CH30s primary product were eliminated
here. There 1s no significant difference between kh’ estimates derived from the

the experiments for which the total pressure of O, and added nitrogen ranged
from 50 to 695 Torr. The average of the kh’ values from these experiments

provides our best extimates of the apparent second order rate constant for
CHgOz loss: k) = (2.5 % 0.3) x 10° 1/mole-sec (23 « 2°C). This is in good

agreement with the estimates of Hochanadel, et al.,® k= (2.3 + 0.3) x 10°
1/mole-sec (22 * 2°C), Parkes, et al.,>? k' = (L.3-2.6) x 108, and Parkes,>P®
k), = (2.8 £ 0.7) x 10® 1/mole-sec (room temperature). TIn view of the dif-

ferences in the absolute values of the extinction coefficients employed by
each group of workers, it 1s somewhat surprising that the agreement between
the results is this good.

Deviation from linearity of the plot of the reciprocal of the CHgOs
absorbance versus time was observed in this work at long times; this effect
is also evident in the data of Figure 4t by Hochanadel, et al.® It seems
unlikely to us that the effect is attributable to product interference or
instrumental artifacts. It is conceivable that at long times where [CHzOs]
is low, reactions other than the bimolecular decay reaction (4) may occur.
The possibility that the effect results from the reaction, CHgOs + CH: 0>
CHzO0-H + HCO, is not favored for several reasons. First, the magnitude of
the deviation as seen in successive flashes of a given azomethane-0, mixture,
is the same within the experimental error; one would expect about twice the
deviation with the second flash if the reaction with CH-0 were the origin of
the effect. Second, even if one assigns the rate constant for the CHz05~
CH-0 reaction at the unreasonably high value of 107 t/mole—sec, simulations
show that this reaction could account for only a small part of the total
effect seen. It appears to be more likely to us that the reaction (5) may
lead to the effect:

CHsO- + CHgNNCHz = Product (A) (5)

If we accept the mechanism of CHz0, decay through reactions (4) and (5), then
we expect the CH,;0. absorbance at time t, ékz, to be given by relation (6):

1 2, (1 2k, (1 1 )
-— —_ =] 1= —_— | = | - bt
In Z T 5 In I \B + i b (6)
where b = [MepNolk.. Estimates of K5, were derived from the data using

relation (6). The function 2ku//el'was determined fram the slope of the

linear portion of the A™ versus time curve. An initial choice of b was made,
and the term on the left of (6) was calculated for various times. The slope
of the least squares fit of the plot of this term versus time was used to

derive a new estimate of b, and successive iterations of this procedure gave
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the final 'best" estimate of b. From such procedures we derived the value

for the rate constant for the apparent first order loss of CHzOn, ks =

(1.6 £ 0.6) z 10° l/mole-sec., Further evidence for this reaction is presented
in the next section.

£lthough the present data fit reasonably well the simplc reaction scheme
outlined, one should question whether the observed second order rate constant
kh’ really applies to the bimolecular CHzO- reaction 4 alone. The question

arises since reactive CHs0 radicals are formed a fraction of the time, and
ultimately HO> radicals are generated from these as well. Both radicals

can remove CHzO» in theory. It has been suggested by Heicklen and co-workers’
that reaction (4) has three active product channels:

2CHs0s = 2CHa0 + Op (La)
> CH.0 + CHsOH + O (4v)
- CHg00CHz + Os (he)

They concluded that at 25°C about 43, 50, and 7% of the reaction occurs in
(ka), (Ub), and (Le), respectively. From studies of the products of the
CD3Q- reactions they found 22, 60, and 18% of the reaction occurred by the
steps analogous to (ka), (L4b), and (ke), respectively. Parkes®® has
estimated that kha/(kha + khb + khc) =~ 0.34. Thus the reactive CHz0 radicals

may be generated in 33 * 10% of the reactive collisions between CHz0
radicals. It is necessary to investigate to what extent the subsequent CHsz0
reactions may influence the estimates of kh in our system.

We expect the additional reactions (7-15) to occur following reaction

(ha):

CHsO + CHgOs o CHoO + CHgOoH (7)
CHs0 + O = HO, + CH:0 (8)
CHs0 + CHs0 = CHsOH + CHs0 (9)
> CHs00CHgs (10)
CHaOs + HOs & CHazOoH + O (11)
CHsO + HOp = CHsOH + O (12)
HO-> + HO, = Hx05 + Os (13)
CHs0 + MeNs -» Product (B) (1)
CHgOz + Product A (or B) = Stable Products (15)
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The largest effect on the kh that we can expect from the occurrence of this

sequence results for the peculiar circumstance that following CHsO formation
in reaction (la), an additional CHzO radical is always destroyed in either
reaction 7 or 1l. For this condition the measured second order rate constant
kh for CHz0 decay may be greater than the true kh by a factor of 1.33 *

0.10. We may estimate more accurately the magnitude of the effect expected
using a computer simulation of the more complete reaction sequence. We have
employed the following reasonable rate constant choices (1/mole-sec): k7

[ - 8 . — lo, .
(O.20)(kgk9) = 3.9 x 10® [77; k9 = 1.5 x 10%°; kg = 3.7 x 10% [87; ko=
4.0 x 10° % ; ki1 =1.0x 108 or 4.6 x 10® + ; ki, = 1.8 x 101° by analogy
with the rate constant for the reaction CL + HOp =~HCL + 0> [12]; k

B:
2.0 x 10° [13,147; klh = 1.1 x 10°, consistent with that suggested for the
analogous reactions;®® k_ = 8.2 x 10* (this work). In our simulations we have

>
assumed further that each radical product of reactions (5) and (14) reacts

at a non-limiting rate to remove another CHz0» radical in (15) with kl =

1.0 x 107, The magnitude of kh was altered in the simulations so that the

apparent second order rate constant for CHs0. removal was equal to that
observed experimentally (kh = 2.5 x 10® 1/mole-sec). Using the low and

high extimates for k,; (1.0 x 108, 4.6 x 10%), the simulations give k), =

2.3 x 10® and 2.2 x 108, respectively. It is not clear which of these
estimates is the more correct. In view of the low quantum yilelds of alkyl
hydroperoxides seen in the recent RO, study of Alcock and Mile,l® the lower
estimate of kll may be more nearly correct, and the apparent second order

rate constant kh for CHa0s loss may be only slightly larger than the true
ky. Thus we conclude 2.5 x 108 > k), > 2.3 x 10® 1/mole-sec. This conclusion

is also consistent with the findings of Parkes [5b] that the observed values
for kh are independent of the pressure of Os from 0.l to 760 Torr in his

experiments at relatively low intensities and 1 atm total pressure. Since
the fraction of CHgO radicals which would react by (8) would change greatly
over this range of O, pressures, either CHz0, loss in (7) and (11) is

* Estimated from the measured rate constant for the reverse of reaction (10)
by Barker, et al.® and the appropriate equilibrium constant for 2CHz0
CHs00CH3 estimated from AHC data of Batt, et al.,® and S° estimates of
Benson,*®

+These two estimates represent the range of values based upon the observed
R /R ratios in experiments at high [0-] in the study of Dever and
CHz0-H ~CHo0

Calvert,ll 0.10, and Weaver, et al.,” 0.4l, and a steady state treatment of
the radical concentrations.
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relatively unimportant, or the decrease in the rate of (7) in experiments at
increasing [0-] which must accompany the increased importance of the removal
of CHs0 radicals by (8), must be accompanied by a completely compensating
increase in the rate of the HO, reaction (11) with CHzOs. It seems more
likely to us that the former expectation is more nearly correct. In any
case the analysis points to the conclusion that our extimate of kh is an

upper limit to the true kh value,

Estimate of the rate constant for the CHz05-8S0- reaction--
When SO, is present in the flash photolyzed azomethane-0O, mixture the
additional reaction of CHs0-, with SO, may occur:

CHs0s + SOs - Product (16)

Indeed in the S0, -containing mixtures we observed a suppression of the CHzO-
signal seen in otherwise identical runs but in the absence of S0-. The study
of this system by optical methods is limited to a very small range of added
S0- concentrations since a light-scattering aerosol develops in exXperiments
at pressures of S0, above about 0.2 Torr. Utilizing the simple reaction
mechanism (1), (2), (&), (5), and (16) we expect the observed CHszOs

absorbance (ét) at time t to be given by relation (17):
1 ZKM/ 1 1 EKh/ 1
ol ol (b+c> aid Dl vy B IR (1)

Here ¢ = [Soe]kl6,and b = [Meslz] kg. In a series of rumns at constant

[MeoN2], the value of b + ¢ was obtained, as in deriving b in relation (6),
by an iterative Gaussian least squares treatment. These data are summarized
in Table 13, A plot of b + ¢ versus PSO should in theory be a straight

- - 2

line with slope = kl6 and intercept = k5 [MegN-]. Such a plot, given in

Figure 32, shows the expected linear dependence between the variables within
the experimental error. From this we derive for the apparent second order
rate constent for CHzO» removal by SOz, k4= (6.4 = 1.4) x 10° 1/mole-sec,

5= (1.8 +# 0.2) x 10° 1/mole-sec. The latter value is in

reasonable accord with that derived from the azomethane-oxygen experiments
deseribed in the previous section (k ;= (1.6 £ 0.6) x 10°® l/mole-sec). If
the reaction (5) involves the additign of CHzOs to the N=N bond, then it is
likely that a second CHzOs radical will add by analogy with the observed
tetramethyl hydrazine formation in the case of CHg addition to azomethane.l”

Thus we would estimate the true value of k5 e 5,/2 ~ (8 + 3) x 10% 1/mole-

sec. There is no other estimate of this rate constant, and the rather in-
direct method which we have employed to derive k_ here requires that it be
accepted with considerable reservation. The ratg constant for the analogous
reaction of CHg addition to azomethane is somewhat smaller than k. at room

temperature, 1.1 x 10° 1/mole~sec.t? Our estimate of k5 is in lige with the

rough extimate for the analogous CHsOp addition reaction with CgHg for which
k = 3 x 10* 1/mole-sec.l

and by azomethane, k

2



TABIE 13. RATE DATA FOR THE REACTION, CHgOs +
SO,  PRODUCTS (16) and CHgO» + MesN»  PRODUCTS
(5), DERIVED FROM THE FLASH PHOTOLYSIS OF AZO-
METHANE-05-S50, MIXTURES®

-1
psoz, torr k16.[802] + ks,lMezNz], sec

0.122 80.6 * 6.9
89.2 t 4.2 } 86.9 + 5.5

90.9 * 7.1
0.10 68.5 + 3.1 3
91.1 * 7.6
67.2 £ 2,9 ) 80.3 £ 19.0
108.6 £ 8.4
65.9 £ 4.9
0.080 58.0 t 4.2
73.6 * 4.3
73.8 * 4.4
68.8 * 5.6 5 64.6 £ 7.5
61.3 t 1.5
54.7 + 1.2
62.7 £ 2.7
71.7 & 2.7
57.0 £ 1.9 7

0.060 55.4 + 4.2
88.0 * 2.7 } 74.8 £ 17.1

80.9 * 8.8
0.040 68.2 t 3.0

- 60.9 * 2.6 60.6
52.6 * 3.8

0.020 53.4 * 5.1
44.3 t 4.4 } 48.9

i+

i+

i+
~
0]

1+
o
=Y

a
pMezN = 5,0 torr; Py = 50 torr; temperature, 23 t 2°C; CH302

2
absorgance followed at 265 nm.
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Figure32. Plot of the rate constant function, ki
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The products of the reaction (16) have not been defined, but the
measured, apparent rate constant for this reaction must represent a maximum,
kg < (6.4 £ 1.4) x 10° 1/mole-sec. The reaction channels of reaction (16)

may involve either O-atom transfer from (HgOs, (162) or the addition of CHz0»
to S0s (16Db): - -

CHsOs + S0» & CHaO + S0s (16a)

If (16a) is the major pathway, then the addition of the CHsO product species
to SO; may compete successfully with the reaction (8) and the other normal
fates of this radical. If this occurs then there is a high probability that
a second CHgOp radical will be removed by reaction with the CHz080-0-, species
which may form subsequently. If (16b) is the major route then the initial
CHz0250z radical, or the CHz055020- species formed from it, may also react
with an additional CHs0- species in a non-rate limiting step. Hence it is
likely that the true rate constant kl is about one-half the meagured ap-
parent rate constant kl6 . We sugges% that the best present estimate of the

rate constant for the elementary step (16) is: (3.2 £ 0.7) x 10° < kig <
(E.4 + 1.4) x 10®° 1/mole-sec, and the lower estimate is probably most nearly
correct.

This is the first reported estimate of k... It is interesting to
compare ét with that for the analogous reaction (17) studied by Payne,
et al.:t

HO» + SO = HO + SOs (17)

They found kl7/kl3'/= = 11.8 £ 1.7 (1/mole-sec)”. Teking kijg = 2.0 x 10°
[13,147, Ky, = 5.2 % 105 1/mole-sec. If we make the reasonable estimate that
the differences in the envropies of activation for these reactions, A'Sl6 -

AS
17
corresponds to an activation energy difference, Ejn - Ejg = 1.4 keal/mole.

= 0.8 eu, then the observed ratio of rate constants, kl7/kl6 =~ 0,15,

This is a seemingly realistic result in view of the difference between the
enthalpy changes for the two reactions: A‘Hl7 - AH = 7.6 keal/mole. The

measurable reactivity of the CHz0» radical with S0, observed here is not
typical of the other alkyperoxy radicals for which kinetic data are available.
In additional studies in our laboratories, Whitbeck, et al.,1® flash photo-
lyzed 2,2’ -azoisobutane-oxygen mixtures with and without SO-. In this case
there was no detectable effect of S0, addition on the very slow, second

order (CHgz)sCO- radical decay. It was estimated that k,g < L. x 107 1/mole-
sec.

(CHg)3C0s + SO0- - (CHsz)3CO + 803 (18a)

> (CH3z)3C02502 (18p)

>



Calvert, et al.,3 have concluded from a kinetic evaluation of the published
kinetic data that the acetylperoxy radical is similarly unreactive toward
30z with kg < 7.8 x 10?2 1l/mole-sec.

CHaCO00s + SO- = CHaCO» + SOs (19a)
- CHsCO00- 302 (l9b>

Cox and Derwent®© came to a similar conclusion in studies of peroxyacetyl

nitrate and SO, mixtures; they suggested kl9 < L.2 x 10° 1/mole-sec.’ From

computer simulations of the S0; oxidation in the sunlight-irradiated, NOy-RH-
polluted troposphere, Calvert, et al.,3 concluded that the contribution to
SO, oxidation from the branched peroxyalkyl and the acylperoxy radicals was
negligible.

The results of the present work suggests that the reaction (16) of the
CHs0> radical may result in a significant rate of SO, oxidation in the highly
polluted troposphere. Using the present estimate of kl6 Calvert, et al.,®

found that the contributions of SO, oxidation by HO, HO-, and CHs0- were
about equal, and these accounted for a large fraction of the h%/hr maximum
rate of SO. oxidation observed in computer simulations. However the rates
of oxidation of S0, within a reasonable clean troposphere were found to
depend largely on the rate of HO-radical attack on 892.3

In view of the present results we suggest that the reaction (16) be in-
cluded in the future quantitative considerations of the chemistry of the
sunlight-irradiated, NOy~RH-polluted troposphere, with kl6 ~ 3,2 x 10° l/mole—
sec.
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MECHANISM OF THE HOMOGENEOUS OXIDATION OF SULFUR DIOXIDE IN THE TROPOSPHERE

Introduction

The day has arrived when it is possible to include more than an empirical-
ly assigned, first order rate constant for SO, conversion to "sulfate" in
our atmospheric transport and conversion models for SO,. Atmospheric
scientists have shown a new interest in the quantitative evaluation of the
significance of the possible paths which convert S0, to its oxidation
products, SOz, HoSO4, NH4HSO4, (NH4)2S04, ebc. It is now generally recognized
that the develomment of scientifically sound and lasting strategy for
"sulfate" aerosol control requires that we understand the nature of the
various atmospheric reactants which oxidize SO, the chemical nature of the
products formed in its reactions, the rates at which these reactions will
occur in a given atmosphere, as well as the physical processes which
transport these gases and aerosols about the atmosphere and those which
remove them from it. Our group is engaged in the study of the kinetics and
mechanisms of the elementary gas phase reactions which can lead to the
homogeneous chemical transformation of SO0, within the troposphere. The
understanding of the homogeneous chemistry of S0, appears at first sight to
be one of the simplest of the several important tasks faced by atmospheric
scientists. The evaluation of the mechanisms and rates of the heterogeneous
paths of S0, oxidation within the troposphere, the significance of surface
removal processes, and the transport and diffusion processes are less
amenable to laboratory study. However as we shall see in our discussions,
there are as many unsolved problems as there are well defined areas of
knowledge related to the homogeneous atmospheric chemistry of SO0s.

In any case the time is right to pause and take note of those aspects of
the problem which appear to be well understood, as well as to reconsider some
of the apparently conflicting observations, the unexplained results, and the
alternative hypotheses which are so common in this area of research. The
state of this science has improved greatly in recent years, and scme new and
definitive conelusions can be formulated from the wealth of existing in-
formation. In many cases where confusion remains, at least in our minds,
we will offer our speculation on the possible resolutions. We hope that
our prejudices will be readily distinguished from the experimental facts we
quote and that they will serve to stimulate the reader to an active
participation in the future solution to some of the many problems which remain
unresolved.

We begin this study with an evaluation of the possible atmospheric
reactions of the electronically excited SO, molecules. Next we consider the
various possible reactions of the ground state SO, molecule with the reactive
atmospheric components. From this we derive a set of our "preferred” valucs
for the rate constants of the various elementary reactions. In the final
section we attempt to evaluate the relative importance of the various homo-
geneous SO conversion modes in the several major types of gaseous atmospheres
which we encounter within the troposphere: the "clean" troposphere; the NOx-
hydrocarbon~C0-aldehyde-polluted regions of the troposphere; and finally the
gaseous mixtures peculiar to the stack gas plumes.
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iropospheric Reaction of Electronically Excited Sulfur Dioxide

he Nature of the Reactive States in S0, Photochemistry--

The photochemistry of sulfur dioxide excited within the lower atmosphere
provides in principle several reaction pathways which may lead to the ox-
idation or other transformation of S50,. There has been general agreement
in recent years that several other paths of SO, oxidation are probably much
more rapid than those involving the excited states of S0-.. However this
consensus was reached on the basis of a very limited body of information,
and a new quantitative look at the reactions of excited S0, is in order.

Some new insight into the rates and mechanisms of these reactions is pos-
sible from the results of recent studies.

Sulfur dioxide absorbs light within the ultraviolet region of the solar
radiation incident within the troposphere. Its two near-ultraviolet ab-
sorption bands can be seen in Figure 33. The dashed curve represents the
wavelength dependence of the relative quanta cm™2s~! of the solar actinic
flux incident near sea level at the solar zenith angle of 4O°(Peterson, 1976).
The regions of overlap of these curves show that the absorption of solar
energy by S0. in the troposphere occurs within the long‘wavelength tail of
the relatively strong "allowed" band of SO, (2900- 3300 R) as well as within
the much weaker "Sforbidden” band in the 3400- MOOO Iy region. Only when SO
is photoexcited at wavelengths less than 2180 A is photodissociation of SO
energetically possible, S0, + hv(A < 2180 &) = 0(®p) + 80(®°2 ). Thus solar
radiation absorbed by SO- within the troposphere leads to non-dissociative,
excited states of S0, and it is the nature of these states and their chemical
reactions which concerns us here,

It is clear that excitation within the "forbidden” band of S0, leads
to the population of the S05(®B,) molecule, reaction I (Brand et al., 1970;
ilerer, 1963; Su et al., 1977a):

SO-(X YA;) + hv(3L400 < A < 4000 A) 3 505(%By) (1)
Excitation of 30- within its first allowed absorption band leads to the
generation of two emitting singlet species (Brus and McDonald, 1974; Su et al.,
1977b), a very short-lived state which may be the S0-(YA.) species, and a
long-lived state which is probably the SO05('By) molecule:

SOo( X TA;) + hv(2400 < A < 3300 A) = 50-(%A5) (11)

> 505(1By) (111)

Collisional perturbation of these singlet states results in an additional
efficient pathway for the formation of the S0-(®B;) species:

SOs(*As,1By) + M 3 S0-(®By) + M (1)
In addition to these optically detectable or emitting states of S0,, indirect
chemical and physical evidence has led to the conclusion by some workers

that two other non-emitting triplet states, presumably SOQ(SAE) and SOE(SBQ),
are important in the photochemistry of $0-,. For example, see Cehelnik et al.
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3200
Wavelength, A

Figure 33. Comparison of the extinction coef-
ficients of S0, within the first allowed band
(left), the "forbidden'" band (right), and a
typical wavelength distribution of the flux
of solar quanta (relative) at ground level
(dashed curve).
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(1971) and Keiley et al. (1976/77) and the references therein. However
rzcent observations of Rudolph and Strickler (1977), Su et al. (1977c), and
Su and Calvert (1977a) open to serious question this conclusion. It has
been observed that the phosphorescent lifetime of the S0-(3B;) molecules at
atmospheric pressure devistes markedly from the simple Stern-Volmer behavior
characteristic of the low pressure regime. The lifetime of the S05(3By)
molecule is about 2.4 times longer in one atmosphere of air than extrapolation
of the low pressure quenching rate data would suggest. The phenomenon was
first observed and rationalized by Rudolph and Strickler (1977) in terms of
the saturation of the triplet-quenching at high pressures, an expectation of
the recent theory of Freed (1976). A consideration of the details is not in
order here, but a qualitative picture will suffice. The rate of triplet
molecule quenching to ground state becomes independent of added gas pressure
when the nearly degenerate rotational sublevels of the different singlet
vibronic levels of the ground electronic state have collision-induced
broadening which exceeds their spacings, so that the rovibronic manifold
becomes an effective quasicontinuum. In the case of S0z this saturation
occurs at pressures above about 100 Torr of added nitrogen gas. On the
other hand, the chemical quenching of S05(°B;) molecules follows second
order kinetics as expected from theory, and for these cases, the low pressure
bimolecular rate constants are applicable even at 1 atmosphere pressure.

Su and Calvert (1977a) have reevaluated the previous high pressure studies
of S05-CO and S05-CoHo, mixture photolyses with SO, excitation within the
"forbidden" band. They have found that a simple mechanism involving only a
single excited state of S05(®B;) species, and the newly discovered saturation-
quenching effect explain well all of the experimental data. Thus the
postulate of Kelly et al. (1976/77) that the photolysis of SOs-CoHp-added
gas mixtures within the "forbidden" band involves the reactions of three
different excited states of SO-, appears to be incorrect.

When SO- in the atmosphere is excited within the first allowed band, it
is unlikely that the newly formed S05(*B,) and S0-(*As) species will live
to react with impurity molecules, since they are quenched by collisions with
the major atmospheric gases so very efficiently (Su et al. 1977b). The
possible chemical interaction of the excited singlet states with O, may
occur in principle to generate an S04 excited triplet species or S0z and
O(®P) in the reactions: SO05(*A5,*By) + 02(3zg‘) > S04 (or 50z + 0(3P)).

However the near equality of the rates of quenching of each of the singlet
states by the potentially reactive oxygen molecule and the "unreactive!
nitrogen molecule argues against this possibility (Su et al., 1977b). The
hypothetical energy transfer reaction, SOs(As,*By) + 02(3Zg‘) > S0-(x 1A;) +

02(1Aé,12g+), is spin forbidden and is probably unimportant also (Davidson

et al., 1972/73). However the quenching does form the reactive SO5(%B;)
molecule. Ground state molecules and conceivably some other unreactive or
reactive species are formed in reaction 2.

SOs(1An,1By) + M = S05(X 1A;) + M (or other products) (2)

Important for our considerations here is the intersystem crossing ratio,
ki/(ky + ko); this is the fraction of the originally excited singlet species

o
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which form the reactive S0,(®B;) molecules. This fraction has been measured
for various M species in experiments at relatively low pressures and rather
short wavelengths of SO, excitation at 2650, 2662, and 2875 & (Horowitz and
Calvert, 1972a,b; Wampler et al., 1973a). In view of the recent saturation
quenching effect observed with SO05(®B;), it may be inaccurate to use these
low pressure data for our estimates for SO, in one atmosphere of air. The
density of the vibronic states of the electronically excited singlet and
triplet states of SO; are significantly less than that of the ground state
SOz molecule at energies in the vibronic manifold equivalent to the
excitation of the S05(®By) or the S0-(*B,,%A;) states. As a result one would
expect that the rate constants for the reaction 1 would not pressure saturate
at as low a pressure as the rate constant for the reactions 2 and 3:

S02(®By) + M = S02(x *A;) + M (3)

This may lead to an increase in the fraction of the singlets which are
transformed into triplets when higher pressures of the quenching gases are
employed in the photochemical experiments. Although there is now no direct
experimental evidence of the saturation effect in singlet quenching, the
possibility exists, and one must exercise caution in the use of the low
pressure values for k,/k; + kp) to estimate S0-(3B,) formation rates in air
at 1 atm. Furthermore recent observations of Su and Calvert (1977b) suggest
that there is an increased efficiency of intersystem crossing for SOs
singlet excitation at the longer wavelengths. Thus the extimates of ki/
(kg + ko) from the experiments in the 2650 to 2875 A range are probably in-
appropriate for S0, excited singlets populated at the relatively long wave-
lengths present in the solar spectrum within the troposphere (A > 3000 A).
Both the effects outlined would lead to the more efficient generation of
SOg(sBl) on excitation of SO, at the long wavelength region of the first
excited singlet band than would be anticipated from the low pressure, short
wavelength data. In view of this discussion we should accept with great
reservations the postulate of the participation of other reactive states of
SO- to explain the "gxcess" triplet observed in singlet excited SOx-
containing systems at high pressures and long wavelength excitation.

The evidence at hand today appears to support the original contension
of Okuda et al. (1969), that the SO-(®B;) molecule is the major photochemically
active species formed in the photoexcitation of S0, even within the first
allowed singlet absorption band at high pressures. Thus 1f we assume an
average intersystem crossing ratio of 0.10 for M = 80p in Ckuda's experiments,
an effective first order rate constant for SO-(3By) quenching to ground state
of 1.5 x 10Ps~1 for 730 Torr of S0, (Su et al., 1977c), bimolecular chemical
rate constant for reaction 4, k) = 7.0 x 107% cmn® molec™ts™t (Chung et al.,

1975), @SOS = 0.026 from the singlet excited S0-, we derive the observed
S05(3By) + 802 9 SO0z + SO(°%7) (4)

value of 0o, = 0.08 reported by Ckuda et al. (1969).
3
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We may update the earlier estimates of the rate of S05(®B,) generation
in the lower atmosphere (Sidebottom et al., 1972; Penzhorn et al., 197k4a)
utilizing all of the current data and alternative "reasonable" estimates of
the effective intersystem crossing ratio. These data are shown in Table 1k,
The calculations have been made for two cases: (1) We have chosen the ex-
perimental values for the intersystem crossing ratio kp/(k; + kp) determined
by Wampler et al. (1973) from experiments at low pressures of added
atmospheric gases; i.e., we assume that there are no pressure saturation or
wavelength effects on the intersystem crossing ratio; see section A of Table 1k,
(2) In section B of the Table we uave taken the intersystem crossing ratio
as 0.1l at 1 atm for all of the atmospheric gases; i.e., we have assumed that
pressure saturation effects and the longer solar wavelengths populating the
excited singlet SOs, resulted in an increase in the ratio observed at low
vressures. It can be seen from the data of Table 14 that the maximum rate
of excitation of S05(3B,) for a solar zenith angle of 0° (in a clean lower
troposphere at 100% relative humidity) ranges from 4.7% hr~1 in the first
case to 12.9% hr~! in the second case.

The Nature and Rate of the S05(®B;)-0, Quenching Reaction--

Obviously the rate of excitation of S0-(®B,) does not alone establish
the maximum rate of SO, photoreaction since quenching by the unreactive gases
such as N, Ar, COs, and H,O leads to no net chemical change. However there
are several types of reactive specles in the atmosphere which are of special
interest as possible reactants with S0-(®B;) molecules. The first of these
reactants is oxygen. Table 15summarizes the estimated fractions of S05(°3B)
which will be quenched by the various atmospheric components; we have used
the newly determined, pressure saturation quenching data in deriving these
estimates. It should be noted that the quenching of S0-(3By) by O, does not
pressure saturate, as does that by N, Ar, COs, and other chemically un-
reactive gases. This points to some type of chemical action which ac-
companies this quenching action. The rate constant for the quenching of
S05(®By) by 0oy k = 1.6 x 10 *3en® molec=ts™%, is very similar to that ob-
served for No, k = 1.4 x 107*%em® molec™ts-1 ( Sidebottom et al., 1972).

We have argued previously that this might indicate a physical, non-chemical,
quenching of S05(3B;) by 0o as well as No. However if this were the case
then, contrary to the fact, the saturation of S0-(3B;) quenching by 0, would
be seen at high O, pressures. From the data of Tableslh andl15 we can estimate
that the maximum rate of SOs( ®B,)-0- chemical interaction in air at 50%
relstive humidity (25°C) and solar zenith angle of 40°, will range from 1.8%
hr~* with mechanism A and 3.4% hr™1 with mechanism B of Table 1k4. Obviously
these rates are very significant if chemical changes in SO, do result from
the interaction.

We have considered previously several possible chemical changes which
could occur in theory as S0-(®B;) is quenched by O- (Sidebottom et al., 1972).
Ozone formation from excited SO-(3B;)~-0s interactions is possible through
two reaction routes:

8l



TABLE 1h. ESTIMATED RATES OF SO-(°B,) GENERATION BY SOLAR
RADIATION IN THE LOWER TROPOSPHERE*

Solar zenith Rate by b2l Total rate of 502(331) generation,
angle,® Rate by II,1 $ hr-l
rH: 0% 50% 100% 0% 50% 100%

A. Intersystem crossing ratios from the low pressure experiments at 2662 8
of Wampler et al.(1973); no singlet quenching saturation is assumed.}

Q 0.093 0.085 0.078 4.03 4.36 4.72
20 0.099 0.090 0.083 3. 4 3.96 4.28
40 0.125 0.113 0.104 2.59 2.84 3.06
60 0.243 0.220 0.203 1.04 1.15 1.22
80 0.569 0.515 G.475 0.18 0.18 0.18

B. Intersysteq»crossing ratios for all gases asgpmed to be 0.11 at 1 atm pressure.

) 0.0273 12.9
20 0.0289 11.7
40 0.0365 8.2
60 0.0710 3.1
80 0.166 0.43

*Percentage of singlet SO gquenching by the various atmospheric components
at 25°C and 1 atm of air were estimated using kwp/ks0,= 0.326; koz/ksoz =
0.321; kAr/kso = 0.275 (Su et al., 1977b); kH o/ kso, = 1.2 (Mettee, 1969);
Rates of direc% excitation of 502(331) and SOz(lAz,lBl) are from Sidebottom
et al. (1972).

+These rates refer to the reaction I and II followed by 1 of the text; the
ratio gives the relative population of 302(381) through absorption in the
forbidden band to that for the first allowed band.

SThe values used are: ky/(ky + k,) = 0.033 (M = Ny); 0.030 (M = 0p); 0.025
M = Ac); 0.09 (M= H0); 0.095 M = SO,).
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TAZIT 15. PEPCENTAGE OF S0o(°EB,)-QUENCHING BY VARIOUS ATMOSPHERIC GASES
T AIR AT 25°C and 1 atm

Component Percentage of 502(3B1)—quenching
rH: 0% 50% 100%
Nitrogen 55.5 45.7 38.8
Oxygen 44.1 41.7 39.9
Argon 0.4 0.3 0.3
Water o 12.2 21.1
S0-(%By) + og(szg‘) > S04(cyclic); AH = -79 kcal mole~?l (5)
SO4(cyclic) + Op = SOz + Og; AH = 15 kcal mole~? (6)
S02(°%By) + og(sz:g') > S0s + 0(®P); AH = -38 kecal mole-% (7)
0 + Op (4#M) > Oz (M) (8)

Presumably the singlet SO4(cyeclic) species could be formed in 5 and stabilized
by collisions. However even when vibrationally equilibrated, this species is
rather unstable with respect to decomposition into SO, and 0 (AH = 5 keal
mole-t), A vibrationally rich SO4 species initially formed in 5 could in
principle react in 6, but the thermally stabilized SO, cannot react sig-
nificantly to generate Oz and SOz in reaction 6 at atmospheric temperatures,
since this reaction is about 15 kcal mole=! endothermic. See the following
section for a more in depth consideration of possible roles of the S04 inter-

mediate in atmospheric chemistry. Reaction 7 is energetically possible, but we
would expect it to be slow since it involves an electron spin inversion.

Indeed there is a great deal of experimental evidence which suggests the
relative inefficiency of these reactions in pure air. Thus the photooxida-
tion of dilute mixtures of SO, in oxygen leads to very small quantum yields
of S0, oxidation to S0z or HnoSO4. In those previous SO, photooxidation
studies where a relatively large fraction of the gaseous mixture was SO
(Hall, 1953; Sethi, 1971; Allen et al., 1972a,b), it has been shown by
Chung et al. (1975) that the quantum yield of SOz can be accounted for in
large part through reactions 4 and 9:

SO-(3By) + S05 & S0z + S0(%27) (4)
SO + SOg = 2805 (9)

Relative large quantum yields of 80z formation in SO,~rich mixtures are ob~
served at short irradiation times (Skotnicki, 1975) or in flow systems in
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which SOz is removed quickly and the reverse of reaction 9 is unimportant
(Chung et al., 1975). In steady state photolyses in static systems, the
rapid build up of the relatively low levels of SOs and SO is followed Largely
by reformation of S0 in 9. Much of the SOs (or HoSO4) which was formed in
previous studies of the s=olar ultraviolet-irradiated 502-0- or SO.-clean

alr mixtures probably was derived from the reaction 4 and bears no relation
to the occurrence of the theoretically possible photooxidation steps 5 and 6
or 7 and 8. Several studies show that there is s small, but not insignificant
rate of S0s (HoS04) formation in very dilute SOo=air mixtures; thus for
typical solar intensities at ground level in clean air, the following SO»
oxidation rates (at low [S02]) were estimated experimentally (% hr=l): 0.65
(Cox and Penkett, 1970); 0.02-0.0k (Cox, 1972, 1973); < 0.1 (Junge, 1972);
0.7 (Kasahara and Takshashi, 1976); 0.000 (Friend et al., 1973).

Altwicker (1976) reported recently that the generation of small amounts
of Oz occurs in dilute SOp-containing purified air samples irradiated in
sunlight; for example, 1-3 prhm more ozone was developed in a pure air
mixture with S0-(3 ppm) after 4O min irradiation than was formed in the ir-
radiation of a similar SO,-free sample of purified air (0.6-1.0 pphm). His
observations are interesting and in qualitative accord with the occurrence
of the reaction sequences 5 and 6 and/or 7 and 8 at the rate of about 0.7%
hr-1 or less., However further more detailed studies of the ozone formation
in S0-~-alr mixtures must be carried out before meaningful conclusions con-
cerning the mechanism of Oz generation in Altwicker's experiment can be es-
tablished. However with the exception of Friend's observation, all of the
present studies show a small, but not negligible, rate of the direct photo-
oxidation of S0, occurs in pure air. Since it is so difficult to obtain
pure air samples which have no small impurities of NOx, Oz, RH, etc., one
should not give great weight to the photooxidation experiments as proof of
reactions 5 and 6 and/or 7 and 8 occurring. We conclude that the present data
are consistent with an upper limit for the rate constants, k5 + k7 =3 x

10"15em®molec~ts~t.

At most a few percent of the S0-(®B;) quenching collisions with O lead
to S0z. Thus some other "chemical" result must account for most of the
quenching. Some further clues about this interaction can be had in con-
sideration of the nature of the oxygen product formed in this process and
the seemingly similar organic triplet molecule quenching by oxygen. It ap-
pears to us that the major chemical result of SOz(®By)-0O2 quenching en-
counters is likely energy transfer to generate excited singlet-0Oo species:

S0-(°By) + 0Oz zg') > 80o(X 1A;) + 02(12g+) (10a)
> S0-(X tAy) + og(lAg) (10b)

The studies of the Abrahamson group (Davidson and Abrahamson, 19723 Davidson
et al., 1972/73) have shown convincingly that reaction 10a occurs. The
fraction of the reaction which leads to the alternative singlet states of

Oo is not now known. However the experimental data are not inconsistent

with k.. + k. . = 1.6 x 10713 em®molec~ts™t, near the total quenching rate
10a 10b
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constzant for S0,(®B,) reacting with Op. Support for this view is added from
a comcarison of these data with those obtained from organic triplet molecule
quenching by Oo3 in this case the analogous energy transfer reactions occur
efficiently. In Figure 34 is shown a plot of the logarithm of the rate
constants for the quenching of a series of organic triplet molecule by oxygen
versus the energy difference between the first excited triplet and ground
state of the various molecules (ET1 - ESO)° Data shown as open squares are

from studies in benzene solvent; open circles are from hexane solutions

(Patterson et al., 1970; Gijzeman et al., 1973a). Since these reactions at

high ET - ES values are not diffusion controlled, and non-polar solvents
1 o}

were employed, a comparison with gas phase rate constants should be meaning-
ful. It is seen from the positions of the closed circles that our gas phase
rate constant data for Os-quenching of triplets of SO, and (CHzCO)z follow
well the trend observed with the other triplet molecules (Horowitz and
Calvert, 1972; Sidebottom et al., 1972). Thus it seems most reasonable that
the same triplet energy transfer mechanism invoked for organic triplet M(Ty)
quenching by Os

M(T) + 02(%%,7) > Mu(So) + 02(P2, %, ta,) (11)

is descriptive of that for S0-(°B;) as well (Kawaoka et al., 1967; Kearns,
1971; Gijzeman and Kaufman, 19733 Gijzeman, 197k4).

In summary the present data are consistent with singlet oxygen formation

as the major result of S0-(3B,) quenching by 0O (klOa + ko = 1.6 x 10713

cm® molec=ts™), and the oxidation of SOs to SOz results at most a small
fraction of the quenching collisions (k. + k., = 3 x 10*% cm® molec™ts™1).

2 7

The Nature and Rates of the S505(°B,)-Chemical Quenching Reactions with the
Common Atmospheric Contaminants--

The extensive rate data related to SOE(SBI) quenching reactions points
to some potentially significant chemical reactants with S02(3B1) among the
common air pollutants. Thus the very large rate constant for the quenching
of the triplets with NO (1.2 x 1071%m molec™s™1; Sidebottom, 1972) suggests
come important chemistry at first sight. Although the possible reaction,
S02(®By) + NO  S0(%~) + NO, is exothermic by 15 keal mole™l, there is no
evidence that this chemical change or any other of significance occurs. N
Nitric oxide has been found to quench efficiently the triplet excited states
of many molecules. The lowest excited electronic state of NO, a *x state,
lies 35,000 ecm™t above the ground state, so energy transfer from S05(®B,)
25,766 cm™t above S05(X YA;), is not a possible quenching mechanism here.
However theoretical studies show that intersystem crossing of an excited
triplet molecule (°M¥) to its ground state (M) may be catalyzed by its
interaction with nitric oxide (Gijzeman et al., 1973):

NO(Z 1) + BM* 3~ 2(M-NO) > NO(%[) + M (12)

Gijzeman et al. (1973b) have observed a correlation between the magnitude
of the rate constant for triplet molecule quenching by NO and the triplet-
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Figure 34. Relation between the rate constants for
the triplet-quenching reaction with oxygen and the
energy separation between the first excited triplet
and the ground state of a series of molecules:
aromatic triplets measured in hexane solution
(squares), benzene solution (open ecircles) from
Patterson et al. (1970) and Gijzeman et al. (1973a);
(CHsCO)-, and SO, data from gas phase measurements
(Horowitz and Calvert, 1972; Sidebottom et al.,
1972).

ground state energy difference of the molecules; see Figure 35. The open
circles are data from hexane solution studies of a wvariety of organic triplet
molecules. They have suggested a theory which can rationalize this cor-
relation in terms of reaction 12. Obsgerve the magnitude of the quenching rate
constant increases dramatically with ETl - Eso value for energy separations

greater than 1.5 x 10% em™l, This trend is just the opposite to that observed
in Figure 2 and the Os-quenching of triplets where the mechanism is electronic
energy transfer to O-. Our data from the gas phase studies of the quenching
of SO, and biacetyl triplet molecules by NO are plotted in Figure 35 as closed
circles. It is seen that these molecules follow the same trend observed

for the organic triplet molecules. Thus it is probable that the net effect of
of SOZ(SBI) quenching by NO can be represented simply by reaction 133 no
interesting net chemistry is expected here.

S0-(®By) + NO(2J) > 2(S02-NO) = S0o(x 1A;) + NO(ZI) (13)
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Figure 35. Relation between the rate constant for the
triplet-quenching reaction with nitric oxide and the
energy separation between the first excited triplet
and the ground state of a series of molecules;
aromatic triplets measured in hexane solutions (open
circles) from Gijzeman et al. (1973b); (CHsCO)»

and SO, data from gas thase measurements (Horowitz
and Calvert, 1972; Sidebottom et al., 1972).

Other potential atmospheric reactants with S05(3B;) are SO, CO, Colls,
alkenes, and alkanes. The quenching rate constants for the "chemical" part
of the reactions of S0-(®B;) with some representative impurity molecules
and atmospheric components are summarized in Tablelb6. The S0-(3B;) can act
as an oxidizing agent to form CO. fram CO in reaction 14 (Cehelnik et al.,
1971, 1974/7h; Kelly et al., 1976/77; Jackson and Calvert, 1971; Wampler et
al., 1972). Through some undefined intermediate product, CO is formed from
CoHo in reaction 15 (Kelly et al., 1976). The alkenes quench SO0-(°B,) at
rates which approach the collision frequency (Sidebottom et al., 1971;
Wampler et al., 1973b). The quenching act appears to be the formation of a
transient species resulting from the addition of SO. to the double bond of
the alkene, reaction 16. This transient allows rotation about the bond,
and its rapid dissociation leads to the cis-trans isomers of the alkene as the
only net chemical effect of the quenching (Demerjian et al., 1974). Although
light scattering aerosol is formed in the irradiated SO--alkene systems,
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T6

TABIE 16. THE SO05(%B,) '"chemical" QUENCHING RATE CONSTANTS FOR VARTIOUS ATMO-
SPHERIC COMPONENTS AND IMPURITY SPECIES IN THI OVERALL REACTICNS SHOWN

Reactant Reaction X, cmamolec-ls“l Reference
Oxyge (56)50(3B)+0 + SO 03 S0, + O -15
xygen ’ 2' 2 4 37 %3 <3 x 10 See the text.
(7) $0,(3B)) + 0, » 505 + 0(3p)
(10) so (3E ) + 0, +S0, + 0O (1A + lX ) A1.6 x 10-13 Sidebott t al.(1972)
2 1 2 2 P g rs g . rLaebo om e al.
Sulfur dioxide (4) $0,(*B)) + 50, 0, + 50(3") 7.0 x 10724 Chung et al.(1975)
Nitric oxide (13) $0,(’B)) + NO(2M) -+ 2(s0,-N0) ~ SO, + NO (%M 1.3 x 10710 Sidebottom et al.(1972)
Carbon monoxide (14) 502(331) + CO 80(32') + C02 4.3 x 10715 Jackson and Calvert (1971},
3 Su and Calvert(1977a)
Acetylene (15) S0, ( Bl) + C2H2 + {?) + CO + other products 2.7 x 10712 Kelley et al.(1976), Su
3 3 and Calvert(1977a)
cis-2-Butene (16) soz( Bl) + cis-C4H8 > (502—C4H8) + trans—C4H8 2.2 x 10710 Sidebottom et al.(1971),
I Demerjian and Calvert(1974)
01s---C4H8
Isobutane (17) 502(381) + iso-C4H10 + HOSO + C4H9 1.4 x 10-12 Wampler et al. (1972),

Badcock et al. (1971),
Su and Calvert (1977b)




its formation appears to correlate best with the extent of S0, molecule
quenching of SO-(®By); it is thought to be SOz (or ultimately HpoSO4) which
causes the scattering observed following reaction 4 in the system. So
aithousgh the alkenes quench SOg(SBl) with very high efficiency, the net
trivial chemistry which results from this process is apparently of no
importance to the removal or the chemical transformation of SO, in the atmo-~
sphere,

The alkanes quench S0-(®B;) reascnably effectively, and the magnitude of
the quenching rate constant increases with decreasing strength of the C-H
bonds and the increasing number of C-H bonds in the hydrocarbon (Badcock
et al., 1971; Wampler et al., 1973b). The quenching act has been related to
an H-atom abstraction by the SO-(®B;) molecule (Badcock et al., 1971;
Penzhorn et al., 1975). Thus in the case of isobutane-SO, mixture photolysis,
the measured chemical rate of quenching of 802(331) to form sulfinic acids
and other complex products is very nearly equal to the rate of S02(3Bl)-
isobutane quenching as measured by lifetime studies (Su and Calvert, 1977b).

S05(®By) + 150-C4Hyo ¥ HOSO + C4Ho (17)

The enthalphy change which accompanies reaction 17 is about -22 kcal mole'l,
not very different from that for the analogous HO-radical reaction with
isobutane (-26.6 kecal mole~l)., If the abstraction of an H-atom occurs by
S0-(®B, )-~alkane interaction in the atmosphere, the ultimate result of the
quenching likely will not be the formation of sulfinic acids or other products
characteristic of the laboratory studies of SO,-RH mixtures. Thus the HOSO
and R radicals formed in the quenching reaction 18 will probably react with
O», the dominant reactive species in the air., The HOSO radical may combine
with oxygen and ultimately form SOz or H.S04 by a reaction sequence such as
the following:

S0-(®B,) + RH == HOSO + R (18)
0
(a) (p)
HOSO + O . HOSCO » HO + SOs

(e) N0 A (a)
HO$~O

O ’
y (+RH)
HoS04

The overall enthalpy change for steps a and b above is about -25 kecal mole™1;
AI% = -65; AH, = 4O kcal mole-t, Thus path d will not occur. It seems less

likely to us that the HOSO will react with 0o in the less exothermic step,
HOSO + O 2> SOs + HOs3; AH = -6 kcal mole-l, The radical R formed in 18
will give ROz, RO, aldehydes, etc., in subsequent reactions in the atmosphere.
In view of these considerations, net photooxidation of SO, could result from
the quenching of SO0-(°B,) by alkanes.

The predicted rates of the various "chemical" quenching reactions of

SO-(®By) by impurity molecules in the atmosphere have been estimated for
typical solar intensities encountered near ground level for a solar zenith
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angle of.about 40O, See Table 17. The hypothetical atmosphere contains 1 pom
of the different impurity molecules. Various amounts of SO, are chosen

which range from 500 ppm, common to fresh stack gas emissions, to 0.05 ppm
which is more representative of the levels of SO

: at > present in ambient polluted
air. The rates (ppm hr™') of all of the reactions shown are very slow.

Even.under the most favorable conditions which one might choose to enhance
the importance of these reactions, the rates are far below those which we

extimate for the reactions of HO, HO,, etc., with these impurities and SOo
in the lower troposphere.

From our considerations we may conclude that the major chemical effect
of S0o photooxidatioa by sunlight within the polluted atmosphere is the
generation of 02(12g ) and Og(lég) through reactions 10a and 10b; see Table 17,

AMlthough the expected rates are relatively large, the rates of this reaction
are about 1/20th of those expected from excited NOs reactions with O, when
NOz and SO are at comparable levels (Jones and Bayes, 1971; Frankiewicz
and Berry, 1972; Demerjian et al, 1974). The available data do support as
well the occurrence of a slow, but not insignificant rate of S0, photo-
oxidation, presumably through reactions 5 and 6 or 7 and 8. The maximum
rates for these reactions correspond to less than 0.04% hr™1 (See Tablely),
The observed rates of SO0, oxidation in air are much higher than this. Ob-
viously the oxidation of SO, by reactions other than those involving photo-
excited SO, molecules must be important within the troposphere. We shall
consider these in the remaining sections of this study.

Reactions of Ground State SO, with Reactive Molecules and Transient Species
in the Troposphere

Many reactive species present in the lower atmosphere are potentially
important reactants for SO,. A number of reviews have appeared in recent
years in which the significance of the various reaction pathways for SO0
conversion in the atmosphere has been estimated (Calvert and MeQuigg, 19753
Davis and Klauber, 1975; Sander and Seinfeld, 1976; Bottenheim and Strausz,
1977; Levy et al., 1976). Some significant new rate data related to these
systems have become avallable recently, and it is timely for us to re-
evaluate the various potentially important SO, reaction pathways. The
increasing use of these chemical reaction mechanisms in atmospheric models
makes a careful, continuing reassessment of the kinetics and rate constant
data related to these reactions of special value. We have summarized the
thermochemistry of several reactions of interest in Table 18, Most of the
reactions shown are exothermic, and from these energy considerations alone,
they warrent our attention, since they could occur at significant rates at
the temperatures of the troposphere. Also listed in Table 18 are our
recommended values for the various rate constants. Each is expressed as
an apparent second order rate constant which should be applicable ?or the
pressures of the lower atmosphere near 25°C. In this section we will con-
sider in some detail the data upon which each of these estimates were based.

The Reactions of Og(lAg) and og(lzg‘") with SOs--
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TABLE 17. THE THEORETICAL RATE OF REACTION (ppm hr"l)' OF SOs
(3B,) REACTIONS WITH VARIOUS IMPURITY SPECIES AND O IN A
HYPOTHETICAL SUNLIGHT-IRRADIATED LOWER TROPOSPHERE*

Reactant Reaction Initial [SO,], ppm

molecule No. 500 50 3 0.5 0.05

NO 13 at 3.1 x 1072 3.1 x 12073 3.1 x 1074 3.1 x 1075 3.1 x 1076
B+ 8.9 x 102 8.9 x 10-3 8.9 x 1074 x 10-5 8.9 x 1076

co 14 2 9.9x10°7 9.9 x 1078 9.9 x 1072 9.9 x 1010 9,9 x 10711
B 2.9 x10°% 2.9 x 1077 2.9 x 1078 2.9 x 1072 2.9 x 10710

CyH, 15 a 6.1x107% 6.1x10°56.1x10¢ 6.1x1077 6.1 x 1078
B 1.8x10°3 1.8x107%1.8x 1075 1.8 x10% 1.8 x 1077

cis-2-C4H; 16 A 5.0 x 1072 5.0 x 1073 5.0 x 107¢ 5.0 x ;0‘5 5.0 x 1076
B 1.5 x 107} 1.5 x 102 1.5 x 10”3 1.5 x 107¢ 1.5 x 10-5

iso-CyHg 17 a 3.4x10? 3.4x107° 3.4x107° 3.4x107 3.4x10°
5 9.7x10% 9.7x10°9.7x1207° 9.7x 1077 9.7 x 1678

s0, 4 a 8.1x10% 81x1058.1x10 8.1x10°° 8.1x 10t
B 2.4 x 1072 2.4 x 1074 2.4 x 1076 2.4 x 1078 2.4 x 10-10

025 10 A <9.0 <9.0 x 10"1<9.0 x 102 <9.0 x 10-3 <3.0 x 10-4
B <17.0 <1.7 <1.7 x 1071 <1.7 x 102 <1.7 x 10~3

5,6,7 A <1.0 x 10-1 <1.0 x 1072<1.0 x 10~3 <1.0 x 1074 <1.0 x 10°5

B <1.9 x 1071 <1.9 x 1072<1.9 x 1073 <1.9 x 104 <1.9 x 10-5

*calculated for a solar zenith angle of 40°, near sea level, 25°C, 1 atm, 50%
relative humidity, and 1 ppm of the specific impurity molecule present; in the
case of SO, impurity, the column heads represent the amount present.

tvalues in rows labeled A were calculated for the case A in Table 1 and 50%
relative humidity; values in rows labeled B were calculated for case B in Table 1.

ngygen is assumed to be present in each case at 156.7 Torr(air at 50% relative
humidity, 25°C).
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TABIE 10,

ENTHALPY CHANGES AND RECOMMENDED RATE CONSTANTS FOR

POTENTIALLY IMPORTANT REACTIONS OF GROUND STATE SO and SOs
MOLECULES IN THE LOWER TROPOSPHERE

Reaction —AH°: kcal k,f cm3fnolec'1s'l
mole-1(25°C)
(19) 0(1a) + 50, » 50, (biradical) ;80,(cyclic)  ~25:128
(20) 0,1 lag) + 80, > 505 + 0(3p) -13.4 (3.9 £ 0.9) x 10720
3
(21) 0, ( Ag) + 50, = 0,C°27) + 50, 22.5
(22) o,z g *) + s0, > s0, (blradxcal) iSO, (cyclic) ~40;%43
(23) 0,¢( zg") + 50, + 505 + 0(%p) 1.7 6.6 x 10716
(24) 0 (lzg ) + 50, + 50, + 0, (ta g 15.1
25 o%p) + SO, (+M) > SO3 (+M) 83.3 (5.7 * 0.5) x 10-14
(26) 03 + SO, > 0, + S04 57.8 <g x 10724
(27) NO, + SO, > NO + S04 10.0 8.8 x 10730
(28) N0, + SO, > NO, + SO, 32.8 <7 x 10721
(29) ONOO + 50, + NO, + SO, V30 <7 x 10721
(30) N,O + S0, > N,0, + SO, 24.6 <4 x 10723
(31) Ho, + SO, > HO + SO, 19.3} >(8.7 # 1.3) x 10718
(32) HO, + SO, (+M) + HO,SO0, (+M) w7
(33) CHj0, + SO, > CH,0 + SO, ~27 } (5.3 £ 2.5) x 1075
(34) cHy0, + 502 > CH,0,50, A3l
35 CH cO., + SO. =+ (CH CO + SO 26
(35) (CR3) 500, 2~ (CH3); 3 ; <7.3 x 10719
(36) (CH3) 3C02 + 502 hd (CH3) 3C02502 30
(37) CH3000, + SO, > CHyCO, + S04 wzs} 1.3 x 10°18
(38) CH,C00, + SO, ~ c1-13coo:,_so2 37 1o
(39) HO + SO, (+M) > HOSO, (+M) (1.1 * 0.3) x 10
(40) CH,O + SO, (+M) > CH3050, (+M) 24 “6 x 10715
0-0-
(41) RCH CHR + SO, + ZRCHO + SO, ~89  mTmmemeees
0° -0
(42) RCH~CHR  + SO, » 2RCHO + SO, 2103 mmmememeee
(43) RCHOO+ + SO, * RCHO + §0; %98} K43a s 6 x 105
(43a)RCHOO- + H,0 -+ RCOOH + H,0 ~147 k43
o-
(44) rEHO.+ $0,> RCHO + SO, 52 memmeemeee-
(45) 50, + 0(’R) (+M) + SO, (biradical) ;50, (cyclic) ~3s;w41} ~7 x 10713
(46) 50, + 0(’p) (+M) 50, + O, 35.9 N
24.6 (9.1 *2.0) x 10
(47) SO, + H,0 > H,yS0,
O'Neal

*Enthalpy change estimates were derived from the data of Benson(1976,1977),

-139-
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The quenching reactions of Og(lég) and 02(1Z%+), reactions 19 through

2L, have been studied quantitatively in recent years. Penzhorn et al. (197h)
estimated the total quenching rate constant for Og(lég) by S05, kl9 + kg ¥

2. = (3.9 £ 2.9) x 1072%m®molec1s71,

O2(*a) + SOz SO4(biradical; SO4(cyclic) (19)
:vg\lAg) + SO0> = S0z + 0(°P) (20)
og(lag) + 802 > og(sz;g') + 805 (21)

The endothermicity and spin inversion of the possible reaction 20 ex-
cludes it from further consideration. The possible formation of the transient
SO4 species in reaction 19 may account for at least a portion of the total
gquenching reaction observed. Although many researchers have invoked the
intermediate SO4 in their considerations of SO, photooxidation since this
suggestion was first made by Blacet (1952), only recently has any rather
direct evidence for the existence of the S0, intermediate species been ob-
served. The infrared kinetic studies of the O(3P)-803 reaction in the gas
phase by Daubendiek and Calvert (1972, 1977) gave strong indirect evidence
that the S04 intermediate was involved in the formation of transient molecules
5309 and Sa0g observed in their system. Kugel and Taube
(1975) have prepared an SO, species in COs(s) and Ar(s) matrices at 78° and
159K, respectively, through the action of O-atoms on SOz. It is probably
significant that Kugel and Taube saw no S04, formation when Sgg was irradiated
with 2537 A in an O, matrix at 15%K. Presumably 02(1Ag, 1Zé ) would be formed

by interaction of the adjacent partners, SOs(®By)-Os under these circumstances,
and reactions such as 19 or 22 could then occur. Neither of these reactions
appear to be important, and the mechanism of deactivation of Oz(lég) by SO

remains unclear. It probably involves no chemical change in the S0> molecule,
but only electronic relaxation occurs as in 21, In any case for the usual
steady state levels of 02(1Ag), about 10%® molec em~3, which we might

anticipate in a typical polluted urban atmosphere (Demerjian et al., 197h),
the maximum rate of quenching by SO, amounts to an insignificant, 1.4 x 10-%9
hr-t.

Kear and Abrshamson (1974/75) determined the rate constant for the
quenching of 02(1Zg+) by S0z to be: ky, + ko +k, = 6.6 x 1071%em® molec™

22 23

s™t.
02(12g+) + SO0p = SO4(biradical); SO4(cyclic) (22)
02(12g+) + 805 9 S0a + 0(3P) (23)
og(lzgﬂ + 805 = S05 + 02(1Ag) (2k)
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The rate of 02(1Zg+) attack on 80> in the lower atmosphere must be very low

also, about L.k x 1077 nr™?, for typical values of [0s(1% *)] = 6 x 107
mole? cm™> (Demerjian et al., 1974). Thus we can concludegthat the rate

of singlet oxygen reactions with SO, in the lower atmosphere is insignificant,
and we may confidently neglect them in our further considerations,

The Reaction of O(®P) with SOz ~--

The earlier kinetic work on the reaction 25 has been reviewed by
?chofiild (1973), Hampson and Gervin (1975), and Westenberg and deHaas
1975a) .

0(®P) + 805 (+M) > SOs (+M) (25)

From the data available in 1973 Schofield’s choice of constants gave k25 =

(1.3 = 1.3) x 1071%cm® molec™ls~! for the apparent second order constant at
1 atm of Ny (259C). Hampson and Garvin picked the value of Davis et al.
(197hka) as their preferred rate constant: k.. = 2.0 x 10~**cm® molec~ts-%

25
(1 atm Nz, 25°C). Westenberg and deHaas (1975a) have concluded, however,

that most of the earlier estimates of k25 which were based upon O(3P) disap-

pearance rate are too high by a factor of two. Their recent findings show
that the reaction, S0s + O(®P) 2 SOs + 0o, is so very fast that a second

O-atom loss is expected to occur almost every time the reaction 25 occurs

for the conditions employed in many of the studies. From their extimates,
k25 = (4.9 + 0.2) x 10"1%em® molec™ls~t for M = Np at 1 atm, 25°C. The

only studies of k. with Os as the third body come from the work of Mulcahy

25
et al. (1967); correcting their estimate for the occurrence of reaction U6,
in accord with the Westenberg and deHaas suggestion, we derive k25 = (9.2 %

1.7) x 10 for M = Oy (1 atm, 25°C). Combining the best estimates for M =
N> and M = 0o, we derive, k25 = (5.7 = 0.5) x 10~1%cn® molec~ts™, M = air

(1 atm, 2500). The estimate which we have chosen 1s in reasonable accord
with that observed by Atkinson and Pitts (1974) using N-O as the third body:
k25 = 7.6 x 10~%cm® molec™ls~1 at 1 atm, 259C; the greater number of

internal degrees of freedom of N,O than for Ny and O, would resu%t in a
somewhat higher value of k25 for M = NoO. Our present estimate is con-

siderably higher than that of Davis et al. (1974) with M = Np; the
peculiarly high efficiency of SO. as M which was found by Davis et al. may
have resulted from an overcorrection for the contribution of the reaction,
0(®P) + 805 + SO» > SOz + S02, to the total rate measured in the Np-30
mixtures.,

Our estimate of k.. coupled with a fairly normal [0(®°P)] for a sunlight-

25
irradiated, NOx-polluted, lower troposphere, 2 X 195 molec cm~2, thiz2 N
anticipated oxidation rate for S0, by reaction 25 is about l.2 x 10 .%.hr .
Thus we expect reaction 25 to be relatively unimportant for thg con@1tlons
normally encountered in the lower troposphere. We should retain this

91



reaction in our simulations, however, since it is important, at least in
theory, during the early stages of stack gas dilution.

ihe 05~30- Reaction--
In view of the great exothermicity of reaction 26, it isg surprising

slow; the upper limit on its rate constant has been set by Davis et al.
(1974b) as kog < 10722 and by Daubendiek and Calvert (1975) as kg < 8 x

10"2%cn® molec~ls~i,
O3 + 805 & SOz + Os (26)

Using our upper limit estimate of k,. and an [03] = 5 x 102 molec cm™3,

typical of photochemical smog in a highly polluted atmosrhere, 1t can be
shown that the SO, oxidation rate through reaction 26 will be less than
L.k x 10°5 % hr™t, truly unimportant for our further consideration.

The Reactions of the Oxides of Nitrogen with SO05--

The extrapolation of the high temperature rate data for the NO5-S0s

reaction 27 from Boreskov and Illarionov (1940) leads to the estimate, k27 =
8.8 x 1039 cn® molec™ls~1 for 25°C,
NO; + SOs -» NO + SOs (27)

Data of Daubendiek and Calvert (1975) and Davis and Klauber (1975) give
kg <7 x 10-21 and about 10721, respectively; these workers also report

k30 < 4 x 102® and about 1072%em® molec™ts-1, respectively.

NOs + SO» -» NOs + SOs (28)
NoOs + 805 & NoO4 + SOz (30)

For typical concentrations of NOo(5 x 102 molec em™3; 0.20 ppm), the con-
centrations of NOs and N5Os which are expected in heavy photochemical smog
are about 2.5 x 107 and 2.5 x 10° molec em™3, respectively. Thus the rates
of attack on SO, by NOs, NOz, and N-Os should be of the order of: 1.6 x
10711, 6.3 x 1072, and 3.6 x 1078¢ hr-1. The suggestion of the probable
importance of NOs in atmospheric reactions of smog regularly reappears
(Stephens and Price, 1972; Wilson et al., 1972; Louw et al., 1973). However
it seems unlikely that these reactions can be an important source for oxidation
oxidation of SO, during the daylight hours. Hov et al. (1977) have made an
important point for consideration here; during the nighttime hours the
chemistry of NOg may become significant since its major formation reaction
(NOs + O3 > NO3 + O) is not strongly reduced in rate at night, while the
rate of its major loss reaction during the day (NOsz + NO == 2NO,) is lowered
at night due to the decline in the [NO]. However the rates of attack on

S0> should remain relatively unimportant even under these conditions.
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The possible reactant ONOO, the intermediate species formed by the

NO0-O- bimolecular interaction, is presumably in equilibrium with NO and O,
in air:

NO + O EZONOO (48)

From the data of Benson (1976) we may estimate that the [ONOO]/[NO] ratio
in air at 1 atm and 25°C is about 0.029. If the rate constant for reaction
29 is near equal to that for the analogous reaction 28 of the symmetrical
NOg specles which it parallels in enthalpy change, then for the [NO] = 5 x

10%%, [ONOO] = 1.5 x 10 molec cn™®, and the extimated SO oxidation rate
by reaction 29 will be less than 3.8 x 107%} hr-1,

ONOO + 805 = NOo + SOs (29)

In summary, current data rule out the significant contribution of all
of the oxides of nitrogen (NOs, NOsz, ONOO, N-Os) to the oxidation of 502
within the lower troposphere.

The HO-~30- Reactions--

The study of Payne et al. (1973) provides the only experimental estimate
of reaction 31 of which we are aware. It was based upon a photochemical
competitive, 180,-labeling technique in which rate measurements of reaction
31 versus reaction 49 were made:

HOp + SO» == HO + SOs (31)
2HO, > HpOs + Op (49)

They derived the estimate k3l/kh9% = (4.8 £ 0.7) x 1071° (em®molec=ts™1)%;
taking the then preferred value of kh9 = 3.3 x 10~*2 cm® molec™1s~! (Baulch
et al., 1972), they extimated k3l = (8.7 £ 1.3) x 107%% cn® molects™1., The

error limits shown are those inherent in the measurement of the rate constant
ratioc alone. The uncertainty in k49 is an additional source of error. Thus

Hampson and Garvin chose kh9 = 5,6 x 10-12 at 25°C from a review of the rate
data available in 1975, while Lloyd (197hk) chose kh9 = 3.2 x 10°*2 cm® molec-1
s=1 at 25° in his evaluation. A brief review of the estimates of kh9 is
important here in that this value determines our k3l estimate through the

: %
measured ratio, k3l/kh9 .

The first extimate of kh9 was made by Foner and Hudson (1962); they
found kh9 ~ 3 x 10712 cm®molec™ls™t in a fast-flow, mass spectrometric

method of HO- detection. The later measurements of Paukert and Jopnston
(1972) and Hockanadel et al. (1972), based upon ultraviolet detection of
HO-, gave kh9 = 3.65 x 10~12 and 9.58 x 10-12 cm®molec™1s™t, respectively,

99



at 250C. Hamilton (1975) noted that the major difference between the reactant
systems employed by Paukert and Johnston and Hochanadel et al. was the
vresence of HoO vapor (21 Torr) in the latter work; no H.O was present in

the forrmer study. He reinvestigated the reaction 49 using varied amounts of
Ho0 vagor in a 1.5 MeV electron pulsed gaseous mixture of Hs (2 atm) and

O 5 Torr)., He followed HO, by uv-absorption spectroscopy. Indeed he

found that the k 9 was sensitive to the pressure of Ho0O vapor present;

using Paukert and”Johnston’s absorption coefficient for HO, for experiments

at PH o= 0, he derived a value, kh9 = 3,15 x 1012 Cmgmolec"ls“l, in
2

excellent agreement with that of Paukert and Johnston. In experiments with
added water the kh9/€HO values derived were near equivalent to those of
2

Hochanadel et al. In view of these results Hamilton and Naleway (1976) have
proposed that a complex between water and HO, radicals forms in the Hs0-
containing mixtures:

HO» + HoO 3% HOs*HoO (50)

The apparent increase in rate constant for reaction 49 with increasing H-0
seemed to result from the occurrence of the more rapid reaction 51 in ad-~
dition to L49:

HOp + HO5*HoO 3 HoOs + On + HoO (51)

They estimated the thermodynamic properties of the HO-*HoO species theoreti~
cally, and noted that the ratio [HO5+Hs0]/[HO-] was equal to about 0.037 in
air at 100% relative humidity (25°C). About 3.5% and 1.8% of the HO-
radicals in the atmosphere at 100 and 50% relative humidity, respectively,
are in the complex at 25°C. The observations of Hamilton and Naleway
introduce a new and probably significant complication into the already
horrendous problems of the atmospheric scientist who desires to simulate the
rates of chemical changes in the troposphere. If the interpretation of
Hamilton and Naleway is correct as outlined, then modelers should employ a
value of k49 which varies with the humidity as well as the temperature. We

have used the estimates of Hamilton and Nalewzy to calculate the fraction
of the HOs which will be in the form of the complex for variocus humidities
and temperatures; see Figure 36. Although the amount of Ho0 in the air at
a given relative humidity rises exponentially as the temperature is in-
creased, the stability of the complex decreases somewhat with increasing
temperature. The net result seen in Figure36 is that there is small in-
crease in the fraction with increasing temperature (constant relative
humidity). Although about 1% of the HO, is expected to be complexed with
Ho0 at 0°C and 50% relative humidity, about 4.5% is complexed at L0°C and
1009% relative humidity. The immediate significance of these observations
for our purposes is the effect on the choice of wvalue for k, . which should
be used with the data of Payne et al. in deriving k3l' Note9that 20 Torr
of Ho0 vapor was employed in all of the experiments~of Payne et al., and
it may be more appropriate to use the higher value for the rate constant
k49(9.6 x 1012 cn® molec~1s5-1) in estimating k3l' Thus the rate constant
k.., may be as high as 1.5 x 10-15 cm® molec 15”2, Although we have chosen
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Figure 36. The theoretical percentage of HO> in the
gas phase which 1s complexed with H>0 vapor as a
function of the temperature and relative humidity;
estimated using the thermodynamic data from Hamilton
and Naleway (1976).

the lower value in our summary of Tablel8, we have shown it as a lower
1imit which must be increased if further experimentation proves the
Hamilton and Naleway hypothesis correct.

A typical [HO-] expected in a sunlight-irradiated region of the lower
atmosphere which is highly polluted is about 6 x 10% molec cm~3 (Demerjian
et al., 1974). This will lead to a rate of SO, oxidation through reaction
31 of about 1.9% hr~l., The [HOo] for a fairly clean atmosphere may be lower
by a factor of 10 or so, and the rates of conversion of S0, by 31 will be
reduced correspondingly. However it is seen that this reaction can be a
major source of S0, conversion in the atmosphere, and it must be included in

our further considerations.

Reaction 32 which results in HO-, addition to SO- has not been observed
experimentally and only speculation on its possible significance can be
made at this time.

HOs + SOo (+M) == HO5805 (+M) (32)
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Calvert and llcQuigg (1975) have estimated by analogy with similar reactions
that kg, = 107%% cm® molec~ls~1. If this magnitude is correct, then

reaction 32 will result in only a few tenths of a percent conversion hr~t
for the highly polluted atmosphere, conditions which favor it. Benson’s
enthalpy estimates (1977) suggest that the intermediate adduct HO-S0, formed
in 32 will not be stable at 25°, since the decomposition reaction, HO-S0

HO + SOs will be energetically favorable (AH = -12 kcal mole-1). Thus the
net effect of the occurrence of reaction 32 in the experiments of Payne

et al., (1973) may be the formation of HO and SOz, hence their estimate
probably refers to the rate constant sum, k3l + k32.

The CHz305~S50 Reaction--

The first preliminary estimates of reactions 33 and 34 have been
reported recently by Whitbeck et al. (1976).

CHz0s + SOs = CHz0 + SO0s (33)
CHgOs + 8Os & CHs05S50- (34)

They observed the kinetics of the decay of CHsO, spectroscopically following
1ts generation in flash photolyzed mixtures of azomethane and oxygen, and
azomethane, oxygen, and sulfur dioxide. The range of initial concentrations
of 805 which could be employed was very limited <P802 < 0.3 Torr), since

the products of the reaction formed an aerosol which interferred with the
optical measurements for experiments at high S0, pressures. The rate constant
estimate, independent of the absolute extinction coefficient for CHs0-,, gave
k33 + k3h = (5.3 £ 2.5) x 1015 em® molec™ts~1., If k33 > k3h then the

magnitude of this estimate is in reasonable accord with that for the analogous
reaction 31. Taking the difference in entropies of activation for reactions
31 and 34 as 0.8 eu, then the ratio of the observed rate constants k

31/
k33 = 0,16 corresponds to an activation energy difference, E3l - E33 = 1.3

kecal mole~t, not unreasonable in view of the differences in enthalpy between
these reactions: Aligy - Al gg = 7.6 keal mole=t,

The CHs0s; radical is probably the most abundant of the many organic
peroxy radicals in the atmosphere. In a highly polluted atmosphere it is
expected to be present at about 10° molec ecm™3 (Demerjian et al., 197k4),
and the oxidation of S0; may occur through 33 and 3k by a rate as large as 2%
hr=t. In the fairly clean troposphere, rates of 1 x 10-2% hr~! are expected
(Crutzen and Fishman, 1977). Obviously we do want to include these reactions
in our further considerations.

It is not possible to determine the extent to which each of the reactions
33 and 34 occur from the existing data, but thermochemical arguments favor
the reaction 33; thus the CHz0,50, intermediate formed in 34 may decompose
readily into CHz0 and SOz after a short delay.
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The Tert-butylperoxy Radical-SO> Reaction--

Whitbeck et al. (1976) have studied the tert-C.HoO- decay kineti
flash photolysis of (CHs)sCN=NC(CHs)s mixtures Withéplglri ox;ygzn andt::’tr(is by
mixtures with Oy and SO>. In this case the reactivity of the radicals
toward SO was sufficiently low so that aerosol formation was not a serious
problem at short times. At long times (one minute) aerosol appeared. This
was attributed to the subsequent addition of (CHsz)sCO radicals to S0s
following their generation in the major CsHg0s, loss reaction in this system:
2C3Hg0z == 2C3Hs0 + On. No difference in the decay rate of the tert-CsHgls
radicals could be detected in runs with added S0, (0.2 Torr), so in this

case only an upper limit can be set for the rate constants: k35 + k36 <

7.3 x 1071%n® molec-1s~1,
(CHs)3C0z + S0z = (CHsz)sCO + SO3 (35)
(CHs)3CO2 + SO = (CHs)sC0502 (36)

This value is smaller than the essimate of k33 + th by a factor of 10™%;

thus we conclude that reactions 35 and 36, as well as those of the other
highly hindered tert-alkylperoxy radicals, will be unimportant in the atmo-
spheric conversion of SOs. The very marked difference in reactivity of the
tert-C4 HgOo and the CHgOs- radicals noted here with SO, is also seen in the
RO-~ROs reactions of these species: 2t-C4HoOs = 2t-C4HoO + 05 20H3q2->-
2CHz0 (or CH-0 + CHs0H) + Os. The rate constant of the former is 10™* %o
10"°>~times that of the latter (Parkes et al., 1973; Parkes, 1974; Whitbeck
et al., 1976).

The Acetylperoxy Radical-S0O-, Reactions--

The peroxyacyl radicals are significant participents in photochemical
smog formation. Some of them formed in the polluted atmosphere react with
NOs> to form the peroxyacyl nitrates:

RCOO5 + NO» = RCOOsNO- (52)

The possible significance of these radicals in S0, oxidation has not been
studied directly, but there is some information related to the reactions 37
and 38 which we can extract from existing published kinetic data:

CHsC00s> + SOp -» CHaCOs + S0Os (37)
CHgCO0Os + SOz = CHzC002S02 (38)

Heicklen (1976) has quoted unpublished data of Shortridge which presumably
gives evidence that the peroxyacetyl radical reacts readily with SO- in
reaction 37. He found SO- addition to photolyzed mixtures of CH=CHO and 0o
did not affect the rate of acetaldehyde oxidation, although SO was removed
and an aerosol formed. It is not clear how this evidence proves uniquely
the occurrence of reaction 37, since many other chain carriers such as HO,
HO-, CHz0, CHzO0s, etc., will be present and may also oxidize SO without
terminating the chains.
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Perhaps somewhat more definitive results related to the reactions 37
and 3¢ were reported by Pate et al. (1976). They observed the rate of
reaction of peroxyacetyl nitrate (PAN) with many compounds including SOs.
The apparent bimolecular rate constant at 296°K for the PAN-SO, reaction
was “cund to be less than 1.35 x 10723 cm® molec™2s™1. However it has been
rasher well established that PAN is in equilibrium with CHZCOO> and NOs,
and we can estimate from the data of Pate et al. rate information related
to reactions 37 and 38. The data from the Pitts group and those from Hendry
and Kenley (1977) clearly demonstrate the dynamic character of the PAN
present in gaseous mixtures:

CHsCO0sNOs 3 CHzC00s + NOo (53)
CHaCOOs + NOs == CHsCOOoNOs (5k)

Hendry and Kenley have estimated the rate constant k53 as a function of

temperature. For 23°C, the temperature of the experiments of Pate et al,
kgy = 2.65 x 10~*s~1, Taking their theoretical estimate of kg), = 1.0h x

10722 cm® molec~1s™1, we may estimate the [CH,CO0p] at equilibrium:

[ CHaC00-NO5](2.6 x 10%)

_ -3
[CHQ,COOQ]GC.L = s molec cm (55)

It seems reasonable to attribute any reaction of PAN to that of the CH3C00-
radicals in equilibrium with it. Thus the observed rate constant (keX )

Y
may be related to the rate constant sum, k37 + k38’ by relation 56:
(k37 + k38)[CH80002][302] = kexp[PAN][Soz] (56)
Estimating [CH5COOs] from the equilibrium data and relation 55 gives: k37 +

k38 = keXp[NOE]/2.55 x 10% cm® molec™ts™1., It is not reported what levels

of NO, were present in the experiments of Pate et al., but it is likely that
no more than 1 ppm (2.5 x 10%° molec em™®) was present on the average. With

this estimate the data of Pate et al, lead t0 a wvalue of k37 + k38 < l.3 x

10718 em® mole~ts~Ll, For the theoretically estimated levels of the per-
oxyacetyl radicals expected to be present in heavy photochemical smog (~2 x
10® molec em™3), the new rate constant estimate suggests a maximum rate of
oxidation of SO, through 37 and 38 of about 1 x 10-%% hr~l. We conclude
that the oxidation of S0, by CHsC00, radicals, and peroxacyl radicals in
general, is negligible for the usual atmospheric conditions. The results
of Fox and Wright (1977) can also be interpreted to support this conclusion.
They carried out sunlight-irradiated smog chamber experiments using dilute
mixtures of CgHg and NO, in air and matched mixtures of these compounds but
with S0, added (0.75 ppm). They observed that SO, addition did not inhibit
significantly the formation of PAN; the peak concentration was not lowered
appreciably. The rate of [PAN] increase with time, if altered at all by
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80, addition, was somewhat more rapid in the SO-=containing system. Thus
in our opinion all of the definitive evidence at hand point to the un-
importance of the reactions 37 and 38 in the tropospheric conversion of SOs.

The HO-30- Addition Reaction--

The kinetics of free radical addition to SO, have been observed for a
number of free radical species; thus H-atoms (Halstead and Jenkins, 1968),
CHg-radicals (Good and Thynne, 1967a; Calvert et al., 1971; James et al.,
1973), CoHs-radicals (Good and Thynne, 1967b), fluoroethyl radicals, CHpl®
FCHz (Milstein et al., 197h4), cyclohexyl and other radicals formed during
recoil tritium reactions with cyclohexene (Fee et al., 1972), all react with
reasonably large rate constants which approach those of the analogous reactions
with oxygen in some cases. Of course the H-atoms and alkyl radicals formed
in the troposphere do not live to encounter SO, present at low impurity
concentrations. They react with oxygen largely, to form alkylperoxy radicals
and ultimately alkoxy radicals, HO», and other free radicals and molecular
products. As we have seen in our earlier discussions, the additions of
some alkylperoxy and acylperoxy radicals (reactions 36 and 38) to SO. appear
to be rather slow reactions, while those of HO, and CHsz0, additions remain
unevaluated. Much of the important homogeneous chemistry of the impurity
molecules within the troposphere is dominated by the reactions of the
ubiquitous radical pair, HO and HO.. Indeed it appears that the homogeneous
S0s removal paths also depend largely on the reactions of these radicals.,

In particular the HO-addition to S0, reaction 39, seems to be the most
important of the several homogeneous reaction paths of S0, in the troposphere
for many different atmospheric conditions.

HO + SOs (+M) 2 HOSO- (+M) (39)

There has been a significant and productive effort of several research
groups to determine the rate constant for this seemingly important reaction.
Tt was apparently first suggested by McAndrew and Wheeler (1962) as one of
the reactions necessary to rationalize the effect of SO, on radical chain
terminations in propane-air flames. Following the suggestions of Fair and
Thrush (1969), the McAndrew and Wheeler rate constant estimations can be
used to derive a third order rate constant, k39 = 1.1 x 103 cm® molec~2s~t

at 2080°K. Many of the estimates of k39 were obbtained in competive rate

studies using the HO reaction with CO as a reference.
HO + CO == H + COs (57)

With this technique Davis et al. (1973) reported a third order rate constant
~ 3 x 1031 cm® molec™@s~t with M = Hz0. In similar experiments Payne

k =
39
et al. (1973) found k.. = 1.5 x 10731 cm® molec=2g™Y using the Stuhl and

39
Niki (1972) estimate of the rate constant for reaction 57. Cox (1974/75,

1975) also carried out competitive S0z-CO reaction studies by phgfglyzéng
HONO in air at 1 atm pressure; they found k39 = (6.0 £ 0.8) x 10 em

molec-ts™t in air at 1 atm, using ke = 1.5 x 10713 cm® molec™ts™t as
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recorznded by Baulch and Drysdale (1974). The Castleman group (Wood et al.,
1574) 21so have made rather extensive competitive rate studies of 39 in
exverinents which have extended over a number of years. They photolyzed

10 in a mixbure of S0, uO, and HxO in No carrier gas. Their first work
gave k39 = 3.8 x 1013 cn® mole=ts=1 for the high pressure limit. They

recognized early the probable importance of this reaction in SO, conversion
in the atmosphere (Castleman et al., 1974; Wood et al., 1975). In a later
sim’ lar study (Castleman et al., 1975) they found a pseudo-gecond order

rete constant at L atm of Np, kg = 6.0 x 1073, taking kgp = L. L x 10°17

em® molec™ls™l (Hampson and Garvin, 1975). In the most recent report of
this group, Castleman and Tang (1976/77) extended their competitive rate
study from 20 to 1000 Torr of added Np gas. Again accepting K57, they

calculated: k35 = 6.0 x 10722 cn® molec™ts™t, 1In experiments at low
pressures carried out over a range of temperatures from o4 to -209C, they
estimated E35 = -2.8 kcal mole™%.

Some more direct measurements of k39 have been made by flash photolysis

HO-resonance fluorescence techniques. Using this method Davis and Schiff
(1974) reported the reaction 39 to be in the high pressure fall off region
above -.10 Toxrr of He. At 500 Torr of added helium, the effective bimolecular
rate constant was reported to be: 2.5 x 107*3(2.5 x 10”% shown, must be in
error) cm® molec™ts™t, and the low pressure value of the third order rate
constant, Kyg = 2 x 10732em® molec™@s™t with He = M (work of Davis and

Schiff guoted in Payne et al., 1973). In further experiments Davis (l97hb)
reported preliminary values for the effective bimolecular rate constants
for k39: with He as M, values varied from 0.87 x 10-%3 at 50 Torr to 2.7 x

10~12 at 500 Torr; for M = Ar, 1.37 x 10713 at 50 Torr to 3.7 x 10723 at
500 Torr; for M = No, 0.80 x 10713 4y 5 Torr to 2.4 x 10712 cm® molec™ts™t
at 20 Torr. Harris and Wayne (1975) studied reaction 39 using the HO-
resonance technique but in a discharge flow system at low pressures. They
derived the third order rate constants: k39 = (4,5 £ 1.5) x 10-3! with M =

Ar, and k39 = (7.2 £ 2,6) x 1073 cm® molec™@s™* with M = No. Atkinson et

al. (1976) also utilized HoO flash photolysis with HO-resonance spectroscopy
to determine k39 over a wide range of argon pressures. The estimated second

order rate constant for 25°C and 1 atm (M = Ar) was: k39 = (6.7 £ 0.7) %

10713, with the high pressure limit (extrapolated) of 8.3 x 10712 em® molec~?

s~1., Gordon and Mulac (1975) employed pulsed radlolJ51s and absorption
snectroccony to follow the HO radical at 3087 As in Héo(g) at 1 atm and
43593 they obtained k39 = 1.8 x 107*2 en® molec~ts™

Recently Sie et al. (1976) and Cox et al. {1976) have presented strong

evidence that the rate consbant for the reaction 57, used as a reference
value in many competitive studies of reaction 39, was pressure gensitive.
Both groups of workers concluded that the rate constant k57 was very much

larger at 1 atm total gas pressure than had been assumed in view of the
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earlier low pressure data. A unique test of the pressure dependence of k

‘ ] 57
was not possible in the work of Cox et al. (1976), since their experiments

were carried out at a fixed pressure of 1 atm (largely air). However they
found the ratio k57/k58 to be about twice that observed by other experiment-

alists who used much lower pressures of reactants and added gas; they sug-

gested the phyothesis of a pressure dependent k.., seemed most compatible
with their results. o7

HO + Ho = HoO + H (58)

In the work of Sie et al. (1976) the pressure of added gas (Ha, He, SFg) was
varied from 20 to 774 Torr with an observed increase in k57/k58 with pressure

by over a factor of two in the case of added H, or SFg. Chan et al. (1977)
confirmed the conclusions of these workers., They reported from competitive
HO rate studies with dilute mixtures of CO and iso-C4Hjo in air, that the

rate constant ratio k57/k59 was about a factor of two higher in experiments

at 700 Torr of air than in runs with 100 Torr in air.
HO + 180=-C4Hyo == CqHo + HpO (59)

There is no reason to believe the pressure dependence observed by these
workers resulted from the normal bimolecular H-atom abstraction reactions
58 and 59; it is reasonable to assume that these rate constants remain at
their low pressure values: k58 = 7.0 x 10715, (Cox et al., 1976); k59 =

2.3k x 10712 cm® molec~ts™1 (Greiner, 1970). Accepting this seemingly
plausible premise, we have derived estimates from the various competitive
experiments for k57 and have plotted these together with the data from the

direct measurements at low pressures in Figure 37. Excluding the one very
divergent point of Sie et al (1976) at 570 Torr of added SFg, the general

increase of the rate constant k57 with increasing pressure of H,, Noy, Oo,

and SFg seems clear. Obviously values of the HO-SO, reaction rate constants
from the data at the higher pressures based upon the low pressure value of
k57 must be corrected to take into account the pressure sensitive character
of k57. Thus the estimates of k39 by Davis et al. (1973), Payne et al.
(1973), Cox (1975), Castleman et al. (1975), and Castleman and Tang (1976/77)
should be corrected. We have made such a correction to the extensive and
seemingly accurate data set of Castleman and Tang, using the values cor-
responding to those of the dashed curve given in Figure37 for k59. The

apparent second order rate constant derived in this fashion are plotted
versus the reciprocal of the pressure of Ny in Figure3d (triangles). Also
plotted here are the values of k39“1 determined more directly by resonance

fluorescence of HO in experiments at various pressures of Arj the open
circles are data from Atkinson et al (1976) and the closed circles are data
from Davis (1974b). The two sets of data from the direct HO-measurements
do not check very well at low pressures but appear to reach about the same
value at high pressures. The data of Atkinson et al. give k39 (M =Ar, 1
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Figure 37. The variation of the apparent second
order rate constant for the reaction 57, HO +
CO (M) = H + COz (+M), with pressure of added
gases; data for Hp, Sie et al., 1976 (open
cireles); air, Cox, 1975 (diamond), Chan et al.
1977 (closed squares); SFg, Sie et al, 1976
(open triangles), Overend et al., 1974, and
Paraskevopoulos, 1976 (inverted triangles);

He, Paraskevopoulos, 1976 (hexagons); low
pressure points shown: Stuhl and Niki, 1972
(inverted closed triangle); Greiner, 1967
(closed diamond); Mulcahy and Smith, 1971
(on-end triangle); Davis et al., 1974c (open
diamond); Westenberg and deHaas, 1973 (closed
triangle); Smith and Zellner, 1973 (closed
hexagon) .

atm) = (6.7 * 0.7) x 10-1® and a high pressure limit of 8.3 x 10~%3 cn®
molec™ts™1. Since Ar is somewhat less efficient as a third body than No
and O, the latter number is probably the best estimate from the Atkinson
et al. data which is applicable to air at 1 atm. The Davis (1974b) data

are less abundant, but the extrapolated upper limit to k39 for M = Ar is
compatible with this estimate as well. The Davis data for k39 using M =

N- consisted of only 3 points (not shown in Figure37) at low pressures (P <
40 Torr), so the value obtained by extrapolation of these data to 1 atm No
(k39 =9 x 107 13) cannot be very accurate. We will take as the best estimate

of the Davis group the number quoted by Davis and Klauber (1975) for the
bimolecular rate constant in the troposthere, k39 = 8 x 10713 cm® molec 2

s™. The Castleman and Tang (1976/77) corrected estimates (using our
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Figure 38. Plot of the reciprocal of the apparent
second order rate constant for the reaction 39,
HO + SOs (M) = HOSO> (4M), versus the reciprocal
of the pressure of added gas (M); estimates for
M = N, were calculated from the data of Castleman
and Tang (1976/77) using corrected values for k57

(triangles); for M = Ar data are from Atkinson
et al., 1976 (open circles) and Davis, 197hb
(closed circles).

preferred choice for k57 = 3.0 x 107*® cm® molec~ts~', Chan et al., 1977)

gives k,_ = L.4 x 10-2 cm® molec™1s™1 for M = N, (L atm, 24°C). The Cox

39
(1975) extimate corrected to our preferred choice for k57 gives k39 = (1.2 %

0.2) x 10722 om® molec™1s5"1, We feel the best current choice for k39 in

the lower troposphere (1 atm air, 25°C) is derived from an average of the
results of the four most extensive studies at the highest pressures, i.e.,
the data of Davis (197h4b), Atkinson et al. (1976), and the corrected data
of Cox (1975), and Castleman and Tang (1976/77). We suggest the value:

k, = (1.1 % 0.3) x 10722 cm® molec~1s™1 which is given in Table 18.

39
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The typical [HO] which is anticipated theoretically in the highly
polluted (NOx, RH, SO5), sunlight-irradiated, lower atmosphere, is about 7 x
10° molec cm'é (Calvert and MeQuigg, 1975). That expected for a relatively
clean atmosphere in the midday summer sun in the midlatitudes of the northern
hemisphere, is somewhat lower, typically 1 x 10° molec em~3 (Crutzen and
Fishman, 1977). Using these estimates we predict that SO, removal by
reaction with HO in 39 may be as high as 2.7% hr-% in the dirty atmosphere
and typically 0.4% hr-% in the clean troposphere. OQur evaluation certainly
confirms the current view of atmospheric chemists that reaction 39 is a
very important factor in the homogeneous oxidation of SO, in the atmosphere.

The Fate of the HOSO, Product of Reaction 39--

The HOSO> species formed as reaction 39 occurs is not a stable product,
but it is a free radical which will react further to form final products.
Calvert and McQuigg (1975), Davis and Klauber (1975), and Benson (1977) have
speculated on the subsequent events expected following the formation of
HOSO>. It is important to review these possible steps in light of recent
information concerning them.

AH, kecal mole™®

HO + S0o (+M) = HOSO, (M) ~37 (39)
HOSO» + On = HOS0,00 ' -16 (60)
HOS0=00 + NO =» HOS0-0 + NOo -25 (61)
HOS0500 + NO-=5 HOS0500NOs ? (62)
HOSO-00NOs = HOSO0-0 + NOs ? (63)
HOS0-00 + NOs =» HOS0-0 + NOs -2 (64)
HOS0,00 + HOp 3 HOSOs05H + Os ~1t3 (65)
2HOS0500 = 2H0S0-0 + Os -22 (66)
HOS050 + NO - HOSO-ONO -26 (67)
HOSO,0NO + hv == HOSO.0 + NO (68)
HOS050 + NOs = HOSO-0NO- -22 (69)
HOS0-0 + HO5 == HOSO,0H + Os -57 (70)
HOS0-0 + CsHg == HOSO-0H + iso=-CaHe ~-10 (71)
HOS0z.0 + CsHg ¥ HOSO50CHoCHCHg ? (72)
H>504 + aerosol (Hz0,NHg,CH20,CuHon..) = (growing aerosol) (73)

110



HOSO20NO> + aerosol(HzO) -~ aerosol(HpS04,HONOs.. ) (7h)
HOSO20NO + aerosol(Hz0) = aerosol(HaSO4, HONO..) (75)

The first step in the sequence of HOSO, reactions, reaction 60, should be
the major fate of the HOSO, radical in the Troposphere. It is exothermic by
16 kcal mole™*, The alternative disproportionation reaction, HOSO: + 0o

HO> + SOz, will be non-competitive with 60 since it is endothermic by about
8 kcal mole~t, As with the HO, and RO, radicals, it is likely that the
HOS0200 radical will oxidize NO, reaction 61, or react with NO» in reaction
62, since NO and NO, impurity will be present with SO» in most of the
impurity-laden air mixtures encountered. Reaction 61 is more exothermic
(-25 keal mole™l) than the comparable, analogous, fast reaction, ROs + NO

RO + NOp (-17 keal mole™l), The coupling reaction 62 should be somewhat
exothermic, and it forms in theory an inorganic analogue to peroxyacetyl
nitrate (PAN) as suggested by Calvert and McQuigg (1975). This compound
would be expected to be somewhat unstable toward decomposition, and reaction
62 is written as reversible. Benson (1977) has not reported estimates for
AH £(HOSOo00NO= ), but he noted that both the adducts of the HOS0-00 radical
with NO and NO, will not be stable; the reaction 64 with NO, to form HOSO0,0
and NOz is slightly exothermic. Disproportionation of the HOS0,00 radical
may occur with the HO, radical in 65, or, in the absence of other radicals,
it may react with another HOS0,00 radical in 66. It is unlikely that HOS0-00
will oxidize S0, at any significant rate: HOS0,00 + SOz - HOS0-0 + SOs
(AH = =35 keal mole~1), in view of the slowness of the reaction 37 of near
equal AH. If this is important, then rates of S50, oxidation estimated in
this work are minimum rates.

The HOSO0-0 radical in this sequence is somewhat analogous to the HO
radical. It may form sulfuric acid by abstracting a hydrogen from a hydro-
carbon, aldehyde, or other H-containing species such as HO, in reactions
70 and 71l. However the H-atom abstraction reaction of the HO-radical
analogous to the typical reaction 71 is much more exothermic (AH = -25 kcal
mole-l) than reaction 71, so one may expect the rate constant for H-
abstraction by HOS0-0 to be somewhat smaller than the analogous HO reaction.
The HOS0-0 radical may add to alkenes and generate organic sulfate containing
species in reaction 72. It may react with NO in reaction 67 and form the
well known reactive reagent for nitrosation and oxidation of organic com-
pounds and diazotization of amines, nitrosylsulfuric acid, ONOSO;0H. It is
interesting to observe that this compound is available now commercially
(duPont) in a sulfuric acid solution. Nitrosylsulfuric acid may photolyze
in sunlight in 68, react in aerosol molutions 1o hydrolyze to HsS04 and
HONO, or react with organic matter present in the H»SO4 -rich aerosol in
75. Alternatively the HOSO,O species may combine with NO; in 69 and form
the nitrylsulfuric acid. In principle this compound could react on aerosols
to hydrolyze to HoS04 and HONO-, or it may act to nitrate certain organic
compounds present in the aerosol solution, reaction Th.

It seems probable to us that the reactions of the HOSO0: and HOSO-0
radicals which are shown do occur in the atmosphere, and the reactive
species formed in these reactions should be considered as prime candidates
for the active forms of the "sulfate'" aerosol of our urban atmospheres.

1L



The assignment of rate constants for these reactions of the basis of our
present knowledge is very speculative. However recognize that once the HO
radica’ has added to SO, the reactions proceed to form sulfuric acid,
peroxysulfuric acid, and other compounds which will eventually lead to
sulfate and nitrate containing aerosols. If the aerosol is rich in un-
neutralized H,SO4, then much of the nitrate will be lost to the atmosphere
as nitric acid.

Davis and Klauber (1975) and Davis et al. (197h4d) have suggested an
alternative reaction route for the HOSO-0 radical which we should consider
further here. This is the chain reaction sequence 76, 77, and 61 which can
presumably pump NO to NO, as in the HOo, HO cycle in smog.

HOSO050 + Os (+M) = HOS0,0s3 (76)
HOS0503 + NO = HOS050s + NOs (77)
HOS0505 + NO == HOSO0-0 + NOs (61)

The reaction 76 is analogous to the reaction 78 involving the HO radical:
HO + Op =» HOOO (78)

Using Benson's (1976) estimates for AH £(HOg) = 60 eu (1 atm, 25°C), we
calculate that at equilibrium in the lower troposphere at 25° the ratio
[HOOO]/[HO] = 2.6 x 1071%, The greater endothermicity of the reaction 76
compared to 78 will lead to a still lower ratio of [HO0S0:03]/[HO0S0-0] in
the lower troposphere. Thus it is improbable that the proposed reactions
76 and 77 occur in the atmosphere.

The observed Og -bulge which Davis and colleagues saw late in the
transport of a stack gas plume does not require reaction 76 and 77 for
explanation. The conventional reactions involving NO to NO; conversion
chains of typical smog are the likely Oz developing mechanism in a plume
which is well diluted with the usual contaminants of polluted urban air.

The Methoxy Radical Addition to S0o--
There are no kinetic data related to reaction LO of which we are aware.
CHz0 + SOz = CHs0S0s (L0)

Calvert and McQuigg (1975) have presented a very rough estimate: khO = 6x

10715 em® molec~1s~1, which was based upon comparisons with analogous
reactions of other radicals. An experimental estimate should be made. In
contrast to the CH30- and other alkyl peroxy radicals, the CHs0 radical and
other alkoxy radicals are reactive toward molecular Os; e.g., CH30 + 05 >
CH;O0 + HO-. Thus the steady state concentrations of CHgO and other alkoxy
radicals within a sunlight-irradiated, polluted, lower atmosphere are quite
low, about 5 x 10° molec cm®, Using this estimate the rate of SO> reaction
in 40 should be about 0.01% hr~l. This reaction seems to be an unimportant
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loss mechanism for SO- in the atmosphere. However in view of the reactive
nature of the potential alkylating agents which should form eventually
following reaction ho, an experimental determination of the rate constants
for alkoxy radical reactions with SO; should be made to allow an accurate
assessment of the significance of this reaction.

The Oxidation of SO, by Products of the Og -~alkene Reaction--

As we have seen in the preceeding section, the rate of oxidation of 80> by Os
reaction 26, is negligibly slow at smbient air temperatures and at the low
levels which are characteristic of Oz and SO, impurities in the troposphere.
However when a third reactant, an alkene is present in the 0z-SO,-air mixture,
a fairly rapid oxidation of SO; occurs even in the dark. This very sig-
nificant observation was first reported in detail by Cox and Penkett (1971a,b).
For their conditions the rate of removal of S0, was 3% hr™1 with the alkene
cis-2-pentene and 0.4% hr~ with propylene. They considered as a possible
reactant in 43 the so-called "zwitterionic! species, or Criegee intermediate,

RCHOO., postulated by Criegee (1957) in his classical mechanism of the
ozone-alkene reactions in solution:

0-0-0

0s + RCH=CHR - RCHS——CHR (79)
9-0-0_ ]

RCH CHR - RCHO + RCHOO- (80)

RCHOO* + SOs % RCHO + SOa (43)

In a later more extensive study, Cox and Penkett (1972) also considered the
original ozonide (molozonide) product of 79 as an alternative reactant in
L1
O—O—Q\
RCHZ———CHR + SOs = 2RCHO + SOs (41)

The rate data from a series of different alkenes (cis-2-butene, cis-2-
pentene, trans-2-butene, 2-methyl-l-pentene, and l-hexene) were rationgl?zed
well by a simple mechanism in which an intermediate, presumably the or}glnal
molozonide or the Criegee intermediate, oxidized SO, through the reaction
series 79, 80, 43, and/or 41, or underwent decomposition, reaction at the
wall, or some other fate unproductive to SO, oxidation. Althoggh a strongl
inhibition of the SO, oxidation occurred with increased [H;0] in the reaction
mixture, the effect of Hs0 remained puzzling and unexplained.by Cox and
Penkett., Wilson et al. (1974) accepted a similar mechanism in their computer
simulation of the Cox and Penkett Og-alkene-SOs-air results.

In the reaction schemes considered here for this system, two other
reactive entities related to the molozonide and its products should be.noted
as well as potential reactants: +the open form of the origina} molozonide
(reaction 42), and the rearranged Criegee intermediate (reaction Uh):
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_0* _0-0°
RCH-CHR + S0> = 2RCHO + S0a (42)

/

Q
RCH-0* + SOo =» RCHO + S03 (43)

Other possible reactants for SO, in the alkene-Og~SOs-air system have been
suggested. Demerjian et al (1974) speculated that the reactant diradical
of L4 might be formed from the original Criegee intermediate by reaction
with Os:

RCHOO- + Op = +00C(R)HOO* (81)
PO
«00C(R)HOO* = o\RCH/o <+ 0o + *OCH(R)O- (82)

Alternatively O’Neal and Blumstein (1973) envisaged a rapid rearrangement of
the Criegee intermediate through reaction sequence 83:

Q\

(I)/C(R)H > -+OCH(R)0- (83)

RCHOO* >

Thus at least four different reactants should be considered as potential
SO> reactants in this system; note in Table 18 that all of the potential
reactions Y41-U44 are considerably exothermic. However there is some
uncertainty whether one needs to invoke any of these reactions to explain
S0, oxidation. Demerjian et al. (1974) have argued that the <OCH(R)O-
radical will react readily with oxygen to generate other reactive species
(RCOs, HOo, RO, etc.), and Calvert and McQuigg (1975) suggested that these
may be responsible for the S0, oxidation observed in the alkene~0g~S0s
systen.

The Os-alkene reactions are very camplex, and the simple Criegee
mechanism cannot be the only route of fragmentation and rearrangement to
products in the gas phase system. There is abundant evidence today that
fragmentation of the ozonide formed with the simple alkenes in gas phase
reactions creates highly excited free radicals including HO and carbonyl
species (Kummer et al., 1971l; Pitts et al., 1972; Finlayson et al., 1972;
Atkinson et al., 1973). It is difficult to rationalize the formation of
these highly excited species through the Criegee mechanism alone. 0fNeal
and Blumstein (1973) have suggested several alternative paths for de-
composition of the original ozonide which can account better for some of the
chemiluminescent products of the gas phase ozone-alkene reactions. Various
modified forms of the O Neal and Blumstein mechanism have been adopted by
various groups of modelers of smog chemistry; for example, see Whitten and
Hogo, 1976; Sander and Seinfeld, 1976. However the extent and the nature
of the fragmentation and rearrangement paths which are chosen must neces-
sarily be rather arbitrary at this stage of our knowledge. Use of the
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Benson (1976) thermochemical-kinetic considerations have been made by 0/Neal
and Blumstein (1973) and others to derive "best estimates" of the importance
of the alternative paths of reaction of the ozonides. In most detailed
modeling schemes involving SO removal which are in use today, reactions
such as 41, 42, 43, or Ll are not considered to be important, but the SOs
oxidation in the alkene~03-SO, system is made to occur exclusively through
partial fragmentation of the ozonide to various free radicals, followed by
reactions 31-40 or Table 18 and their various analogues. For examples see
Sander and Seinfeld, 1976; Walter et al., 1977.

However it appears to us that the ideas related to the mechanism of the
gas phase Og-alkene reactions must be modified agein. Recent FIS-IR spectro-
scopic observations of the Og~alkene-air systems have been made by Niki et
al. (1977). They provide striking new evidence for the reasonable stability
of many of the gas phase ozonides. Thus the role of reactions 41-L4 should
not be discarded. Hull et al. (1972) had observed through low temperature
(-175 to =-80°C) infrared studies in the condensed phase, the primary ozonides
of CaHg, 1s0-C4lg, cis- and trans-2-CuHg, cyclopentene, cyclohexene, tri-
methylethylene, and tetramethylethylene; these decomposed to various products
upon warming the frozen mixtures to room temperature. In 1959 Hanst et al.
concluded from long-path infrared experiments that they observed ozonide
formation from the gas phase reactions of Oz with l-hexene and 3-heptene
but not from l-pentene and the smaller alkenes. However the recent work of
Niki et al. (1975) shows clearly that ozonide formation can be observed in
the gas phase from olefins as small as propylene, In their work, Niki et al.
reacted Oz (5 ppm), cis-2-C4Hg (10 ppm), and CHo0 (10 ppmm) in 700 Torr of air.
The identified products (ppm) included: C€05(1.9), CO, CHy(0.66), CHO-H(0.25),
CHzOH(O.4), CH-CO, and, significantly propylene ozonide (0.88 ppm).  Thus
they presented unambiguous evidence that the Criegee intermediate CHzCHOO*

(or conceivably the rearranged radical, CHzCHO*) had a much longer lifetime

in air than has been suggested in recent years by 0’Neal and Blumstein (1973),
Demerjian et al. (1974), and many others; it lived to react with the added
CH;0 and formed propylene ozonide:

/9=

CHgTHOO+ + CHpO == CHaCH__ , ~CHe (8k4)

For the purposes of this review another most important observation was
made by Niki et al. (1977); they found that addition of SO at the 5 ppm
level to the Oz, CsHg, CH-0 system quenched ozonide formation completely,
and the SO> was consumed to an extent comparable to the ozonide yield ob-
served in its absence. Furthermore the rearrangement of the CHzCHOO* species
to acetic acid was not observed in these experiments, although it is ex-
pected in the 0’Neal and Blumstein considerations:

0 Q-
: 4 (85)
CHsCHOO* = CHaCH | » CHaCH = CHaCOCH 5
0 Q-
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iki (1977) has indicated to us that the ozonide yield is about 20% for all
of the alkenes studied except (oHg where no ozonide formation was detected.
The "radical" product yield was less than 50%.

At this writing it is not clear what species we should invoke as the
reactants in the Og-alkene-SO- system, but Niki“s work demonstrates that the
Criegee intermediate is a strong candijate. Same reaction from various free
radical fragmentation products may occur as well. With this apparent return
t0 the original mechanism suggested by Cox and Penkett (197la,b), it is
instructive to reconsider the detailed results of Cox and Penkett (1972).

A major problem in the quantitative evaluation of the rates of reactions
Lbi-4k, is the lack of information related to the absolute rate constants of
the intermediate, SOs-~oxidizing species. In the mixture of gases encountered
in the polluted troposphere, NO is commonly present with SO-. If the
Criegee. intermediate is formed by ozone-alkene interactions, then SO, must
compete with §O (reaction 86) and other reactants as well in order to be
oxidized by RCHOO-.

CHsCHOO* + NO = CHaCHO + NOo (862)
/O.
or CHg(E-0* + NO = CHsCHO + NOo (86b)

The enthalpy changes for these reactions (A&I86a = -97; AII86b = -51 kcal
mole™1) may be compared to that for the oxidation of NO by Os (A&187 =-48

kcal mole™t), a reactive species which is very similar to the Criegee inter-
mediate.

Oz + NO = 05 + NOs (87)

It seems likely that kg > koo = Ko, = 1.6 x 10-*% cm® molec™s™1 (Clyne
et al., 1964), and a goo% compe%ition'with the possible S0, oxidation
reactions must be provided by NO in the atmosphere. In the absence of an
experimental basis for the evaluation of the inhibition of SO, oxidation by
NO addition to the Og~alkene-S0- system, it will be impossible to judge
accurately the significance of reactions such as 43 and L4 in the atmosphere.
It is interesting to note that AI{M& is comparable to A&126, and reaction

26 is immeasurably slow at room temperature. This evidence seems to favor
the direet involvement of the Criegee intermediate and not the rearranged
Oo

|
form, RCH-O+ in SO, oxidation.

Let us adopt for the purposes of our congiderations here an expanded
version of the Cox and Penkett mechanism for the cis-2-butene, Oz, S0s,
Ho0, air system, and focus our attention on the Criegee intermediate as
the major source of S0, oxidation in these experiments. The competitive
reactions of the Criegee intermediate in the NO-free system may occur in
principle with SC,, the alkenes, ozone, oxygen, water, as well as the
unimolecular decay to other products:
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Oz + cis-2-C4Hg - (molozonide) == CHgCHOOe + CHsCHO (88)

- (RCHO, RCOsH, ete.) (89)

CHgCHOO* + SOp = CHmCHO + SOg (90)
CHaCHOO+ + C4Hg - CHaCHO + C4HgO (and other products) (91)
CHaCHOO* + Og - CHaCHO + 20, (92)

. O.

CHaCHOO* + O - CHstJH-o- (other products) (93)
> Os + CHsCHO (9k)

CHgCHOO® + HpO == CHsCOOH + HaO (95)
CHg(.)HOO' > (CHSCOOH)* <> CHy + CO>(CH30H, CO, ete.) (96)

Each of these steps is energetically feasible, but the extent of the
participation of each is unclear. Since the rate of Og-alkene reaction
and the rate of SO, oxidation in alkene-0z-S0, mixtures was relatively un-
affected by replacing the air with No ( 0.2%) in the experiments of Cox
and Penkett (1972), then reactions 93 and 94 are probably unimportant.
Deviations of the Og-alkene stiochiometry from 1 to 1 in reactant mixbtures
with excess of Oz or excess of alkene, suggest that 91 and 92 may occur to
some extent. The marked inhibition by HoO which they observed is consistent
with some reaction sych as 95. One might speculate that H,0 catalyzes the
rearrangement of CHaCHOO* to CHsCO-H by way of some complex between the
Criegee intermediate and water:

H H
— -
P=—x o m
CHg — C{—H"“(') < (CHg — C\\ H\O

o 0

The Cox and Penkett data for cis-2-butene, SOz, Oz, H20, air mixtures
can be reconsidered in terms of these reactions. Following Cox and Penkett
we may assume that the reactive Criegee intermediate achieves a steady state
concentration. ILet us assume further that SO, oxidation occurs only in
reaction 90 and that R92-<< R88 + R89‘ Then we expect relation 97 to hold:

-RO kKoo + k
O3 88 89) (1 + =2t [ k., + [CaHolk,, + [0alk
= | ———= 1 =92

" [H20]k95]) (97)
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The rather limited data cannot provide a test of the functional form for
each of the reactants in relation 97, but certain observations can be

made. In the Cox and Penkett experiments the [02]° and [C4Hg]® were held
essentially constant at 0.5 and 1.0 ppm, respectively. For these conditions
the form of the relation 97 simplifies to 98, where A and B are constants:

-R% B{A + [HoOlk.. )
= =5 9 S (98)
SOs 90 2

From relation 98 we expect a linear relation between -Rgs/RgO3 and 1/[S0-]

for a series of runs made at constant [H-0}. This was observed by Cox and
Penkett, and such a plot has been redrawn from the original data; see Figure
39. Observe that the slope to intercept ratios for the linear plots at each

[Hz0] should give the quantity, (A + [Héo]k95)/k9o, where A = k96 + [C Hs]
k9l + [03]k92. For runs at 76, %0 and 10% relative humidity, the slope/

intercept ratios in Figure 39 are: 1.43 £ 0.26, 0.83 % 0.21, and 0.30 *
0.02 ppm. These are plotted versus [Hx0] in Figure 4O and the expected Linear
dependence is seen. The intercept and slope in Figure 4O give A/k9o = (6.1

0.3) x 1073, respectively. The kinetic treatment given here differs somewhat
from that of Cox and Penkett in that we have attempted to include explicitly
the reaction of H>0 with the intermediate. The data do suggest that the
reaction with water is by far the dominant reaction of the intermediate; the
ratio of rate of the reaction with water to that for all other reactions of
the intermediate varies from about 4 for experiments at 40% relative
humidity to about 8 at 76% relative humidity. This striking effect for
water noted by Cox and Penkett suggests indirectly that RO», HO-, HO, and
other radical specles which may be formed in the alkene~-S0,-0 -H,0 air
system are not the important oxidizing species present. Their reactivity
toward H-0 is thought to be very low, and their concentrations will be
altered insignificantly with H>0 increase.

There is one other rather thorough study of the alkene-0z-SOs-air
system of which we are aware. McNelis (1974) made a kinetic study of the
CaHg, Oz, S0-, air system, and it is interesting to compare these results
with those of Cox and Penkett. First it must be observed that McNelis
did not vary the relative humidity over a wide range in his study so a
quantitative test of the effect of H-0 is not possible. However he did
observe in otherwise similar runs at 20% and 36% relative humidity, a
conversion of 0.071 and 0,066 ppm SO5/ppm Os consumed, respectively, the
direction of the trend seen by Cox and Penkett. In retreating the McNelis
data we have assumed that the reaction with H-0 is present and have used
the same mechanism outlined for the butene studies. We recalculated the
apparent second order rate constants for the 03~CgHg reaction from the
McNelis data, using the conventional second order rate law and the observed
data for [0Osz] and [CgHg] versus time. The initial rate method used by
McNelis seemed less accurate to us. The seemingly consistent set of data
from the McNelis runs 26, 27, 31, 87, 88, 89, and 90 were used. The data
gave k95'/k9o' = (7.4 £ 1.5) x 10~° for the propylene data, in reasonable
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accord with the estimate from the Cy Hg data. Reactions 95' and 90' refer to
the reactions of the species +CH-00+ as well as CHzCHOO+ which are both formed
in the CsHg systemn.

“ie can estimate the rate of SO, oxidation by the recactive intermediates
formed in the Os-alkene reactions using the data derived here. Taking a
concentration of total alkenes = 0,10 ppm, [Os] = 0.15 ppm, and [S05] =
0.05 ppm, typical of a highly polluted, sunlight-irradiated urban atmosphere,
and using Niki’s observation that about 20% of the O3 molecules which react
with alkene form the Criegee intermediate, we extimate that the rate of S0,
oxidation, presumably through 43, will occur at about 0.23 and 0.12% hr~i
at 50 and 100% rH (25°C) when the reactivity of the alkene toward Oz is
typical of that for an alkene with a terminal double bond (k = 1 x 10717 cm
molec~ts"1). In the unlikely event that 0.10 ppm of a highly reactive
alkene such as cis~2-butene were present together with O.15 ppm of ozone,
then much higher rates of S0, oxidation would be expected. However we have
neglected completely any loss reaction for the Criegee intermediate with
NO in these considerations, so the rates estimated represent theoretical
upper limits. Although these rates do not seem large in comparison with
those expected for HO, HO», and CHs0- reactions, they are not insignificant.
The Os-alkene reactions will continue to occur during the nighttime hours
when both reactants are present, and the SO, oxidation from the products of
this interaction will carry on as well; however, the rates are not expected
to be large.

The 803 Reactions in the Atmosphere--

Reactions 45 and 46 have generally been neglected in kinetic simulations
of the tropospheric chemistry of S0, and SOz.

SOz + 0(%P) (4M) > S04 (4M) (45)
305 + O(®P) (M) > S0s + 0o (4M) (46)

Jacob and Winkler‘’s 1972 estimate of the bimolecular rate caonstant for the
S05-0(®P) reaction, Kys + kg =5 x 1017 cm® molee™ls"1, justified this

action. However more recently Daubendiek and Calvert (1973, 1977) and
Westenberg and deHaas (1975b) have found that these reactions are very much
Taster than the earlier measurements suggested, and a new look at their
potential role in the troposphere should be taken. Daubendiek and Calvert
reported infrared kinetic studies from the Os photolysis (A > 590 nm) in
the presence of SOz; they noted a rapid reaction (compared to O + Og =
205) which destroyed SOz, but surprisingly, there was a delay in the SO-
appearance which is expected if reaction 46 occurs. A metastable product
absorbing at 6.78 K was seen which decayed in the dark (7, = 280 8) to
form 503 and SO». From the stoilchiometry of the gases evolved the species
appeared to be a mixture of S30g and S30g. These seemed to form in the
reaction between the S04 initial product of 45 and SO, and SO5. The 0-503
reaction appeared to obey second order kinetics for pressures of SOg and Os
above about 6 Torr. From the competitive rates of SOs and Oz reactions
with 0(°p),
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0(®P) + 0z = 205

they derived Ry +Ryg =7 x 10-12% en® molec™is™L, accepting k. = 8.5 x

10725 cn® molec™1s™1 at 25°C (Hampson and Garvin, 1975).

Westenberg and deHaas (1975b) reported rate studies of the 0(3P)-S0s
reaction using a discharge flow method with ESR detection of the o(®p).
They found no evidence for an S04 intermediate for their conditions, but the
fast overall reaction 46 seemed to occur with thivd order kinetics up to
7 Torr of He. They derived ko = 1.k x 107%1e75 oS molec™25~1(298-507%K).

The third order nature of the reaction which they observed at low pressures
suggests that an S04 intermediate is formed prior to rearrangement to their
observed products, SO- and Oo. Indeed the results of both recent studies
give strong independent evidence for the rapid occurrence of reactions 45

and 46; where the data do overlap in pressures employed, good agreement is
found between the Daubendiek and Calvert and Westenberg and deHaas data.

Both sets are consistent with the estimate: k45 +k 27 x 10712 om® molee™t

s™ in air at 1 atm and 25°C.

Consider the possible implications of these findings on the atmospheric
chemistry of SO, and SOz. Westenberg and deHaas (1975a) concluded from a
consideration of the two reactions 25 and 46 alone, that the main effect of
the presence of 30, on O in the atmosphere would be Lo catalyze its re-
combination with little or no net S0g formation.

0(%P) + 805 (4M) = 805 (M) (25)
0(3%P) + 805 (M) ¥ S05 + Os (4M) (46)

Thus uging our present estimates of the rate constants for air at 1 atm,

and assuming that S04 always forms SOp + Op ultimately, then we find [S0z}/
[805] = 0.08 at the steady state. However there is no chance that a steady
state of SOz and SO, will be established involving reactions 25 and 46 in
the real atmosphere. The SOz molecule encounters with O-atoms will be very
much less frequent than those with the abundant water molecule within the
lower troposphere. Recent evidence of Castleman et al. (1975) confirmed

the conclusion of Goodeve et al. (1934) that the overall reaction 47 is very
fast; they estimated k), = (9.1 £ 2.0) x 10713 cm® molec™ts™t from flow

experience at low pressures. The rate constant estimate is gurprisingly
SO + HoO = HoS04 (47)

large for such a complex rearrangement of reactant molecules t@at must ac~
company this reaction; the observation of the mass 98 product in the ex-
periments of Castleman et al. may reflect the formation of an SOg°Hx0

adduct which is a precursor to the final rearranged, stable prodgct mole?ule,
H,804. In any case the ultimate removal of SOz by its net reactlop MY.Wlth
water is so very fast that the reaction of S0s with any other species in the
moist lower atmosphere should be unimportant. We conclude from Fhe §v1dence
at hand that the usual assumption of modelers of the SO; conversion in the
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troposphere, namely, that H,004 formation will always follow the generation

of 30s, appears to be sound.

rvaluation of the Relative Importance of the Homogeneous S0- Reactions with
YVarious Reactive Species in the Troposphere

It is instructive to use the present evaluation of the SO0, rate data
to estimate in greater detail the rates of S0, homogeneous oxidation which
we expect to occur in various clean and polluted regions of the troposphere.
First let us consider the rate of oxidation of SO, which is anticipated for
the relatively clean troposphere. The concentrations of the important
specles, HO, HO», and CHz0s were estimated for various elevations within
the troposphere of the northern hemisphere, and for various latitudes and
seasons. If one considers the presence of SO to be the ppb level or below
in these atmospheres, it is a fair approximation to assume very little
perturbation will occur in the estimated radical concentrations. Thus we
can use the Crutzen and Fishman (1977) estimates to calculate the theoretical
SO conversion rates by reactions with HO, HO,, and CHzOo in the troposphere.
Shown in Figure 41 are the rates averaged over all northern latitudes and the
entire depth of the troposphere for each month of the year. Obviously the
rate for the HO-radical reaction with SO-, reaction 39, accounts for most
of the oxidation; a significant fraction is also contributed by the HO5-
radical reaction 31 and a smaller amount from the CHz0s species. The total
average rate of SO, oxidation from these three most important homogeneous
reactions varies from a low of 0.09% in January to a maximum of 0.2% hr~*
in July. Of course these rates are directly related to the solar irradiance,
the temperature, and the atmospheric composition at the particular point
within the troposphere. One can observe in Figure 42 the theoretical rates
which are representative of the maximum values of the S0, oxidation by HO
and HO> which occur near the 1200 hr averaged over each day in July. These
are as high as 1.5% hr™1 at ground level and about 32° N latitude. The rate
is somewhat lower at most latitudes as the elevation above sea level is
increased. At 8 km a maximum rate of about 0.4% hr~! is seen near 28° N
latitude. At higher elevations (12 km) a small increase in rate can be
observed. It is clear from these considerations that the rate of SO
homogeneous oxidation in the relatively clean troposphere can be very sig-
nificant at certain time periods and positions within the troposphere.

Theoretical rates of S0, oxidation in parcels of highly polluted air
are of special interest to us as well. Previous computer simulations of the
reactions within a sunlight-irradiated, NO,, RH, RCHO-polluted air mass
have been made by Calvert and McQuigg (1975), Sander and Seinfeld (1976),
and Graedel (1976). All workers agreed as to the importance of the HO- and
HOo-radical reaction rates with SO5. For the simulated polluted atmosphere
chosen by Calvert and McQuigg and for an older less accurate set of rate
constants, a maximum SO, oxidation rate of 1.1% hr~' was predicted in
simulations carried out at a solar zenith angle of 40°. With a somewhat
different choice of elementary reactions, rate constants, and initial
reactants, Sander and Seinfeld predicted a maximum SO, homogeneous oxidation
rate in their simulated polluted atmosphere of L4.5% hr~l, with HO and HO»
radicals again accounting for much of the reaction rate. Graedel’s
similations employed the energetically unfavorable and unlikely chain
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reaction sequence of Davis and Klauber (1975), so comparisons with his
results are of questionable value. In Figure 43 is given an updated version
of the Calvert and McQuigg simulations of SOz removal rates based upon the
new data and the new rate constant choices presented in this study. The
sirulated atmosphere contained initially (ppm): [NO] = 0.15; [NOo] = 0.05;
[cis=2-C4Hg] = 0.10; [CO] = 103 [CHe] = 1.5; [CH20] = O3 [CH3CHO] = O;

[SOs] = 0.05; relative humidity, 50% (25°C); solar zenith angle, 40°; a
stagnant air mass without dilution was considered to simulate the conditions
of highest smog-forming potential. The Oz concentration in this simulation
rose to 0,15 ppm at the 120 min point of the irradiation at which time the
alkene had decreased to 0.013 ppm. The length of the ordinate within each
area of Figure 11 represents the theoretical % hr~t of SO, oxidation by

the radicals shown. Note that the total oxidation rate from the several
species rises to over 4% hr~l at about 60 min into the irradiation. There
is one major difference between these results and those of the previous
simulations. The newly estimated rate constant for the CHz05-5S0-, reactions
33 and 34, has been included, and this reaction has added an additional
increment to the S0, homogeneous oxidation rate expected in theory. It
appears that about equal rates of oxidation of SO; occur in a highly polluted
atmosphere through the reactions of the HOp, CHz0», and the HO species
(reactions 31, 33, 39). We have picked conditions, a high concentration of
very reactive alkene (trans~2-butene) and koo = O, which should accentuate

the contribution of the Criegee intermediate., Even so the rates of SOs
oxidation from reaction 43 are relatively small campared to the rates of
the three major reacting species; the contribution from this reaction in-
creases to a maximum of 0.25% hr~! at about 60 min into the irradiation
period. It is improbable that an actual polluted atmosphere would contain
this much reactive alkene and that kg, = 0. Hence we conclude that the
Criegee intermediate is probably never a major reactant for SO, oxidation
in the highly polluted atmosphere, although during nighttime hours this
reaction is likely the major homogeneous S0s oxidation mechanism which is
operative.

There is one other major class of SO> polluted atmosphere which is of
special interest to us. It is that contained in a stack plume from a power
plant or other industrial combustion operation. These gaseous mixtures
are of unique composition; the original effluent is oxygen-depleted and NO-
and SO-~ rich. Because of the very high NO levels and the very low hydro-
carbon and CO levels, the long oxidation chains which can lead to the
reasonably rapid conversions of 80> to S0z, HpS04, etc., are suppressed
during the first stages of the plume transport. The initial [NO5]/[NO]
ratio is very low so that the [0s] generated through the reaction sequence
100, 101, and 87,

NOo + hv(A < 4100 A)=» NO + O (100)
0 + 05 (#M) > 05 (41) (101)
Oz + NO = NOs + Os (87)
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will be very much below the 0.04 ppm values observed in relatively clean
ambient air. For the conditions present in the plume after a short mixing
period, the Oz should reach a photostationary state for which the [0g] will
be related to the [NO,]/[NO] ratio, the apparent first order rate constant
for the rate of photolysis of NO, in 100 (kloo), the rate limiting process

for Oz formation in 101, and the rate constant k87 for the dominant Og loss
reaction 87.

[0s] = [NO2] ky4,/[NOT kg, (102)

klOO is a function of the solar irradiance in the L4100 to 2900 R region and
a typical value for klOO/k87 is 0.02 ppm for the 1000 to 1400 time period

(Calvert, 1976). Thus the ozone level will not reach the "clean air"
background values within the plume until the [NOz]/[NO] ratio climbs to

near 2. Actual plume data show significant depletion of the ambient ozone
levels within the plume for very great distances. For examples see Davis

et al. (1974d) and Wilson et al. (1976). Only after the plume gases have
mixed with sufficient quantities of reactant hydrocarbons, aldehydes, CO,
etc., present in the ambient alr can extensive NO to NO; conversion be
effected and 0z levels cilimb. However there are at least two mechanisms
which in theory can contribute to an initial burst of S0, oxidation involving
the elementary reactions of Table 18.

The first of these involves the photolysis of NO, (reaction 100) early
in the plume dilution when the [05] is relatively low, [SO-] is high, and
the fraction of O-atoms captured by SO- can be significant. NO- represents
a small fraction of the plume gases released to the atmosphere. Additional
NO, is formed as the ambient air mixes in with the NO-rich gases: 2NO + Os
- 2NO-. For these conditions the 30, in the plume gases can compete
somewhat successfully with NO, NO-, as well as O for the O-atoms formed from
NO> photolysis in 100:

NOs + hv - 0 + NO (100)
O+ 0o (4#M) = 0Os (M) (101)
O + NOz & Oz + NO (102)
0 + NOs (+M) = NOz (+M) (103)
0 + NO (4M) = NOs (+M) (104)
0 + S0z (M) > S0z (+M) (25)

The rates of 80 oxidation from reaction 25 alone in thz sunlight-
irradiated stack gases can be significant during the early stages of
dilution. Thus 1f we assume stack gases to be at the concentrations: [NO] =
500, [802] = 500, [NO2] = 20; [02] = 1 x 10° ppm, for midday sunlight we
expect an instantaneous rate of SO, oxidation by 25 alone to be about 1.4%
hr~t, This rate will drop fairly quickly as further dilution occurs with
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the transport of the plume. As the plume is further diluted by factors of
L, 8, 16, and 32, the instantanecous rates of S0z oxidation by reaction 25
are expected to fall to 0.43, 0.20, 0.10, and 0.05% hr~l., A similar early
peak in the rate of the homogeneous oxidation of S0z by reaction 39 is
expected with the HO-radicals formed from the photolysis of HONO. The

HONO + hv(A < 4000 &) = HO + WO (105)
generation of HONO early in the dilution of stack plumes may occur in theory
through the homogeneous reaction 106 (Chan et al., 1976) or through hetero-
geneous paths involving water condensation or particulate surfaces:

NO + NOs + Hs0 == 2HONO (106)

Thus the development of as much as 10 ppm of HONO within a short dilution
period of certain stack effluents with very high NO, NO., and H.0O con-
centrations may occur. When HONO is at the 10 ppm level with [SO-] = 500,
[NO] = 500, [NOT = 20, [CO] = 1 ppm, the instantaneous rate of SO, oxidation
by 39 is expected to be about 1.2% hr~* in noonday sunlight. In this case
Oz is not a competitor for HO but the NO, NO., and CO are:

HO + SO (+M) == HOSOs (+M) (39)
HO + NO (+M) -~ HONO (+M) (107)
HO + NOs (4M) - HONO- (+M) (108)
HO + CO (4M) > H + CO> (4M) (109)

After dilution of the reaction mixture by a factor of ten with clean air,
the rate of S0, oxidation by 106 again falls presipitously to 0.1% hr-i,

Recently Miller (1977) has simulated the chemical rates of change
within a stack plume; the only SOo removal mode which he included was
reaction 39. It is interesting that he did observe a maximum rate of SO,
oxidation (about 0.1% hr-1) early in the dilution of the stack gases with
either unpolluted or polluted air.

As we have seen one anticipates in theory that SO. may be oxidized at
rates up to several percent per hour for a short period during the early
stages of stack gas dilution through the occurrence of the homogeneous
reactions 25 and 39 in a sunlight-irradiated plume. It is evident that the
apparent order of SO- conversion will appear to be higher than first during
the first stages of plume dilution. Such orders have been observed in
stack plumes. They have been rationalized well in terms of heterogeneous
reactions alone (Schwartz and Newman, 1977).

The homogeneous SO, conversion rates at long transport times are ex-
pected to increase as dilution of the stack gases with urban air containing
hydrocarbons, aldehydes, ozone, etc., oceurs, and the rapid chain reaction
sequence familiar to smog chemistry take over. The S0- to sulfate conversion
rates estimated in plumes at long transport times in the study of Wilson
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et al. (1976) were observed to increase from about 1.5% hr 1 during the 0.7
to 1.5 hr transport time period (10-21 km path) to about 5% hr~t after 2.3
to 3.2 hours of transport (32-45 km path). Gillani et al. (1977) observed
in recent studies in the St. Louis area, maximum ratec of [0 conversion

to particulate sulfur of the order of 3% hr~t in plumes with significant
transport time and dilution. They also presented some significant evidence

that homogeneous photochemical processes may be important in the SO, con-
versions observed.

From the considerations presented in the present study we conclude that
the homogeneous oxidation of S0- in the troposphere does occur at rates
which constitute a major fraction of the rates observed experimentally. It
is the hope of the authors that the discussion and the data presented in
this study will be useful to the atmospheric scientists in their continued

develomment of more quantitative models of the tropospheric S0- oxidation
and transport.
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SECTION 3

STUDIES REILATED TO FORMAIDEHYDE REMOVAL MECHANISM IN THE ATMOSPHERE

QUANTUD(')I EFFICIENCY OF THE PRIMARY PROCESSES IN CH-O PHOTOLYSIS AT 3130&
AND 25~C

Introduction

Efforts to elucidate the mechanism of formaldehyde photolysis have
increased greatly in recent years. The renewed interest in this System
has been stimulated largely by two factors: (1) the high potential of
formaldehyde for successful laser-photolysis, isotope separation; and (2)
the need for the quantitative evaluation of the significance of CHo0 reactions
in smog formation.* In this study our attention was focussed on the second
area of interest. The extensive efforts of many research groups have defined
many features of the formaldehyde photolysis mechanism,®”3% but several
qualitative and quantitative aspects are not fully understood today. It is
well established that primary reactions 1 and 2 occur when formaldehyde is
excited to the first excited singlet state.

CH20 + hv = H + HCO (1)
CHz0 + hv = H> + CO (2)

Uncertainty remains about the detailed reaction paths through which these
processes occur., MeQuigg and Calvert®® rationalized the wavelength dependence
of ¢l/¢2 in terms of a simple kinetic model which implied the occurrence of

internal conversion of the original excited state to a vibrationally excited
ground state reactant common to both decomposition modes. Some recent more
quantitative experimental and theoretical studies also favor this interpreta-
tion;2©,22,30,32~34 Gthers show the possible involvement of the lowest
triplet excited state in the process 1.20,22532734 211 recent studies in-
dicate that the dominant final products of formaldehyde photolysis are Ho

and CO, and their quantum yields suggest that ¢l + ¢2 may be near unity

at most wavelengths within the first absorption band (1A% -« xlA% . The
effects of radical scavengers such as iodine,3 alkenes,t® oxygen, and
nitric oxide®4:2® on these quantum yields, the relative chemiluminescence
of excited HNO formed by H-atom capture by NO following process 1 in CHzO-
NO mixture photo ses,29 and isotopic scrambling experiments with CH:O,
(D50, CHDO,Z»15:18,31 have all been used in the estimation of the ¢,/¢,

ratio as a function of wavelength. It is generally accepted today that the
importance of the free radical mode of decomposition, reaction 1, increases
with decreasing wavelength used to excite the CHz0. However, the absolute
values reported for the primary quantum yields are widely dévgggent. Thus

at 3130 A previous estimates of ¢, vary from 0.013 to 0.5.1%: The apparent
disagreement between the quantum yields measured in the different studies

may have resulted at least in part from different conditions employed, i.e.,
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temperature, light intensity, etc., as well as unrecognized complexitics
in the reaction pathways in many of the CH,O-radical scavenger studies and
the subsequent misinterpretation of the results.

We initiated our present work as part of an effort to estimate the
importance of CH-0 photolysis as a source of H-atoms in the atmosphere. We
have carried out formaldehyde photolyses in the presence of several different,
seemingly simple, H-atom and HCO-radical scavengers in order to define the
best system for the accurate determination of ¢. and ¢,. The varied results
from the several systems which we have studied In this work provide a new

and reliable set of self-consistent estimates of ¢, and ¢, for formaldehyde
photolysis at 3130A.

Experimental

Materials --

Formaldehyde was prepared from paraformaldehyde (Eastman) according to
the procedures of Spence and Wild®® and stored in a trap cooled to dry ice-
acetone temperature. Isobutene (Phillips), trimethylsilane (PCR), and NO
(Matheson) were purified by trap-to-trap distillation. The NO in the storage
bulb was cooled to dry ice temperature before introduction to the cell to
insure that any traces of NO, present in the NO would be trapped in the bulb.

Apparatus and Procedures --

The photolysis was carried out in a 500 cc, 34 cm long, cylindrical
quartz cell which was joined to a grease-free vacuum line. Attached to the
cell was a P7D Dynasciences pressure transducer which served to measure the
pressures of the gases that were introduced into the cell and the pressure
changes which occurred during the reaction. At pressures exceeding 1Y Torr
the pressure transducer was used as a null instrument in combination with a
Wallace Tiernan pressure gauge. The light source was an Osram HBO 500 W high
pressure mercury lamp from which the wavelength band near 31308 was isolated
by combination of chemical filters and a Corning 7-54 glass filter.®® The
intensity of the transmitted light was monitored with an RCA 935 photodiode
mounted at the back of the cell. A series of uniform density filters were
employed in one series of experiments in which the effect of the absorbed
light intensity on the rates of the reaction was studied. Both potassium
ferrioxalate and azomethane photolyses were used to establish the incident
light intensity. With the latter compound, the fractions of the incident
light absorbed by CH:0 and MesNo were kept about equal in successive runs.
The quantum yield of CH;0 decomposition was found to be very reproducible, so
standard formaldehyde photolyses were used also as a periodic check on the
light intensity. The apparent average extinction coefficient of formaldehyde
at 3, 8, and 12 Torr was found to be 7.05, 6.54 and 5.83 £ mole~lem™2,
respectively, for our conditions. The observed decrease of ¢ with pressure
increase is not expected because of the large range of absorption coefficients
of formaldehyde within the relatively wide excitation band isolated from the
high pressure mercury lamp.

Formaldehyde was degassed before its introduction to the cell. At
pressures up to 8 Torr practically no polymerization was observed; even at
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the highest pressure employed (12 Torr) the pressure drop as a result of
polymerization was negligible during the short irradiation times made
possible by the use of the high intensity source. When other gases were
added to formaldehyde prior to irradiation, the mixture was allowed to

stand for 20 min to insure complete mixing. After photolysis, the gases
were pulled through a glass bead-containing trap immersed in ﬁg(l) and
separated from CHp0 using a Toepler pump. The non-condensible gases Hy and
CO were transferred to a calibrated volume and the total pressure of the
mixture measured. Hs and CO were determined using a gas chromatograph
(Varian 2700) equipped with a TC detector and 1/8th in x 12 £t column filled
with NO~treated Molecular Sieve 5A held at 100°C. Nitrogen was used as the
carrier gas when the concentrations were high, while at low CO concentrations,
heliun was used. Hp and CO were the only non-condensible products (except
for experiments with added NO), and therefore one of them could be directly
determined and other by difference from the known total pressure. The

results obtained with both direct product measurements and those by pressure
change checked well with one another.

Results and Discussion

The Photolysis of Pure Formaldehyde --

The photolysis of formaldehyde at 31304 was studied in a series of ex-
periments at room temperature (25 * 2°C) and over a range of pressures (1-12
Torr) and light intensities. The data, summarized in Table 19, confirm the
previous observation of near equality of the quantum yields of carbon monoxide
and hydrogen products; these results give @CO/®H2‘= 1.01 £ 0.09(2¢). Further-

more the ratio of twice the pressure change (Ap) during the course of the p
photolysis to the pressure (A) of the recovered noncondensable gases (Hp and
CO) is unity within the experimental error; the data of Table 19 give 20p/A =
1.00 £ 0.08(2). Thus we conclude that H. and CO are the only significant
products of formaldehyde photolysis and the observed rate of pressure in-
crease during an experiment is equal to the rate of CH,O decomposition. Then
for formaldehyde photolyses at low pressures for which the limiting form of
Beer’s law applies well, we anticipate that the total pressure p in the system
with the initial formaldehyde pressure p, should be described by the expres-
sion TI:

In [(2po - p)/po] = -kt (1)

Indeed the results of an experiment at 2.49 Torr of CH,0, plotted in Figure

Ly, show that this simple first order rate law describes the data well, at
least over the first 30% of the reaction which was followed here.

In one series of experiments at 2.50 Torr of CH;0, the rate of pressure
increase was monitored using different incident light intensities. These
data, shown in Figure 45, indicate that the rate of CHz0 decomposition is
directly proportional to the irflicent light intensity, so that for our con-
ditions the quantum yileld of formaldehyde decomposition is intensity in-
dependent. This result is consistent with that observed by Sperling and
Tobyl® in experiments at low intensities but differs from what they observed
at the higher temperatures (80-120°C), higher pressures (up to 4o Torr),
and at the highest intensities used in their experiments.
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TABLE 14. EXPERIMENTAL DATA FROM THE PHOTOLYSIS OF FORMALDEHYDE AT 3130R AND 25°C

PCHZOI Toxr Irradia- Quanta abs, 2Ap, Torr &, Torr 24p/A PHZ’ Torr Pcor ngr ¢H2 ®co ¢C0/¢H2

Initial Average tion time, /cell x 10-18 x 103b x 103¢ £ 103d x 10
sec
1.044 1.015 200 (0.92) 118 117 1.01  59.8 (56.8) a a 0.95
1.033 1.011 900 (0.91) 127 120 1.06 59.7 (60.3) a a 1.01
1.037 1.008 900 (0.91) 118 116 1.02 60.1(56.5) 59.7(56.1) a a 0.99°
1.036 1.007 900 (0.91) 118 121 0.98 64.8(55.9) 65.1(56.2) a a 1.01
1.036 1.002 200 (1.13) 137 137 1.00 71.3 (66.0) a a 0.93
1.035 1.004 900 (1.13) 125 141 0.89 70.9 (70.2) a a 0.99
1.006 0.975 1000 {0.99) 125 125 1.00 62.3 (62.5) a a 1.00
1.007 0.976 1000 (1.01) 123 124 0.99 59.8 (64.4) a a 1.08
1,007 0.975 1000 1.00 130 129 1.01 64.° (64.0) 1.10 1.09 0.99
3.240 3.135 200 3.21 390 419 0.93 200 (219) 1.06 1.16 1.10
3.236 3.133 900 3.21 404 413 0.98 (211) 202 1.12 1.07 0.96
3.249 3.158 900 2.73 353 364 0.97 176 (179) 185 (187) 1.10 1.15 1.05
3.244 3.156 200 2.73 361 361 1.00 176 (195) 167 (185) 1.15 1.09 0.95
3.346 3.256 900 2.81 373 350 1.07 167 (182) 169 (183) 1.05 1.06 1.01
3.238 3.161 200 2.44 313 310 1.0} 152 (159) 152 (159) l.08 1l.08 1.00
3.158 3.079 300 2.38 330 316 1.04 150 (166) 150 (165) 1.13 1.12 1.00
3.157 3.082 900 2.39 298 302 0.99 146 (156) 1.04 1.11 1.07
3.156 3.082 900 2.39 296 298 0.99 144 (154) 1.02 1.10 1.07
3.173 3.090 1000 2.63 328 330 0.99 (164) 167 1.08 1.08 1.02
3.187 3.094 1000 2.58 376 372 1.01 187 (185) 1.23 1.22 0.99
3.153 3.060 1000 2.86 375 371 1.01 (183) 189 1.08 1.12 1.03
8,268 8.169 450 2.96 396 396 1.00 199 (197) 1.14 1.13 0.99
8.400 8,302 450 3.00 404 391 1.03 195 (196) 1.10 1.11 1.01
8.303 8.221 450 2.53 344 328 1.05 161 (158) 170 (167) 1.07 1.13 1.05
8.303 8.193 600 3,23 460 442 1.04 215 (208) 234 (226) 1.11 1.21 1.09
8.030 7.924 600 3.34 403 423 0.95 207 (197) 1.05 1.00 0.95
8.438 8.311 700 4.07 499 510 0.98 247 (262) 1.03  1.09 1.06
8.072 7.960 600 3.59 445 448 0.99 227 (222) 1.07 1.05 0.98
8.008 7.895 600 3.42 449 449 1.00 226 (223) 1.12 1.11 0.99
8.062 7.954 600 3.39 435 434 1.00 215 (219) l.08 1.10 1.02
8.062 7.949 600 3.49 456 451 1.01 (225) 226 1.09 1.10 1.00
8.060 7.952 600 3.23 417 420 0.99 (200) 221 1.05 1.16 1.11
12.10 11.95 600 4.71 572 601 0.95 307 (294) 1.10 1.05 0.96
12.12 11.97 600 4.72 568 596 0.95 305 (291) 1.10 1.05 0.95

3In these experiments & could not be determined accurately, and quantum yields are not reliable. bAp is the

pressure change in the cell. €A is the pressure of noncondensables. dyjeld by pressure difference (parentheses).
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Figure LY. First-order plot of a function of the
pressure in formaldehyde photodecomposition at
3130 A, py = 2.488 Torr, temperature 25°C.
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Consider the present kinetic results in terms of the following simple
reaction mechanism:

CEgO + hv == H + HCO (1)
CHoO + hv = Hs + CO (2)
H + CHoO = Ho + HCO (3)
HCO + HCO = CHs0 + CO (L)
ICO + HCO & Ho + 2C0 (5)
T30 + HCO = (HCO)s (6)
HCO + M == H + CO + M (7)
H + HCO - Hs + CO (8)

Since the present results show @ is unity within the experimental error,

oo/ %,
some restriction on the relative importance of these reactions 1s imposed.
The occurrence of reaction 6 would lead to ®H /@CO > 1, and a different

2

pressure change during photolysis would be observed here. Thus it is likely
that ke < (k. + kh)’ and reaction 6 can be neglected here. This conclusion

>

is in accord with the findings of Khan, Norrish, and Porter® who also found
no evidence of glyoxal formation following the flash photolysis of CHzCHO.

Kinetic considerations show that reactions 7 and 8 are also unimportant
here., Thus the present best estimates related to the thermochemistry of
reaction 7 give AH 70 =~ 17.5 kecal mole~i[Ref. 28,29,31,37-40] and AS.° =

7
20.9 eu (25°C, 1 atm);* from these data we may estimate k, = 1:7/1{_7 = 2.3 x
10-1% mole {~* at 25°C. Taking the measured value of k., = (4.0 £ 0.6) x
107 £2 mole™® sec™t for M = Hs at 25°C,*2 we estimate k7 = 9 x 10~3/f mole~?

see~l at 25°C. From these data, the measured value of kh + k. = 2,2 x 10%°

>
f mole~t sec™ [Ref. 43], the measured absorbed light intensity in the ex-

periments at 12 Torr of CH»0, and the steady state assumption for [H] and
[HCO], we calculate that the rate of HCO radical loss by dissociation in 7
to that in reactions 4 and 5 will be negligible: RY/E(RM + R5) =2 x 10°7,

Furthermore taking k3 = 2,8 x 107 fmole~! sec™!, an average of the recent

4.-4,46

determinations, and a reasonable estimate of kg = 2 x 10%° fmole™t

sec™, the ratio of the rate of HCO loss in 8 compared to that in 4 and 5 is
also very small: R3/2<Rh + R5) = 3 x 10™*, Thus for our conditions, 1-5

appear to be the only reactions of H and HCO which will occur at significant
rates; reactions 6,7, and 8 may be neglected in our further considerations

here.
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The results of Table 1 give the average values: @CO = 1,09 * 0.09(2¢g)
and @H = 1,10 * 0.09. Clark has concluded from the results of his recent

study=® that ®CO = ®Hé = 1.0 at wavelengths near 3130 A employed here, but

the experimental error in his determinations is somewhat higher than that

of the present work. Although our estimates of @H and ®CO include unity
2

within the 20 error limits, the results of the CHy0-MegSiH experiments sug-
gest (See the next section.) that the true values are somewhat larger than
unity as our average estimates do indicate. Formation of the photolysis
products hydrogen and carbon monoxide in equal yields is consistent with
the occurrence of both reactions L4 and 5. However in view of the unim-
portance of reaction 7 and chain reactions for our conditions, values of
QHb and ®CO greater than unity suggest that reaction 5 as well as 4 must
occur to some extent. If @l + @2 = 1.0, as seems likely from other results
in this study, then from the measured values of @H = QCO = 1,10 and the

2
reaction sequence 1-5, we anticipate in theory that ¢, = O.lO(ku + k5)/k5.

Glicker and Stief*® assumed that reaction 5 was the only fate of HCO
radicals in their short wavelength CHs0 photolysis studies; i.e., l§5/(1«:LL +

k5) = 1l.0. If this were the case here, then our results would require
@l = 0,10 and ®2 = 0,90, This conclusion is inconsistent with the results

of all other studies of CH-0 photolysis at the 3130 } region where estimated
values of 2, = 0.01,% 0.17,% 0.48,%% 0.5,%5 0.2,1% 0.45,27 0.58 (at 3172 4)28
and 0,37 (at 3140 A),2° and it is not considered realistic. Only if our

actinometry were seriously in error and the actual @Hé and ®CO values were

much lower than we estimated could the hypothesis of Glicker and Stief lead
to consistent @2 values. It appears more likely to us that reaction 5 is

not the sole fate of HCO radicals as they suggested, and in view of Clark’s
results and conclusions,2® there must be some question as to whether reaction
5 occurs at all. In order to assess better the relative importance of
reactions 4 and 5 and to define well the magnitude of the primary quantum
yield sum, @l + @2, we have carried out CH»0O photolyses in the presence of

trimethylsilane.
Photolysis of Formaldehyde-Trimethylsilane Mixtures --

We reasoned that trimethylsilane would be an excellent trap for H-atoms
and HCO radicals through the reactions 9 and 10, and concelvably the occur-
rence of the usual reactions 3, 4, and 5 of pure formaldehyde photolysis
could be suppressed canpletely.

H + MesSiH - Hs + MesSi (9)
HCO + MesSiH = CHo0 + MegSi (10)
MesSi + CHoC = MegSiH + HCO (1)
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ZlesSi = [f258iSiMeg (_]_2)

However abstraction of H-atoms from CH-0 by MesSi radicals in reaction 1l

may occur to some extent since D(MesSi-H) = 89 + 4 [Ref. 47] while D(HCO-H)

=~ 86.3 = 1.5 kcal mole- [Refs. 28,29,31,37-40]. In Table20 the results

of CHz0-MesSiH photolyses are summarized. Note that with added trimethylsilane
the quantum yield of Hy is lowered from the value of 1.10 characteristic of

pure formaldehyde to unity within the experimental error [<I>H2 = 1.00 £ 0.08

(20)], even at the lowest concentration of the silane added here. This is

consistent with the occurrence of primary processes 1L and 2 with @l + @2 =

1.0, followed by reactions 9, 10, and 12 alone. Presumably the extent of
lowering of @H reflects the contribution of hydrogen formation from reaction
2

5 which cannot occur under these conditions. These results support the

"high'" values of QCO and @H found here in the pure CH;0 runs, and place
2

the quantum yield of H, formed by way of reaction 5 at about 0.10 for pure
formaldehyde photolyses under our conditions.

However not all of the results of the CH>0-MesSiH mixture photolyses
are explicable in terms of the simple mechanism outlined above. The @CO

data and the pressure changes observed in the data of Table 20 cannot be ex-
plained using reactions 1-5 and 9-12 alone. If only these reactions occur-

red in this system then one would expect QCO = @2 and ®H2 - QCO = @l; the

change in pressure (Ap) observed in the system should be given by Ap = PCO’

since no pressure change should result from the occurrence of reaction 1
followed by 9, 10, and 12, It can be seen that the measured Ap in column
5 of Table 20 is not equal to PCO in column 8; the observed pressure change

is always smaller than that anticipated from the occurrence of only reactions

1, 2, and 9-12. Furthermore the imbalance of Ap and PCO increases with

increasing trimethylsilane concentration. In rationalizing these results
additional reactions must be considered. The reaction sequence 1, 2, 9-12
together with the additional reactions 13-19 can qualitatively explain these
results:

MegSi + CHo0 == MesSiOCH- (13)
MeaSiOCH, + CH0 = MeaSiOCHs + HCO (14)
MesSiOCHs + MeaSiH ~ MesSiOCHz + MesSi (15)
MeaSi + HCO = MegSiH + CO (16)
MesSiOCH, + HCO 9= MegSiOCHs + CO (17)
2MezSiO0CH, = MegSiOCH,CH-0SiMegs (18)
MeaSi + MesSiOCHp 9= MesSiCHo0S8iMegs (19)
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TABLE 20, EXPERIMENTAL DATA FROM THE PHOTOLYSIS OF FORMALDEHYDE IN THE PRESENCE
OF TRIMETHYLSILANEZ

PCHZO' Torxr  Pme3SiH. Quanta abS;18 Ap, ngx 4, To§g PH2, Tog; Peor Togg ¢H2 2co ¢C0/¢H2
Initial Average Torr /cell x 10 x 10 x 10 x 10 x 10
1.033  1.010  0.504 0.91 29 98.5 55.1 39.8 1.02® 0.74® o.72
1.033  1.006  1.257 0.91 16 104.4 54.7 39.9 1.02® o0.75® 0.73
1.037  1.012  5.225 0.91 -22 94.5 54.4 40.1 1.01?  0.74% 0.73
3.252  3.175  0.487 2.71 85 282 154 139 0.96 0.87  0.91
3.205  3.137  1.143 2.43 21 247 135 95.2 0.95  0.67  0.70
3.228  3.148  1.249 2.69 57 283 159 122 1.01 0.77 0.76
3.234  3.165  4.730 2.33 0 245 139 94.1 1.0  0.69  0.69
3.033  2.958  7.266 2.42 50 263 151 113 1.06  0.79  0.75
3.187 3.006  B.668 2.57 - 267 166 105 1.07 0.68  0.63
3.187 3.058  28.5 2.50 - 260 151 109 1.03  0.74  0.72
8.263 8.239  4.275 3.59 33 356 199 173 0.94 0.82  0.87
8.292 8.241  4.422 3.59 -70 331 204 142 0.96  0.67  0.70

QExcitation at 3130 X, temperature 25°C. b

In experiments at 1 Torr pressure of CH,0, @HZ and ¢~y were estimated
relative to pure CHyO photolysis with &4, = ¢H2 = 1.10. SAp is the pressure change in the cell. dA is the
préssure of noncondensables. eExcept for results marked with an asterisk, all values are from direct determin-
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The occurrence of reaction 13 is in accord with the smaller pressure in-
creases, and the pressure decreases, which are observed in some of the ex-
periments 2t high silane concentrations. Reaction 13, the addition of

Mes3i radicals to CH50, is not unprecedented, although we had not anticipated
this happening. The addition reactions of silyl radicals to carbonyl com-
pounds have been observed previously;*® they seem to occur readily,
presumably as a result of the high oxygen affinity of the silyl radicals.

Consider the effect of trimethylsilane addition to CHz0 on the CO
formation in terms of this more complete mechanism. When MegSiH 1s added to
CHz0, reaction 9 takes over from reaction 3 as the main sink for H-atoms,
and 10 presumably may compete with the bimolecular HCO loss reactions 4 and
5. However since HCO radicals can still be formed in reactions 11 and lh,
this effect need not necessarily lead to a decrease in @CO. The results of

Table 20 show that the addition of even a small amount of MezSiH causes a
marked decrease in QCO’ and the ratio ®CO/®H approaches a constant value

=)
of about O.7. Since @Hé is practically constant at unity for these conditions,
this result taken alone appears to favor ®2 = 0,7. However an alternative
interpretation is possible, and indeed it is likely. 1In the presence of
MegSiH, CO is probably formed by reactions 2, 16, and 17 largely, since the
radical concentrations [MeaSi] and [MegSiOCHo] are probably much larger than
[HCO]. Hence reactions 4 and 5 are probably much less important. Thus for
these conditions the seemingly constant value of ®CO observed at high

[MesSiH] may be a consequence of reasonably constant rates of 1, 16, and 17
which are achieved for these conditions. In this case the data require that
®9 < QCO = 0.7. Obviously the mechanism of CO formation in the CH,0-MezSiH

system is very much more complex than we had anticipated, and we must resort
to other less complicated kinetic systems to estimate @2 accurately. The

isobutene-CHpO system seems to fulfill our needs.
Photolysis of Formaldehyde-Isobutene Mixtures--
The complete reaction sequence, in addition to reactions 1-5, which

we would expect to describe the product formation in the CH,O-isobutene
system is as follows:

H + is0-C4Hg > tert-Culg (20a.)
H + is0-C4llg > iso-CuHo (20b)
2C4Hg = C4Hyo + CaHg (21a)
2C4Ho & Cglis (21b)
HCO + CqHg 9 C4Hyo + CO (22a)
HCO + C4qHg = C4HoCHO (22b)
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C4Ho + CHz0 = CaHyo + HCO (23)
Cqllo + C4Hg > CgHyv (2k)
HCO + C4Hg <= C4HgCHO (25)
HCO + C4Hg = CO + CuHg (26)

The rate constant for H-atom addition to isobutene, Koy = (1.5 £ 0.5)

x 10° £ mole~tsec™® [Ref. 497, is about 50-times larger than that for H-atom
abstraction from CH,0 by H-atoms, reaction 3 [Ref. 44-46], so hydrogen
formed in reaction 3 should be suppressed essentially completely by the
addition of relatively small amounts of isobutene to CH,0. This expectation
is borne out by our experimental findings; see the data of Table 21. In
experiments with added isobutene at each pressure of formaldehyde employed,
the ®H2 is decreased to the same limiting value within the experimental

error, 0.32 * 0,03; we believe that these data provide our best estimate for

@2. In view of the results from the CH;0-MesSiH experiments, @l + @2 = 1.0,

and hence @l = 0,68 + 0,03, Using the estimate for @l and the relation

which one anticipates in theory for pure CH;0 photolysis with reactions 1-5,
kh/k5 = (@l - 0.10)/0.10, we find kh/k5 = 5,8, Although the accuracy of

this estimate is low, our results do suggest that reaction 5 does occur %o
a small extent in addition to the reaction 4.

A kinetic test of the mechanism of isobutene inhibition of Hy formation
in formaldehyde photolyses was made in experiments reported in Table 22.

The PnH o ¥as kept as high as possible without inducing significant poly-
“fo

merization, and the irradiation times were as short as possible to insure
that a wide range of ®H values could be covered by CyuHg additions without
2

the significant depletion of the isobutene concentration during the ir-
radiation time. These conditions were not met in the experiments of Table
21 at the lowest added isobutene pressures. Considering reactions 1 and 3
as the major sources of H. in the CH>0-C4Hg photolyses, we expect @H to be
given by the approximate relation II: 2

o Kol Catle]

- 1 = oo (1)

Hy, ~ 2
In Figure 46 is shown a plot of the quantum yield function of relation IT
versus the ratio [C4Hgl/[CHz0], taking @, = 0.683 and @, = 0.317, the

average of the nine values derived from the experiments at the highest
[C,Hg1/[CH20] ratios in Table 21 (marked with asterisks). A reasonably

good linear relationship between the variables can be seen. Thg least
squares treatment of the data glves kgo/kg = 43 & 4(20) and an intercept
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TABLE 21, EXPERIMENTAL DATA FROM THE PHOTOLYSIS OF FORMAIDEHYDE IN THE PRESLENCE
OF ISOBUTENE®
pCH2O' Torr PC4H8' Irradia- Quanta abfié 2Ap, A, Torgc P“Z' Togr Peoe Togr ®H2d dco ¢CO/QH d
Initial Average Torr tion time, cell x 10 Torr x 10 x 10 x 10 2
sec x 103
0.959 0.943 5.185 900 1.01 10 63.3 19.5 46.2 0.327* 0.775 2.37*
0.998 0.981 5.185 900 1.05 10 68.0 20.3 47.7 0.327* 0.768 2.35*%
3.193 3.156 0.067 600 2.16 108 171 80.0 90.5 0.629 0.711 1.13
3.198 3.139 0.067 600 2.15 95 157 73.0 83.8 0.577 0.662 1.15
3.191 3.137 0.214 200 3.22 78 218 79.6 138 0.420 0.729 1.74
3.194 3.139 0.207 900 3.22 102 200 79.6 143 0.419 0.751 1.79
3,203 3.152 0.517 200 3.23 56 203 66.3 140 0.348 0.733 2.11
3.207 3.150 0.506 200 3.23 70 205 64.8 140 0.340 0.735 2.16
3.176 3.127 1.004 900 3.21 64 198 64.8 133 0.343 0.702 2.05
3.194 3.144 1.004 900 3.22 - 199 62.4 137 0.328 0.718 2.19
3.186 3.151 3.537 300 2.43 41 141 40.9 100 0.286* 0.695 2.43*%
3.185 3.137 5.188 900 3.22 48 192 62.0 130 0.327* 0.685 2.10%*
3.217 3.171 5.211 900 3.20 44 186 56.0 130 0.297%* 0.690 2.32*
B.265 8.200 0.259 500 3.30 172 272 108 163 0.558 0.840 1.51
8.268 8.210 0.519 500 3.30 30 234 80.4 153 0.413 0.788 1.31
8.242 8.185 1.141 500 3.29 72 228 74.9 153 0.386 0.787 2.04
8,272 8.219 3.095 500 3.30 - 212 67.1 145 0.344 0.744 2.16
8.248 8.202 10.37 450 2.97 - 186 54.8 131 0.313%* 0.748 2.39*
8.228 8.176 10.37 500 3.29 52 207 62.5 144 0.322* 0.744 2,31%
12.12 12.04 1.145 600 4.44 - 312 107 205 0.415 0.796 1.92
12.10 12.02 2.408 600 4.68 - 308 101 207 0.366 0.756 2.05
12.09 11.85 10.10 600 4.36 - 219 85.4 206 0.325* 0.785 2.41*
11.83 11.76 30.25 600 4.49 - 291 86.3 208 0.326* 0.786 2.41%

o
3Excitation at 3130 A, temperature 25°C.

condensables.

bAp is the pressure change in the cell.

€A is the pressure of non-
Experiments marked with asterisks are the runs at the highest [C4HB]/[CH20] ratios which were
used to derive the best estimates of the primary quantum yield ¢, and the limiting ¢C0/¢H2 ratio.



TABLE 22. THE RATES OF H, FORMATION IN FORMAIDEHYDE PHOTO-
LYSES WITH SMALL AMOUNTS OF ADDED ISOBUTENE®

P Torxx P , Torx Irradiation P, , Torr @

CH20, C§H§o3 time, sec H2x 103 2
13.1 101 34.8 16.6 0.866
12.0 204 75 28.8 0.767
12.0 299 75 24.9 0.663
12.0 402 75 22.6 0.602
12.0 604 75 20.0 0.553
12.0 994 75 17.7 0.471

o)
3Excitation at 3130 A&, temperature 25°C,

1 l 1 ! 1 J |
0 2 4 ) 8
[C4Hg/[H,COl, x103

Figure 46. Plot of [@Ha - @,] - 1 versus
[CaH]fCH20]. & = 0.683 and ¢, = 0.317.
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near zero (-0.12 * 0.14), as anticipated from relation II. This kZO/k3

estimate is in reasonable accord with that calculated from the ratio of the
individual rate constants, k20/k3 = 54 + 15(10),%4*65%° and the result adds

some credence to the mechanism choice, and the selection of the limiting

@H at high butene pressures as equal to O, appears Jjustified.
2

Again in these C4Hg-CHoO mixture photolyses, as in the MeaSiH-CHo0
mixture studies, the mechanism of the HCO destruction reactions and CO
formation appear to be ill-defined. A consideration of the reactions other
than H-atom removal will illustrate the unresolved problems. The structurally
undesignated CqHg radicals shown in the reaction series should be largely
of the tert-butyl structure, since kEOa/kEOb =~ 20 [Ref. 49]. 1In view of the

relative magnitude of D(tert-CqHo-H) = 91 [Ref. 50] and D(HCO-H) = 86 kcal
mole~!, the occurrence of 23 cannot be ruled out as an additional source of
HCO radicals. Reactions 24 and 25 should be followed by H-atom transfer from
formaldehyde, or addition to isobutene, thus leading to possible chain
reactions; some of these may also generate HCO radicals., The pressure change
in this system suggests that there may be short chains involving C,Hg poly-
merization reactions such as 24. There is obviously no chain involving CO
formation. The reaction 26 has not been observed or considered previously
to our knowledge, yet its occurrence here seems to be another reasonable
source of CO., It is the analogue to the somewhat more exothermic, well
studied reactions of HCO with NO and Os: HCO + NO =< HNO + CO, AH = -28;
AH ¢ = -21 keal mole-1,

Note from the results in Table 21 that ®CO/®H climbs from a value of
>

1.0 for pure CH-0 to a seemingly constant value of about 2.3 at high iso-

butene concentrations, independent of the [CH»0]. Since ®CO is much larger

than the @2 we have estimated from the @H values at high [C4Hz], reaction
2

25 cannot be very important. It can be seen from the guantum yield data

that a decrease in QCO occurs significantly even at very low pressures of

added isobutene. We believe that this rapid onset of the attenuation of CO
reflects not only the decrease in reaction 3 as a source of HCO but the
suppression of the bimolecular reactions 4 and 5 which dominate CO formation
in the uninhibited CH-0 photolysis; the incomplete suppression points to
new sources of CO. If the tert-bubyl radical concentration is considerably
higher than that of the HCO radical, presumably through the significant
occurrence of reaction 26, the reaction 22a as well as 26 may become major
HCO loss steps. From the rate constants kEl = 9.3 x 10° [Ref, 51] and kh +

= 10 ; ~ % -
k5 2,2 x 10%° [Ref. 43], the approximate value of k,, = 2[k21(k4 + k5)] =

2.9 x 10%° g mole~lsec~l, can be estimated. From this it can be shown that
the [HCO]/[C4Hs] ratio must be lowered below 0.066, presumably through the
HCO radical removal reactions 25 and 26, before 90% of the HCO loss will
occur by reactions other than 4 and 5. It appears to be unrealistic to
assume that C4Hg addition and C4Hg radicals do not perturb the HCO radical
concentrations at all in the CHz;0 photolyses; thus if HCO were removed only
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in reactions 4 and 5 even in the presence of isobutene, we expect &

= 2(_]_ -

1

o) /1L + [/ Uy + kg)1) and @) = 2(1 - 0,))/([k)/(k, + k5)1}; using
measured values of @,, = 0.74 and ®, = 0 for the isobutene~CH,0 experiments

>
we would estimate @l = 0.84; @2 = 0,16, and kh/k5 = 1.6. These values are

untenable in terms of the other results reported previously and determined
by other methods in this work. We conclude that reactions 4 and 5 are
probably unimportant loss reactions for HCO radicals and CO formation in

the CHo0-C4Hg experiments, but the relative contribution of the reactions
222 and 26 to CO formation remains unclear.

Further confirmation of the conclusions concerning @l and @2 formulated

here can be had from the results of the CHx0-NO experiments described in the
next section.

Photolysis of Formaldehyde-Nitric Oxide Mixtures

As a further test of the ®. and &, estimates derived from the CHo0-CyHg
system experiments, CH-0 was photolyzea in the presence of nitric oxide;
these data are summarized in Table 23. Note that the addition of NO to CH50
results in an increase in QCO and a decrease in ®H2° Formation of N, was

also observed with yields which increased with NO concentration. No attempt
at the quantitative determination of this product was made. These ob-
servations are in line with the results of other photolytic studies of
Strausz end Gunning,'® Tadasa et al.,®* Harger and Lee,™ and Clark;Z°
however in the latter study an increase in ®CO was observed only for ex-

citation at 2991 A but not for the longer wavelengths.

In order to rationalize the major features of these results consider
the simple reaction scheme 26-28:

H + NO (+NO) == HNO (+NO) (26a)
H + NO (+CH:0) = HNO (+CH50) (26D)
HCO + NO == HNO + CO (27)
2HNO = H-0 + N2O (28)

Obviously this sequence is incomplete since it does not involve NO
formation which occurs in experiments at high N0.22»2% The results of Table
23 show that with the addition of the smallest amount of NO, ®CO reaches its

maximum value while OH, is only slightly reduced. This sugggsts that a?

low NO concentrations, the following reaction rate inequalities m?sﬁ ex1§t:
. i the measured values 0 +

R27 > RM + R5 and R3 > R26 Indeed, taking the n 5

[Ref. 43] and k27 = 5,2 x 10° £ mole~lsec™® [Ref. 53] it can be shown that

at the absorbed light intensities of the present work (1.1 x 108 guanta I
sec~l at 8 Torr of CH.0), practically all of the formyl radicals will react
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TABLE 23, EXPERTMENTAL DATA FROM THE PHOTOLYSIS OF FORMALDEHYDE IN THE PRESENCE

OF NITRIC OXIDE®

PCHZO' Torr Pyor Torx Irradiation Quanta abs./ Py Torr  Pggs Torr °H2 %co

cas time, sec cell x 10-18 X 103 X 103
Initial Average
1.007 0.987 20.1 1000 1.04 24.4 -—= 0.398 ———
3.131 3.038 5.89 1000 2.79 137 - 0.825 -——
3.220 3.127 5.86 1000 2.83 ———— 257 ————— 1.54
3.043 2.950 8.12 1000 2.67 107 -—= 0.663 ——
3.230 3.137 12.1 1000 3.02 79.5 -— 0.464 ——--
3.148 3.055 16.1 1000 2.97 ———— 225 meee- 1.28
3.139 3.046 20.6 1000 2,87 84.5 e 0.508 ———
3.061 2.968 38.1 1000 2.80 53.1 - 0.327 -—--
3.286 3.194 60.0 1000 3.00  smee- 219 ———— 1.24
8.075 7.969 0.405 600 3.37 177 —-—- 0.881 -—-
8.021 7.911 1.025 600 3.34 178 -—= 0.902 ———-
8.019 7.910 1.865 600 3.38 -———= 313 -——=- 1.57
8.010 7.899 1.919 600 3.37 173 -—= 0.863 ————
8.079 7.969 3.034 600 3.32 153 ~—= 0.780 ———-
8.023 7.913 4.610 600 3.29 151 - 0.778 ———
8.018 7.908 6.418 600 3.32 144 —-—- 0.736 ———-
8.031 7.926 6.398 600 3.32 mmem- 295 -———- 1.51
8.048 7.938 15.2 600 3.27 107 --= 0.550 -
8.055 7.946 15.3 600 3.18  -mee- 284 ———— 1.51
8.001 7.891 27.6 600 3.25 90.9 -—= 0.474 ———-
8.021 7.912 32.6 600 .17 mmem- 262 ————— 1.40
8.39%6 8.286 70.0 600 3.14 61.3 - 0.331 -
8.060 7.948 103 600 3.30 70.3 --- 0.361 ———-

)
Apxcitation at 3130 A, temperature 25°C.



with NO in experiments with PCHEO = 8 and PNO = 0.5 Torr. The extent of the

H-atom removal reactions 26a and 26b ig more difficult to assess since
values for k26 with M = CHx0 and NO are not known. However k

_ 26c T 2:2 X
10%° £Pmole~Zsec~t [Refs. 53,54] with 1 atm of Ho:

H + NO (+Hp) < HNO (+Hs) (26c)

Assuming k26b < lOk26c’ it can be shown that @Hé will be reduced by less

than 14% for experiments at CH:0 and NO pressures as before. Thus the NO-
CHz0 experiments provide a unique system in that NO quenches the HCO radicals

efficiently but affects the H-atoms very little in experiments at low NO and
total gas pressures,

According to the reaction scheme outlined above, at high NO concen-
trations all of the H atoms will be scavenged and the ¢ will be reduced

to @2. As expected the lowest values of @Hé of 0.327 agi 0.331 at formalde-
hyde pressures of 3 and 8 Torr, respectively, are very close to @2
determined in the CHp0-C,Hg system, @2 = 0.32 £ 0,03, At a formaldehyde
pressure of 1 Torr, @Hé is reduced by the addition of 20 Torr of NO, but

only to a value of 0.398; this probably reflects the difference in the rate
constants, k26b > k26a’ and the less efficient quenching of H-atoms for the

low pressure conditions. The average of the two determinations at 8 and 3

Torr of CHpO and at the highest added NO pressures gives &, = 0.34%. This

2 [-]

compares well with QH = 0.31 reported by Clark from experiments at 3172 A

2

= - 28
= 10 and PNO = 50 Torr.

as

using PCH 0
o

In terms of the mechanism 1-3 and 26-28 outlined above, the relation III

should describe @l in experiments at low NO concentrations:

- = 11T

®CO ®H2 ®l ( )
This expectation appears to be qualitatively correct; using it we estimate
¢ = 0.724 (3 Torr CHz0) and 0.717 (8 Torr CH-0); this should be compared

with ®l = 0,68 from the isobutene experiments. However, it can be seen fram
an inspection of the data at both 3 and 8 Torr of CHzO that ®CO - @Hé in-

creases as NO increases. A similar observation was made by ¢lark.®® There
are several possible explanations of these results. First, @l could change

as the result of a perturbation of the distribution betweeun the precursors
of molecules and radical products. Houston and Mbgre22 have observed that
addition of NO to formaldehyde photolyzed at 3055 A increased the rate of
formation of vibrationally excited CO (v = 1). They rationalized this
effect assuming that collisions with NO enhanced the molecular mode of
formaldehyde decomposition. Following this line of argument we would expect

¢CO - ®H to decrease with increasing NO concentration; however the reverse
2
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effect 1s observed. Careful examination of the assumptions made in the
derivation of expression III points to an alternative explanation for this

effect., The equallity between QCO - ®H and @l is based upon the simple
2

reaction scheme which requires that for each H-atom lost through the reaction
26, a formyl radical and therefore a molecule of CO will not form. It is
possible that this assumption does not hold at high NO concentrations.

Under these conditions both N; and NO, are formed, and the simple reaction
gzheme used in the derivation of expression III cannot account for this.
Conceivably one of the intermediates involved in the reaction sequence

that leads to the N, and NO, might be a free radical that abstracts hydrogen

from formaldehyde. In this case a decrease in ®H would not be accompanied
2
by a concurrent decrease in QCO'
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THE WAVELENGTH DEPENDENCE OF THE QUANTUM EFFICIENCIES OF THE PRIMARY PROCESSES
IN CH-O PHOTOLYSIS AT 25°C

Introduction

The absorption of solar radiation by formaldehyde vapor present in the
polluted atmosphere results in its photodissociation by the primary processes
(1) and (2):

CH0 + hv = H + HCO (1)

CH-0 + hv < Hs + CO (2)

The H and HCO radicals formed in (1) react with oxygen in the alr to generate
HOo and HCOO, radicals:

H+05 +M o HOs + M (3)
HCO + Os + M = HCOO> + M (4)
HCO + Op = HOs + CO (5)

Thus CHo0 vhotolysis in the atmosphere may be a significant source of the
hydroperoxy and peroxyformyl radicalss; both radicals may be of significance

in photochemical smog formation and in other atmospheric reactions.t™7

Previous estimates of the rates of processes (1) and (2) in the lower atmo-
sphere®~€ were based upon the primary gquantum yield versus wavelength data

of McQuigg and Calvert’ which were determined by a very indirect and necessarily
imprecise method. The wavelength dependence of @l and @2 has been estimated

in several studies.which have extended cver nearly a forty year period.? 15
In many of these studies CH-0 photolyses were made with added radical

scavengers (alkenes, NO, Ip) and the limiting values of @H and. QCO at high
2

scavenger concentrations were used to derive estimates of @l and. @2. However

the pﬁblished estimates of these quantities are so widely divergent that

trends in @l with A are not well defined; see Figure k47, However if one

examines the trend of ¢, with A within each set of the several recent results

1
(Calvert and McQuigg,’ triangles; Lewis, et al.,2® closed cireles; Clark,l*
closed squares), it is clear that the value of @l increases with decreasing

wavelength of the absorbed light. However the large divergence between @l

estimates of the different groups points to the critical need for a further
accurate definition of the @l values as a function of A.

The wavelength dependence of @l can in principle be used to es:ablish

the wavelength of the onset of the process (1). If the dissociation
originates from the vibrationally excited ground state of the CH,0 molecule,
as seems likely, then the threshold wavelength may be related to the bond
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Figure 47. The previously published estimates of the primary quantum yield
of the free radical~forming process (1) in CHoO photolysis: CH,0 + hv

H + HCO (1); data are from the following studies: Gorin,® open circles;
DeGraff and Calvert,*® open diamonds; McQuigg and Calvert,7 open triangles;
Sperling and Toby,** closed diamonds; Lewis, Tang, and Lee,'® closed circles;
Clark,t* closed squares.
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dissociation energy, D(H-CHO). Recent studiesl®»1%515 suggest strongly that
the threshold for photodissociation of CHoO is near 3400 A; the energy at
this wavelength (8L kcal mole~l) is in reasonable agreement with the D(H-CHO)
estimates based upon kineticl® and photoionization experiments.t? On the
other hand results of several earlier studies?»2>11,1% indicated that the
free radical process (1) in CH-0 photolysis can occur at wavelengths con-
siderably longer than 3400 A. A new unambiguous determination of the
threshold wavelength for (1) is required to settle this issue.

In a recent study of the 3130 A photolysis of CHo0 at 25°C, we have
found that @l and @2 can be determined relatively simply using isobutene ag

an H-atom scavenger.l'® We have applied this technique in the present study

to provide seemingly reliable new estimates of @l and @2 at selected

wavelengths from 2890 to 3380 A. It has been possible to derive a new
estimate of D(H-CHO) from these data. Also we have used them to estimate
the rate of H and HCO generation from CH50 photolysis in the lower atmosphere.

Experimental

The experimental setup and the method of gas chromatographic analysis
were the same as that used in the previous work.l® In order to isolate. the
different wavelengths from the high pressure mercury arc (Osram HBO 500W),
we used a high intensity grating monochromator (Schoeffel GM 250). This
had a grating with 2365 grooves mm~1 that gave reciprocal linear dispersion of
of 16.5 A per 1 mm slitwidth. The monochromator was calibrated with the
3132 and 3342 R lines of the mercury arc with the monochromator set at 0.25
mm (hbw, 4.1 ﬁ). The amount of scattered light at wavelengths longer than
3380 & did not exceed 0.2%, and in most cases, it was considerably smaller
as determined by introducing a WG-385 filter (cut off, ~ 3650 R) between
the monochromator and the photodiode (RCA 935) placed at the back of the
cell.

For the non-monochromatic source employed here, the "effective"
excitation band is determined by the wavelength distribution of the absorbed
light; this is controlled by the emission spectrum of the source on which
a near Gaussian intensity distribution is superimposed by the slit of the
monochromator, and by the absorption spectrum of CH>0. Taking these factors
into account we have calculated the effective bands for the different
monochromator settings used in this work. In general for the 33 A hbw
experiments, about 90% of the absorbed light fell within the Neps £ 33 A

range; we define the "effective" wavelength here as that wavelength at which
the absorbed light intensity versus wavelength plot could be divided into
two parts of equal area. As a result of the presence of strong mercury
lines at 2968, 3023, 3132, and 3342 A and the fine structure of the CH-0
absorption spectrum, some of the band profiles obtained for the 50 and 66 A
hbw experiments showed long, and at times, intense taills that extended well
beyond the Ay * hbw region. However even in these cases xeff was probably

not displaced greatly from A, as indicated by the agreement between the
experimental results at the same A but with different hbw values.
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Azomethane was used for actinometry taking @N = 1,00.

2
order to ensure an accurate determination of the quantum yields, each run

with added isobutene was preceded by a run with pure CH,O at the pressure
employed inothe CHpO-isobutene photolyces. In all experiments the temperature
was near 257°C, and the PCHQO was 10 Torr. Polymerization of the CHoO was

In addition, in

negligible for these conditions. The conversion of CH,O into CO and Hn did
not exceed 2% in any experiment.

Results

The photolysis of CHs0 mixtures with isobutene was studied over the
wavelength range from 2890 to 3380 A, and the results of these experiments
are summarized in Table 24. At 3380 A the addition of either 1 Torr of 0o
or 25 Torr of NO to 10 Torr of CH,0, did not have any significant effect of
®H2° In addition the effect of COs addition on hydrogen formation was

examined both in the absence and presence of isobutene. The results of these
experiments are given in Table 25.

Discussion

The Wavelength Dependence of the Quantum Yields of the Primary Photodis-
sociation Processes in Formaldehyde --

Previous studies have shown that the photolysis of pure formaldehyde at
250C results in the formation of hydrogen and carbon monoxide via reactions

(1), (2), (6)-(8):

CHoO + hv  H +-HCO o (1)
CHo0 + hv = Hs + CO (2)
H + CH,0 == H, + HCO (6)
2HCO - HoCO + CO - (7)
2HCO =~ Hs + 2C0 (8)

In our previous CH50 study at 3130 A and 25°c,19 we found that isobutene
was an effective scavenger for H-atoms, and when sufficient isobutene was
added, @H was reduced to a value which corresponded to @2 through the

2

occurrence of reaction (9):
H + is0~C4Hg & CqHo (9)

In view of the simplicity of this system, we have adopted the same approach

to @l and @2 determination in the present study. The absolute value of

®H was debermined in experiments with pure CHZO0 at 259C and at several
=

wavelengths over the range important for the lower atmosphere ?hotochemistry
of CH,0: 2930, 3130, 3150, 3335, and 3380 A, With the exception of thg
runs at 3130 A and 3380 A, the data confirm the view that Ehe quantum yield
of the product Hs is unity within the experimental error.t* The results
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TABLE 24. THE EFFECT CF ISOBUTENE ON HYJgROGEN FORMATION
IN THE PHOTOLYSIS OF FORMALDEHYDE AT 25°C AND WITH EX-
CITATION AT 2890 TO 33804

Wavelength (\g¢p)®, & hbw, A o, ° o, /0,
2890 66 _—— 0.313
2894 (2894) 33 — 0.303
2930 66 1.02 0.275
2970 (2975) 41 ——— 0.278
3030 (3032) 33 ———- 0.255
3130 (3137) 33 1.12 0.280
3150 33 .06 =mee-
3175 50 - 0.322
3195 (3180) 33 ——— 0.457
3230 41 ——— 0.491
3250 50 1.01 0.549
3270 (3271) 33 ———— 0.571
3300 (3297) 33 ——— 0.677
3300 50 — 0.660
3335 33 1.0 0.792
3340 (3338) 17 —— 0.889
3360 66 —— 0.946
3380 (3385) 33 ——— 1.03
3380 66 0.75 1.03

31scbutene is present in all experiments at 10-14 Torr. Brhe effective
wavelength given here is that A which divides the absorbed light intensity
versus wavelength plot into two parts of equal area. “No isobutene present;
PcH,0 = 10 Torr. dRai:io of quantum yields of H; in CH,0 (10 Torr)-isobutene
{10-14 Torr) mixtures to that for Hz in pure CH,0 (10 Torr).
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TABIE 25. THE EFFECT OF CO- ON HYDROGEN FORMATION IN THE PHOTOLYSIS OF
FORMAIDEHYDE AT 25°¢®

Wavelength, A  (hbw) Piso-C4H3' Torr Pco,s Torr ¢H2/®§2b
2890 (66) 10 0 0.313
2890 (66) 10 250 0.31°
2930 (66) 10 0 0.275
2930 (66) 10 350 0.280
3130 (33) o 400 0.996
3300 (50) 0 305 0.905
3300 (50) 14 0 0.660
3300 (50) 14 315 0.58%
3300 (50} 14 320 0.546
3360 (66) 0 295 0.761
3380 (66) 0 154 0.910
3380 (66) 0 200 0.810
3380 (66) 0] 276 0.757
3380 (66) o 330 0.606

aPCHzo = 10 Torr in each run. bThe quantum yield ratio is @Hz from the
run at the added CO, pressure shown to that for pure CH,0 photolysis

at this wavelength and PCHzO = 10 Torr.
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from trne experiment at 3130 A and those which we reported previously for this
waivslength region,19 give estimates of ¢y, somewhat higher than unity. This
was interpreted in our previous work as suggesting the occurrence of reaction
(8) with k /k8 ~ 5.8. In view of the present results at the four other

short wavelengths studied, we now feel that it is likely that @HZ = 1.0

over the entire range from 3335 to 2890 A. Thus as Clark has suggested,t*
reactions (6) and (7) are probably the dominant fates of the H and HCO
radicals in pure CH,0O photolysis at 25°C. We have estimated previously that
ko/k6 = 43, so that in our present experiments employing Poyo = 10 Torr,

> 2

and Po g . ™ 10-14 Torr, about 98% of the hydrogen atoms formed in (1) will

4410

be scavenged by isobutene. Thus the primary quantum yield (@l) of the free
radical process (1) can be estimated reliably from our results using the
relation (10):

i
@Hg Pczigo
o =0°% | L - — 1L+ — (10)
1 H 80 43P
Hp Cqlls

Here @; and @% are the quantum yields of H, in pure formaldehyde photolyses
2 2

and in CH>0-1lsobutene mixture photolyses, respectively. The @l values

estimated in this fashion are given in Table 26.

Inspection of the results of Table 26 shows that the onset of
formaldehyde photodissociation in primary process (1) is at 3370 + 10 A.
This corresponds to an H=CHO bond dissociation energy of 84.8 + 0.3 kecal
mole~l, in reasonable accord with the other recent estimates of the photo-
dissociation 1limit: %D > 3300 &, D(H-CHO) €87 kcal mole™L [Ref. 127, and

Ap =3392 A, D(H-CHO) = 84 kcal mole=! [Ref. l4]. The limit which was
estimated for CHDO dissociation is Ay = 3250 * 50 A, D(H-CDO) = 88 = 1.4

keal mole™t [Ref. 15]. Our present estimate of D(H-CHO) is somewhat lower
than, but in accord with the kinetic estimate of D(H-CHO) = 87 % 1 kcal
mole~t [Ref. 16] and the photoionization value of D(H-CHO) = 88.0 % 1.6
kcal mole™! [Ref. 177.

Our data show that for CH;0 photolyses from 3380 to 3130 A, @l in-

creases rapidly until it levels off at about 3130 A. The general features
of the A dependence of ®l are in agreement with the observations made in

recent studies of Lewis, et al.,*® Marling,® and Clarkl? using very dif-
ferent methods. The results of these studies are also given in Table IIT
for comparison. In the case of the study by Marling, CHDO photolyses were
made, and the relative yields of Hy, Do, and HD were measured in photolyses
using eilther monochromatic laser radiation or a high pressure mercury arc-
monochromator combination with a hbw of 30 A. In this system Ho and Do
could be formed only in free radical reactions following (1), while HD
could be generated from both the molecular and free radical decomposition
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TARBLE 26. THE WAVELENGTH DEPENDENCE OF THE PRIMARY QUANTUM
EFFICIENCY OF THE PHOTODECOMPOSITION OF FORMAIDEHYDE INTO H
AND HCO (®q)

°
A, A

Quantum yield of primary process (1), 4y
This work Marling [15]2 Lewis, et al.{12]% Clark [141P
Original Normalized Low NO High NO

2840 0.27 0.57

2882 0.34 0.72

2890 0.701

2894 0.711

2930 0.740

2934 0.26 0.55

2970 0.737

2982 0.33 0.70

2991 0.48 0.70
3030 0.760

3035 0.36 0.76

3040 0.760

3050 0.26 0.55

3088 0.32 0.68

3130 0.735

3140 0.760 0.37 0.78

3166 0.33 0.70

3172 o 0.42 0.69
3175 0.692

3180 0.636

3195 0.554

3210 0.27 0.57

3230 0.519

3250 0.460 0.456

3260 0.442 0.22 0.46

3264 0.42 0.48
3270 0.438

3296 0.15 0.32

3298 0.31 0.38
3300 0.330

3310 0.097

3324 0.097

3335 0.212

3340 0.113

3360 0.048

3378 0.111

3380 0.00
3392 -0.03 0.01

@Normalized at 3040 3 to give ¢; = 0.76. bExperiments with low NO, assuming %cq
- @Hz = ¢y as in the original work; experiments with high NO, assuming ¢H2 = ¢,
°

a
and taking ¢; + ¢2 = 1 for A % 3300 A and ¢; + ¢2 = 0.75 at 3392 A.
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modes of CHDU. Accordingly the lower limit of ¢, should be given by the

fraction (Ho + Dz)/(Hs + Do + HD), provided that ¢, + ®, = L. Furthermore

as Marling noted, this ratio should be proportional to ®l values. We may

use our data to determine the proportionality factor. At short wavelengths
the difference between &, in CH-O and CHDO should be small, so we have

1
assigned our experimental value of @, = 0.76 at 3030 A to his ratio of 0.55
measured at 3040 R. The @l versus A results of Marling normalized in this
fashion check reasonably well with those which we have estimated in this
work. Compare the @l values so derived from the Marling data (squares) with

ours (closed circles) in Figure48. In view of the isotopic difference
between the CHz0 and CHDO molecules, we would not expect a more exact cor-
respondence between the two sets of data.

Our results may be compared as well with those of Clark®# who employed
a tunable laser to photolyze CHs0 with NO added as a HCO~radical and H-atom

scavenger. He estimated @Hé and ®CO in experiments with both large and

small amounts of added NO. In the runs at low added NO, Clark assumed that

@l = QCO - ®Hé' However in his experiments with 3392 R excitation and with

large amounts of added NO, @Hé decreased to a value significantly below the
value of @2 expected from the relation @2 =1 - @l and his ®l estimate
obtained in experiments with small amounts of added NO. This effect was
attributed to the enhanced CH-0 decomposition by (1) when large NO amounts
were present. However, our results are not in accord with this interpreta~
tion. Our photodissociation limit of 3370 + 10 A obtained with the added
isobutene experiments, suggests that there is an energy deficiency for
CHoO0 == H + HCO in experiments with excitation wavelengths as long as 3392 R,
s0 collisional perturbations should not enhance the dissociation. Further-
more, we find no significant reduction of @ with NO addition and with

CHo0 excitation at 3380 A; the quantum yleld of Ho (0.75) in the absence of
NO is lowered only slightly (@H = 0.73) by the addition of 25 Torr of NO.
>

Therefore it seems more likely to us that Clark’s @H values at high [NO]
2

are more appropriate estimates of @, than those derived from the low [NO]

2

data. Indeed, the @l values estimated from Clark s results with this assump-

tion are in excellent agreement with those reported in this work; see Table
26 and the plot in Figure 48 (open circles).

Lewis, Tang, and Lee™® photolyzed CHp0-NO mixtures at low pressures
using a tunable laser (~1 A hbw). In a very unique experiment they
measured the intensity of the chemiluminescence from the excited HNO molecules
formed in the reaction, H + NO - HNO , following process (l). Their method
gave relative values of ®l which were then converted to absolute values

taking @l = 0.36 at 3035 K. The reference value was obtained in another set
of experiments in which the low pressure photolysis of CH,0-l-butene
mixtures was studied. The vibrationally-rich C4Hg radicals, which resulted
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Figure 48, The wavelength dependence of the primary
quantum yield @l of the free radical-forming process

(1) in CH.0 photolysis: CHoO + hv == H + HCO (1);
estimates shown are from experiments at room temp-

erature: .
and Lee,t® triangles (@l reference at 3065 A was ad-

this work, closed circles; Lewis, Tang,

justed to our estimates); Marling,t® squares (from
Hz, Dz, HD product ratio data from CHDO photolyses
normalized to our value of & = 0.76 at 3030 Aj

Clark,* open circles (estimates derived from the
hich NO experiments).
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from H-atom capture by l-butene following process (1), were monitored through
their fragmentation to CsHg ( and CHz) [Ref. 20]. It can be seen in Table
II1 that the trend in our results parallels that observed by Lewis, et al.,®
but our absolute values are significantly higher than those of Lewis, et al.,
at each wavelength. The origin of the difference appears to be related to
the choice of @ value by Lewls et al., for the standard at 3035 A. Since

the details of the CHpO-l-butene study have not yet appeared, it is dif-
ficult to judge the wisdom of their choice. If we accept our estimate of
@ at 3030 & as the standard to adjust the relative @ data of Lewis, et al.,

at 3035 A, then our data and those of ILewis, et al., agree well over a wide
range of wavelengths; in Figure 48 compare our data (closed circles) with
those of ILewis, et al. (triangles). Thus the seemingly logical adjustments
of the data outlined here lead to a set of self consistent estimates of

@l and its variation with A. The data from our study and all of the recent

studies carried out at room temperature,t2:1%:15 define the same ®. versus A

1
function within the experimental error of the determinations; see Figure 48
All the data support the conclusion that there is a muchomore raplid initial
rise in @l with decreasing A for excitations below 3400 A than had been

suggested from previous studies using less definitive methods of @l de=~

termination.’~*! Furthermore the plateau in @, values which occurs well
below unity, appears to be well documented fram all of the recent results.
For excitation at wavelengths less than 3100 A the decomposition of the
excited formaldehyde by processes (1) and (2) appears to occur in a nearly
constant ratio of about 3/1, independent of the excitation energy.

The absence of a CO, effect on &, in the photolysis of CHs0-isobutene

Hz
mixtures at 2890 and 2930 & (see Table 25.), indicates that the theoretically
possible formation of "hot" hydrogen atoms that cannot be gquenched by iso-
butene is unimportant in this system. If this were the case then the ad-
dition of the large amount of CO, to the CH;0-C4Hg mixture photolysis should

have resulted in a decrease in @H Tor these conditions; no such effect is
2

seen experimentally.

A further test of the mechanism of CH,0 photolysis at 3380 R was made
in this work. We observed in another recent study of CH;0-02 mixture photo-
lyses at 3130 R that Ho is formed in an unexpected, long-chain process which
appears to be initiated by HO-> radical interactions with CH:0. Quantum

yields as high as o = 6 were observed in these experiments at 25°C.21
Ho

In the present study we added 1 Torr of Op to CHpO (10 Torr) in photolyses

at 3380 A and observed no increase in @H which characterized the H-atom
2

chain in the experiments at 3130 A. This confirms our conclusion based upon
the CHp0-C4Hg and CH>0-NO photolyses that there is very little, if any,
dissociation of CHoO into free radicals when it is excited at 3380 A.

The Effect of CO, Addition on the Photodissociation of Formaldehyde --
If one is to extrapolate our findings regarding @, and 9, variation with
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N\ to estimate the rates of processes (1) and (2) in the lower atmosphere,
then the possibility of quenching of the excited CH»0 molecules by air at

1 atm must be evaluated. AlL present evidence suggests that decomposition
in processes (1) and (2) proceeds via a highly vibrationally excited ground
state molecule;®2 hence relaxation of the excited molecule before decomposi-
tion is a real possibility at pressures of the lower atmosphere. The ad-
dition of a representative atmospheric gas such as nitrogen in these ex-
periments was precluded by the analytical methods which we employed, so COs
gas was added to determine the possible significance of the relaxation -
processes. CO is somewhat more efficient than the diatomic gases N, and 0o
in energy relaxation processes; thus it is 2.4-times more efficient than

0> and N> in the relaxation of excited singlet 802 [Ref. 23]. Thus about
300 Torr of CO-, should provide roughly the equivalent relaxation medium for
CHz0 as 1 atm of air. Our results from experiments with CH-.O and CH,0-
isobutene mixture photolyses with added CO, are summarized in Table 25. It
can be seen that in experiments at 2890, 2930, and 3130 &, there is no sig-
nificant lowering of the @Hé with COr additions of up to 40O Torr. Thus

we can conclude that the quantum efficiencies of primary processes (1) and
(2) are not sensitive to added CO, gas pressures equivalent to 1 atm of air
for CHo0 excitations at 3130 A or shorter wavelengths. However the data

from experiments with excitation at 3300 A show a small guenching of hydrogen
with COs addition. The @H value estimated in CH,O-isobutene mixtures in the

absence of COs, is 0.660; tiis is lowered somewhat (@Hé = 0.582, PCO2 = 315;
0.546, P002 = 320 Torr) in runs with added COs.. It is important to establish
whether any concurrent reduction in @l occurred for these experiments. We
can attempt this comparing the data from the pure CH>O and CH-0-COs runs at

3300 A. The @Hé values from these two runs show that @l + @2 is lowered

from 1.0 to 0.905 on adding 305 Torr of CO,. From the experiments with
added isobutene and COo-isobutene we would expect a lowering by a fraction
of (0.564 * 0.018)/0.660 = 0.85 * 0.03 if both &, and @, were quenched

equally by CO- addition; the lowering of @Hé to 0.34 + (0.564 + 0,018) =
0,904 * 0,018 would occur if only @2 were affected significantly by CO2

addition. Obviously the experimental value observed here, 0.905, suggests
that the latter alternative is correct. Although the accuracy of our data
does not allow a firm conclusion, the present data suggest that the effect
of added CO> on @Hé in CH-0 photolyses at 3300 A is largely on the quenching

of primary process (2); . appears to be affected very little, if any, by
the addition of 320 Torr of added COs, at %east for the vibronic bands of
CH-0 populated by CHo0 excitation at 3300 A.

A much more pronounced quenching of ®H2 by added CO> was observed in

experiments at 3380 R. Here the quantum yield of hydrogen formatiog is well
below unity even in the absence of added COz <®Hé = 0.75). The ratio of

this @H to that observed with added CO> decreased regularly from 0.91 to
2 . -
0.61 as 154 to 330 Torr of CO- was added. Our observations here are in accord

173



with the effects of added COs on CH-0 gquantum ylelds observed by Sperling
and Tobyll in their experiments at 3130 and 3340 & and 160°C. Our quenching
data do not fit well a simple one excited state quenching mechanism of the
Stern-Volmer type. It seems likely to us that a multistep mechanism of
deactivation of the vibrationally excited CH,0 must be operative with dis-
sociation rates which increase markedly with increasing vibrational
excitation of the CHoO. Only the molecular primary process occurs at 3380 A,
and it is apparent from these data that the efficiency of fragmentation by
this mode can be lowered significantly at the pressures of the lower atmosphere
for excitation of CH»0 at wavelengths longer than 3380 A.
Estimation of the Rate of Formaldehyde Photoly81s in the Lower Atmosyphere--
We may use the primary quantum yield data derived in this study together
with the CHoO extinction data of McQuigg and Calvert’ and the recent actinic
irradiance data of Peterson,2 to derive new estimates of kl, the apparent

first order rate constant for the sunlight-initiated, free radical-forming
primary process (1) for CH-O in the lower atmosphere. The standard
procedures outlined by Leighton®S were applied in our calculations;

the € and @l values were averaged over wavelength intervals of 50 A. No

correction was necessary for the quenching of the 1 atm of air on the primary
quantum yields of process (1), since quenching of @H became important in
2

the experiments with added COs only at the wavelengths were @, was unimportant.

1
The kl values s0 derived are summarized in Table 27 for typical conditions

near ground level and at various solar zenith angles. These estimates were
made using Peterson’s data calculated assuming no reflection from the earth’s
surface. They should be increased by the factor 1 + a where a is the
fraction of the solar ultraviolet light (2900-3700 A) which is reflected
from the surface of the earth at the point of interest.

Because of the strong dependence of @2 on the presence of added gas

for CHpO excited at the longer wavelengths (A > 3360 A), and the undetermined
efficiency of N and Op on this process, no attempt was made to estimate

rate constants for the photodecomposition of CH,0 in sunlight which occurs

by process (2). We did estimate the rate constant for light absorption by
CH>0 in lower atmosphere (ka)’ and these data are also presented in Table 27.

This constant can be used as an upper limit to the apparent first order rate
constant for the total rate of CH,O photodecomposition by processes (1) and
(2) in sunlight. Because of the stated uncertainties in the extent of air

quenching of process (2) in CH,0 excited at the long wavelengths, k2 < ka -

kl. The present estimates of kl and k are shown graphically in Figure 49

for various solar zenith angles. These estimates are, on the average, about

15% lower than those derived by our group previously from less accurate @l

and solar irradiance data.Z»25

It is clear that H-atoms formed in process (1) will react almost ex-
clusively in the lower atmosphere to form HO, radicals in reaction (3). The
fraction of the HCO radicals which will react by the two paths (4) and (5)
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TABIE 27. ESTIMATED APPARENT FIRST ORDER RATE CONSTANTS FOR SUNLIGHT AB-
SORPTION BY CH-0 (kg) AND FOR PHOTODECOMPOSITION BY REACTION (1), CHz0 + hv
H + HCO (1), IN SUNLIGHT IN THE LOWER ATMOSPHERE (kq)®

Solar Zenith 0 10 20 30 40 50 60 70 78 86
Angle, deg
f- b
ka, min~!1 x 103 7.74 7.62 7.38 6.90 6.18 5.14 3.80 2.19 0.96 0.21
Ky, min~1 x 103 2.31 2.22 2.17 1.98 1.71 1.35 0.92 0.46 0.17 0.028

The actinic irradiance was taken from the estimates of Peterson {24] for conditions of zero ground
reflectivity. bThese values represent an upper limit to the specific rates of the total decomposition
of formaldehyde by both primary processes (1) and (2); uncertainties in the extent of the collisional

quenching of excited CH,0 at the wavelengths greater than 3350 A where only reaction (2} is important,

require ko £ Kk, - Ky
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Kk, min‘,1 ><1O3

o 20 40 60 80

Solar zenith angle, degree

Figure 49. Variation with solar zenith angle of the
apparent first order rate constants for sunlight
absorption by CHz0 (ka) and the decomposition of

CH-0 by primary process (1): CH,0 + hv == H + HCO
(1); values shown are estimated for the lower
atmosphere employing Peterson‘s actinic irradiance
estimates,®* assuming no reflection from the earth’s
surface.
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in the lower atmosphere is unclear at present. The recent observations of
Osif and Heicklen®® suggest that RL}/R5 =5 in air at 1 atm pressure, while

Niki, et al., suggest that RA/R5 > O for these conditions. However our

recent studies of the CHx0-~0- system have disclosed some hitherto unforseen
complications in the mechanism of the formic acid and CO formation in the
irradiated CHo0~0, system, and it appears that this rate ratio may be much
lower than the other recent studies suggest. PFurther work is now underway

in our laboratory to derive this important rate constant ratio for atmo-
spheric conditions.
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EiD UIUEUAL Ho-FORMING REACTION IN THE 31304 PHOTOLYSIS OF CHo0-O» MIXTURES
AT 25°C.

Introduction

The chemistry and photochemistry of the formaldehyde-oxygen system have
been studied extensively for a number of years.l”1® The importance of CH50
oxidation in hydrocarbon combustion and the potentially important role of
CH-0 photooxidation in the chemistry of the atmosphere have helped to renew
the interest in this system in recent years. However several important
aspects of the photochemistry of the CH-0-0- system remain unexplained: the
detailed mechanism of formic acid formation;1#»1® hydrogen formation in
quantum yields that apparently exceed unity;® and the detrimental effect of
oxygen addition to HDCO on the isotope enrichment of the products of the
laser photolysis of HDCO.18,1%

It is well established that pure CH-O vapor photoexcited within its
first electronic absorption band (2400-3800 A) decomposes by way of the
primary processes (1) and (2), and CO and H, products are formed ultimately
in about equal amounts through the reactions (3), (4), and (5) in experi=-
ments near 25°C:

CHo0 + hv == H + HCO (1)
CHoO + hv - Hso + CO (2)
E + CHo0 = H, + HCO (3)
PHCO = Hp + 2C0 (&)
2HCO ¥ CO + CHs0 (5)

0> addition to CH,0 leads to several additional products since O, will
scavenge H-atoms and HCO radicals®®722 rather effectively. Indeed, in ad-
dition to Hy and CO products of CH,0-0p photolyses, the formation of formic
acid, CO-, and H-0 have been observed, and the possible products, peroxyformic
acid*®,>15 and Hy0» [Ref. 2] have been inferred from indirect methods of
analysis. Recent results of Niki, et al.l® suggest strongly that peroxyformic
acid is not formed in the photooxidation of CH;0. 1In view of the faect that
COs is an unimportant product of the reactions in this system, the mechanism
of formic acid formation through the HCO, radical reactions is unclear; one
might expect the highly exothermic reaction, HCO; + Os - HO, + COs, O
compete successfully with formic acid formation: HCO, + CHoO =» HCO-H + HCO.

The early work of Horner, et al.® showed that the quantum yields of
formation of Hy and CO as well as formic acid were above unity in CH,0-0s
mixture photolyses at temperatures > 100°C. This observation seems to have
attracted little attention in the years since its publication. In view of
the relative stability of the HCO radical and the efficient scavenging of
the HCO radical by oxygen, a chain sequence for H, formation in this system
is unexpected; certainly confirmation of this unusual observation is re-
quired.
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Another interesting effect of O, addition on CHz20 photolysis has been
observed. Oxygen may change the efficiency of the primary steps (1) and (2)
as Houston and Moore have suggested.23 They found that the quantum yield
of vibrationally excited CO(v = 1) significantly increased in the laser
photolysis of CH-O at 3055 A in the presence of small amounts of O-. This
result was attributed to the Os-enhancement of the molecular reaction mode
(2) of CHzO photodecomposition. It is of both theoretical interest and of
great practical value to establish the mechanism and importance of this
process in order to evaluate adequately the rate of H-atom and HCO radical
generation in the earth’s Os-rich atmosphere.

Our interest in the CHy0-0s system was stimulated by the several un-
answered problems which we have reviewed, and it was heightened further
by a most unexpected result which we obtained in another recent study of
formaldehyde photolysis.®* We redetermined the primary quantum yields of
free radical (1) and molecular (2) processes in photolyses at 3130 A.
Various free radical scavengers were employed as potential reactants for H
and HCO radicals in an attempt to determine &, from & values in experiments

2 R
at high scavenger concentrations. Isobutene, nitric oxide, and trimethyl-
silane were found to be effective reactants, and CH;0 photolyses in mixtures

with each of these campounds gave useful data related to @l and @2. However

we were very surprised to find that the addition of small amounts of 0s to

CHo0 did not suppress the hydrogen quantum yields in experiments at 25°C.

On the contrary @H significantly increased to values as high as @H = 6,
2 2

yvet CO> was only a minor product in these experiments. Thus the unusual
observations of Horner et al.® made in experiments at temperatures of 100°C
and above, are confirmed for CH,0-Os photolyses even at 25°C. It was ap-
parent that new kinetic information was necessary to rationalize these
unusual findings. The present work was initiated to attempt to answer these
many puzzling questions related to this interesting system. The results
presented here provide some of the answers.

'ﬁkpériﬁeﬁ%al

Materials--

Formaldehyde was prepared from paraformaldehyde (Eastman) according to
the procedure of Spence and Wild®S and stored in a trap cooled to dry-ice
temperature. Isobutene (Phillips) and COr (Matheson) were purified by trap-
to-trap distillation. As a further precaution against moisture introduction
to the cell, each time that COp and O were introduced, their storage bulbs
were cooled first to dry-ice temperature and then the gases were expanded
into the cell.

Procedures and Product Analysis--

The experimental apparatus was the same as that described in our previous
study.2% In the present work actinometry was based upon the photolysis of pure
CHx0 at 25°C, accepting Op,=1.10 as determined for these conditions in our
earlier work. Any polymer and acid which deposited on the walls of the cell
as the CH-0-0- photolysis progressed in each experiment, was removed between
runs by warming the cell to about 110°C while evacuating 1t with the high vacuun
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system. The technique of gas transfer from the cell and chromatographic
procedures were somewhat modified from those of our previous work. The
vroducts Hs, CO, and COp and the amount of O, which reacted were directly
determined in this study. The Molecular Sieve 5A column held at 30°C and
with 1iz as carrier gas was employed here to determine Hy, in the presence of
relatively large amounts of oxygen. The same column held at 100°C and with
helium as carrier gas was used in 0- and CO determinations. In these
analyses at least four determinations of the sample were made to increase
the accuracy of the O, disappearance measurement. In a few experiments COs
was estimated by Toepler-pumping the product gases through a glass bead -
containing trap immersed in pentane~-dry-ice slush. The untrapped gases
were then analyzed for CO, using a Poropek Q column held at 100°C and He
carrier gas. The CO, quantum yields were found to be very small; in ex-
periments with 8 Torr of CH:O, cI>C02 = 0.21, 0,11, and 0.16 (* L0% uncertainty)
with P02 =1, 2, and 4 Torr, respectively. Thus this analysis procedure
was not continued in the later experiments. In most runs only the gases
which did not condense at liquid nitrogen temperature (Hs, CO, and Os) were
determined. Duplicate runs were carried out for each set of experimental
conditions. The gases from one of the runs were analyzed for H, while CO
and 0o were determined in the other run. The total pressure of these gases
was also measured in each run as an independent check on the overall re-
producibility of the system.

The key factor which limited the accuracy of the quantum yield measure-
ments in this work was the estimation of the final and the average form-
aldehyde concentrations during the run and the number of gquanta of light
absorbed during the reaction. In theory the final PCHQO could be estimated
from the measured absorbance at the end of the run; for our conditions
this would amount to a 15-20% change from the initial value. However the
addition of O» in the CHoO photolyses leads to a much lowered stability of
the monomer CH-0; apparently acid and H;O products of the CH,0-0s mixture
photolysis catalyzes the polymerization of the monomer, even during very
short light exposures. As a result the transmitted light intensity was not
a true measure of the gaseocus formaldehyde absorption as the run progressed.
Thus the formaldehyde remaining after a run was estimated by two other less
direct methods: (1) the material balance of the products; and (2) the
thermal jump in the pressure which was observed at the start and the finish
of the irradiation. In the former method we have assumed that HCO-H is
the only acid product as Niki, et al.?® have shown recently. We also as-
sumed that H-O (and not Ho0s) is a final product and have estimated the
chemical loss of formaldehyde during the run (other than polymerization)

from the mass balance relation: ®-CHQO = ®H2 + 2@_02. The amount of CHz0

that polymerized was obtained from the recorded pressure-time profiles of
the reaction. Typical pressure records are shown in Figure50 for the
CH,0-05 system (curve A) and the CH50-05-CO- system (curve B). The gudden
jump in pressure (point g) as the photochemical reaction began resulted
largely from the very exothermic nature of the overall oxidation reactions
which occurred as well as the ultimate conversion of the absorbed light
energy to heat. The former source is dominant here. After a short in-
duction period following the initial exposure, the pressure dropped at a
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Figure 50. Pressure-time profiles in the photo-
oxidation of CH,0; 3130 A excitation; temperature,
25°C; initial conditions: curve A, 8 Torr CHsO,

2 Torr O3 curve B, 8 Torr CH»0, 1 Torr O,, 300
Torr COs; points a and b designate the start and
finish of the irradiation, respectively.
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rzte which was essentially constant during the entire irradiation period.
Ls tihe light was extinguished a sudden pressure drop was observed (point

b ln Zigure 50). This was followed by a further decrease in pressure which
proceeded with a rate equal to or lower than the rate observed when the
cell was irradiated. The amount of products formed was found to be in-
dependent of the time elapsed between the end of the irradiation and the
tire that the gases were transferred to the analytical system. Evidently
the acid- and water- catalyzed polymerization of CH,O was the sole origin
of the pressure drop after the irradiation. Since the pressure in the cell
decreased nearly linearly throughout the photochemical run, the rate of
polymerization had to be essentially constant and equal to the rate observed
immediately after the thermal jump at the end of the run. This rate was
taken from the pressure-time profile and multiplied by the irradiation time
to determine the amount of CH,O which polymerized during the run; this
together with the estimated amount of CH>0 which reacted chemically, gave
the final CHzO pressure using the mass balance method.

The thermal jump in pressure provided an independent method of estimat-
ing the final CH;0 pressure at the end of the run in our experiments with
added CO>. The large excess of COs, insured that the heat capacity of the
reactant mixture was essentially unchanged during the run. In a typical
experiment at initial pressures: P. =1, P =8, and P = 155 Torr,

0o CH>0 COa

the heat released per mole of gquanta absorbed was about 1461 kecal.26,27

Only about 91 kcal mole~1l of quanta would be released from the conversion
of the light energy to heat and about 151 kcal mole™t from polymerization;2®
the latter energy probably would be released at the wall of the cell. The
equilibrium between heat generating and heat dissipating processes at the
wall is reached rapidly at a temperature which is slightly higher than the
initial temperature. Our studies of the thermal jump observed in irradiated
SOs-isobutane systems®® have shown that when the heat capacity of the system
is relatively unchanged during the run, the pressure jump is directly pro-
portional to the heat generated in the cell as a result of the light ab-~
sorption and subsequent chemistry. This condition is met in our system at
high CO> pressures. The results of Tables 28-30 show that within a narrow
pressure range the rate of the chemical reaction was directly proportional
to the absorbed light intensity and independent of the Pog. Thus in the
CHo0-05-COs- system, the initial and final pressure jumps should be pro-
portional to the rate that light was absorbed by CH>0 at these points in the
reaction. Since the limiting form of Beer s law applies to the CH.0 ab-
sorption for our conditions, the ratio of the initial and final pressure
Jumps could be used to estimate the final Ppp.g. The average value of

PcH,o calculated by both the product balance method (column 1, Table

and the pressure jump method (in parentheses, column L, lable

renconably well, and some contidence i added Lo Uhe venulis of these two
indireel method::.

Discussion

The Nature of the Hp, COo HCO-H-forming Chain Reactions in the Photolysis of
CHo0-0o Mixtures--

The present kinetic study of the 31304 photolysis of formaldehyde-
oxygen mixtures provides some interesting and unexpected results. One of
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TABLE 28. EXPERIMENTAL DATA FROM THE PHOTOLYSIS OF CHz0-Op MIXTURES AT 31304 AND 25902

Pressure of reactant, Torr tl!rrad. . S:i?t:e:hs;/ luz %co 9,02 ‘602 Rz !H2~ +2
CH,0 © o ime, se ~SeCH R; + Rg Ry
(aver) (iﬁit) (aver) 10713 3 Ra + Ry
7.98 0.020 —e—ee 20 7.07 2,96(wmmm)® comn(cman)® e (omem)® e (eme)® e ---
7.92 0.050 0,035 20 7.02 4.50(4.79) 7.01(6.54) 3.60(4.19) ----(0.25) 0.99 b2
7.67 0.120  =—ex 150 6.80 3.89(ence)  ceca(evnn) cmca(mvnn)  cmcn(emas)  eee- -—
7.92 0.150 0.131 30 7.02 wnee{h,66) 7.07(6.41) 2.98(4.19) ----(0.25) 0.96 -—-
7.84 0.150 0.119 60 6.95 b o42(4.63) 6.77(6.38) 2.53(4.15) ----(0.24) 0,96 4.3
7.88 0,300 0,277 30 7.01 4.37(4.45) 6.66(6.21) 3.75(4.17) ----(0.24) 0.92 4,4
7.71 0.300  come—m 75 6.83 £, 42(eeen) cmmafemen)  ceme(meme)  amea(emes)  aeem ——-
7.76 0.500 0.453 75 6.88 4,26(4.20) 6.15(5.95) 3.08(k.11) ----(0.22) 0.87 4,5
7.75 0,500 O.4%47 75 6.87 ——eu(b.20) 6.35(5.95) 3.50(4.11) ---~(0.22) 0.88 —
7.49 1.00 0.887 150 6,64 3.75(3.67) 6.00(5.40) 3.83(3.98) 0.21(0.20) 0,78 L4
7.49 1.00 0.88s5 150 6.6k ---=(3,68) 5.61(5.41) 3.90(3.98) ---~(0.20) 0.78 —
7.49 1.00 0.882 150 6.64 —me={3.68) 5.51(5.41) 4.00(3.98) ----(0.20) 0.80 -——
7.21 1.00 0.774 300 6.50 —~=={3.66) 5.44(5.35) 3.92(3.84) ---~(0.20) 0.80 —
7.94¢  1.00 0.979 150 7.04 0.33(0.32) 1.15(1.00) 0,69(0,68) ecmw(cnns) oa-- ——-
7.51 2,00  ~em—e 150 6.66 3015(emmz)  meme(anac)  mmee(emer)  cema{mmen) e ———
7.02 2,00 1.77 300 6.22 —-e=(2,91) 5.03(4.60) 4.18(3.75) 0.11(0.16) 0,63 b5
7.05 2.00 1.78 300 6.26 —-a(2,91) 4.82(4,61) 3.89(3.77) =--=(0.16) 0.63 —
7.51 4.00 ———- 75 6.67 2,25(==cr)  cmma(amme)  ceca(cmen)  ceea(eace)  aeee -—
7.02 k.00 3.68 300 6.22 2.11(2.14) 4.02(3.87) 5.75(3.75) 0.16(0.12) 0.45 4,0
7.23 4.00 3.79 300 6.41 --==(2.16) 3.80(3.92) 3.71(3.86) ----(0.12) 0.4k -—
7.76 8.00 7.9 100 6.88 1.44(1,48) 3.19(3.37) ==-=(4.11) «wec(0.09) =-u- ——
7.00 8.00 7.71 400 6.21 1.41(1.40) 2.85(3.16) 3.90(3.74) ----{0.09) 0,26 4,2

3Initial pCHgO = 8.00 Torr. bThe values in the parentheses were calculated by computer solution of the rate
equations based upon the reaction mechanism and rate constants given in Table 1V, cIsobutene at 2,0 Torr was

added in this experiment.



TABLE 29, THE EFFECT OF ABSORBED LIGHT INTENSITY ON THE PRODUCT QUANTUM

YIELDS IN THE PHOTOLYSIS OF CHo0-0Os MIXTURES®

Press;::r(average) Irrai;ctime, gzznt: igfiécell- 9“2 B0 3o,
*
Pelg0 Po,
A) PRy 0 = 8.00; P3, = 1.00 Torr
7.96 0.980 1000 2.70 2.10 3.55 2.50
7.67 0.971 1000 4,51 2.22 4,10 2.15
7.63 0.940 770 11.3 2.58 4,05 2.35
7.63 0.938 770 11.3 ——— 3.89 2.43
7.64 0.938 770 11.3 —— 3.89 2,41
7.0 0.863 450 26.6 2.84L Lk,75 3.90
7.14 0.827 400 38.3 3.19 5.45 3.84
B) Pg,0 = 8.00; P3, = 1.00; 9802 = 117 Torr
7.0 0,818 1500 4,39 L.4h9 7.22 6.81
7.47 0.877 600 11.1 5.02 8.11 6.27
6.60 0.59% 770 24,2 5.79 8.69 7.41
7.26 0.754 300 38,8 5.19 8.26 7.18

o
3Excitation was at 3130 A; temperature, 25°C.
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TABIE 30. EXPERIMENTAL DATA FROM THE PHOTOLYSIS OF CHoQs0--COs MIXTURES AT 31304
AND 25°c@

Pressure reactants, Torr (uanta abs./cell- M &co % o, ‘CO
(average) sec, x 107! 2 2
cH 0P 0, co,
7.24(7.24) ©0.775 55 6.68 6.05 (5.61)€ 8.62 (8.46)° 7.62 (7.79)€ 0.39)°
7.21(7.35) 0.769 117 6.67 5.53 (5.21) 8.79 (8.32) 7.86 (8.72) {0.46)
7.24(7.36) 0.781 117 6.68 —cww= (5.20) 8.74 (8.32) 7.44 (8.76) (0.46)
7.22(7.41) 0.7h4 155 6.67 5.42 (5.10) 8.60 (8.58) 8.68 (9.28) (0.52)
.28(7.35) 0.754 300 6.62 Lk,02 (4.01) 6.69 (7.38) 8.34 (9.79) (0.56)

. . : b,
Anitial pressures of reactants: PC"2° = 8.00; Po° = 1.00 Torr; irradiation time, 150 sec in all experiments. The
two values shown here were estimated by the mass balance method and the pressure jump method (in parentheses) as
described in the text. CCalculated by computer from the reaction mechanism and rate constant data given in Table 1IV;
10 2 -1

ks was assumed to be 2.0 x 10 Q.zmole— sec for M = COZ.



trne rost puzzling results 1s the formation of H, in a chain mechanism; note
i Tables 28-30 that the quantum yields of hydrogen are as high as 6 in some
of these experiments at 25°C. One anticipates that formic acid, or possibly
peroxyformic acid, carbon monoxide, and carbon dioxide may be formed in
chain reactions following primary process (1) in this system through the
reactions (6)-(12): ’

CHz0 + hv = H + HCO (1)
H + CH0 = Hp + HCO (3)
T 40, +M = HOs + M (6)
HCO + O + M = HCOOs + M (7)
HCO + Op = HOs + CO (8)
HCOOs + CHoO  HCOOLH + HCO (9)
2HCOOs &= 2HCOs + Os (10)
HCOs + CHoO == HCO-H + HCO (11)
HCO, + Oz = HOs + COs (12)

Apparently peroxyformic acid is not formed in significant amounts in this
system,® so we have neglected reaction (9) in our further considerations.
However conventional reaction schemes cannot ratlonalize H, formation in a
chain for experiments at 25°C, The formyl radicals formed in the CH-0-0Os

system will react almost exclusively with Os, even in experiments at PO =
2

0.05 Torr, and H, formation through the reaction (4) which may occur in Os-
free CHoO thotolyses at 25°C, is unimportant here.21»22:309:31  yoyever H,
formation through reaction (3) is expected to compete with the H-atom
reaction (6) with Op for the relatively low [0-]/[CHo0] ratios which we
employed. Only a small fraction of the H-atoms formed in this system will
be captured by O in experiments at low added Os pressures; most of them
will react with CH-0 in reaction (3).¥ Note in Table 1 the rate ratio

3 4 i i o = tio decreases from
R3/(R3 + R6), in experiments with PCHQO 8 Torr, the ratio de
0.99 with P8 = 0,050 Torr to 0.26 with P8 = 8 Torr. However without some
2 >

*In making these rate estimates we have used the following rate constants:

k= 2.8 x 107 %. mole™*sec™® [Ref. 207, ky = 1.6k x 1012 (M = CHo0; assumed
equal to that for M = CHy [Ref. 20e]), and 2.1 x 10%° 4.°mole™Zsec™ (M =

0> [Ref. 20a,20e]).
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chain reaction which regenerates H-atoms or Hp, the ® resulting from the

sequence (1)-(12) must equal 2, + <I>lR3/(R3 + Re), l.OOeat sz = 0.05 Torr
and 0.50 at P82 = 8 Torr. Obviously some undefined reaction steps must

regenerate H-atoms to explain the much higher @Hé values actually observed
for these conditions: L.5 at P82 = 0,05 and 1.4 at P82 = 8 Torr. Observe

in Table 28 that the ratio of the quantum yield of H, .exclusive of Hs produced
in the primary molecular process (2), @H - @2, to the fraction of H-atoms
, o

formed which lead %o H.Z,R3/(R3 + R6), is essentially a constant for all of

the conditions employed in Table 28, This suggests that the unknown H-atom
generating species provides a large and fairly constant source of H-atoms
which has about the same rate in runs at both low and high pressures of added
Oz; in experiments at the higher O, pressures, H, formation in (3) is
ultimately attenuated through the increasing importance of reaction (6).

The reactive species which generates H-atoms cannot be the HCO or the
HCO» radicals. The conventional reactions (1), (3), and (13) cannot
constitute a significant chain, since reaction (13) is very slow compared
to (7) and (8) even at very low pressures of Os:

HCO + M = H + CO + M (13)
HCO + Op + M == HCOOs + M (7)
HCO + Os = HOs + CO (8)

Taking k [M] + kg = 3.4 x 10° 2. mole~lsec~ [Ref. 21] for an experiment
i = 0. = +  x 10720 [Ref, 24]. Tt

with P02 0.05 and PCHZO 8 Torr, RlB/(R7 R8) 5 [Re 1

is equally unlikely that the H-atom generating species is the HCOp radical,

since its reaction with O, in (12) or its decomposition in (14) would

generate CO, in amounts equal to those of H-atoms; experimentally 1t is Ob-

served that @C <L d_ .

O= Ho
HCOQ + 02 —> H02 + 002 (12)
HCOo (M) - H + COo (M) (1)

It is clear that the obvious conventional reaction steps which one might
invoke are inadequate to account for the present results.

One reaction sequence which seems consistent with our findings, in-
volving an HOo-HO radical chain (15)-(19) and radical addition to the C-atom
of the CHz0:

HOo + CHoO = (HOoCHp0) = HO + HCOH (15)

HO + CH,0 & Hp0 + HCOT | (16)
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HO + CH-0 == Ho0 + HCO (17)
HO + CHo0 = (HOCH50) = HCOoH + H (18)
HCOF» H + €O (19)

The reaction (15), exothermic by 60 kcal/mole overall, is somewhat analogous
to the overall reaction proposed by McKeller and Norrish'® in the flash
photolysis of CH0-0» mixtures at temperatures 1409C: HO-* + CH0 9= Ho0 +
CO + HO; here HO-* is a vibrationally-rich HO, radical. Reaction (15) ap-
pears 1o require a much less complicated rearrangement of the reactants,

and hence it appears to us to be a more realistic choice. In reaction (15),
presumably the simultaneous shift of an H-atom on the carbon atom to an
O-atom must accompany the rupture of the HO-bond as this reaction occurs.
Reaction (18) is exothermic by 22 kcal/mole and requires rupture of single
C-H bond following HO addition to CH;0 to form a formic acid molecule and
an H-atom. One might speculate that H~atoms may result as well from a
vibrationally excited HCO product of the reaction (16). The reaction (17)
is exothermic by 33 kcal/mole, and it is conceivable that a fair fraction

of the reaction will proceed by (16) in which the initial HCO product will
contain more than the ~18 kcal/mole necessary for the decomposition of the
radical:

HO + CHoO == HCO' + HoO (16)
HCOF = H + CO (19)
HCO¥ + M = HCO + M (20)

Indeed without reactions (16) and (19), all of the CO molecules formed in
CH,0-0- mixture photolysis at 25°C must be generated in reactions (2) and (8),
and for these conditions one expects @CO - ®H2 < ¢a_= 0.68; this is

contrary to the experimental results. By analogy with the proposed HO,
radical addition to CH-0, reaction (21), the addition of the peroxyformyl
radical to CH-0, and the subsequent rearrangement by H-atom transfer should
be considered as well:

HCOOs + CH>0 = (HCOO5CH-0) == HCOs + HCOo-H (21)

The relative insensitivity of @Hé to variations in the absorbed light

intensity (Table 29) points to the first order termination of the radical
chains at the wall of the reaction cell for our conditions. A reaction
such as (22) is suggested:

HO> + Wall = Products (Hz0,05) + Wall (22)

Presumably the ®_. values increase with added CO. (Compare ©_. values in

H B
sections A and B in Table 29.) as a result of the slowing of the diffusion
of HOs (and/or other chain carried radicals) to the wall and the increased

length of the chains which would result for these conditions.
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Although the nature of the chain source of H-atoms must remain unclear
at this time, it appears to us that the reactions (18), (16) and (19) are
attractive candidates. Whatever the nature of the chain carrier, it is
clear that it and/or its precursor radicals react rapidly with added butene.
Thus in the experiment involving an initial mixture of 8 Torr of CH,O,

1 Torr of Oz, and 2 Torr of isobutene shown in Table I (footnoted with a
met), the residual 0y, Found (0.33) is equal within the experimental error

to‘tha? gs?imated earlier in binary mixtures of CH,0 and isobutene at 3130 i;
this limiting value of @H was attributed to the quantum yield of H, from

2
?he molecular process (2). The transients H, HO, and HOo which are involved
in our sequence would react with isobutene as these experiments require.32®

The proposed reaction sequence including reactions (15)-(19) and (21)
also provides a realistic alternative to the HCO-H formation in the CH20-02
photolysis system. It avoids the apparent contradiction between the required
rapidity of the HCO; reaction (11) with CH-0 and the required slowness of the
highly exothermic reaction (12) of the HCO, radical with OZ(AiilE = -53 kecal

mole~t) which seems necessary to avoid significant CO, formation in the
system.

Using the steady state assumption for the transient radicals HO, HOs,
ete., in our system and the reaction mechanism (1)-(3), (6)-(8), (11), (12),
(15)-(19), (21) and (22), the relation (A) can be derived:

0 - 2 L 2(kp  + 318)kl5[0H201 "
Ry/(Rg + Rg) 1 (kg + Eqp + kglky,

For our experimental conditions [CH-0] is approximately constant (average
PCH 0= 7.5 £ 0.5 Torr), and hence in terms of the mechanism outlined, the
o

function (®H - @2)/[R3/(R3 + R6)], should be approximately constant as is
2
observed experimentally; see Table 28.

A more quantitative test of the compatibility of the proposed mechanism
with the present data will be made after a consideration of the mechanism
of the HCO reactions with Oo in the next section.

The mechanism of the formyl radical reactions with O,. There has been
considerable interest in recent years concerning the relative importance
of the two competing reactions (7) and (8) of the HCO radical with O:

HCO + O + M - HCOO, + M (7)
HCO + Op = HOp + CO (8)
Direct measurements at low pressures suggest that the HCO reaction with O

is in the second order region and that reaction (8) is dominant.21»22>30
However in the recent study of the Cl-atom sensitized decomposition CHz0~Oz
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mivtures, Usif and Heicklen'®>15 estimated the ratio of R7/R8 =5 =1,

independent of the pressure in the range 60-700 Torr. Niki, et al.,16

Slaa T UTIIAT L

came
to tre conclusion that R7/R8 > 9 in similar Clp=-CH,0-0O, studies at atmo-

stheric pressures. However the conclusions of Osif and Heicklen and those of
Niki, et al., must be reexamined in view of the present findings. Both
research groups have made the reasonable assumption on the basis of the data
then available that the rates of HCO H and CO formation can be taken as
reasures of the rates of reactions (7) and (8), respectively. They have
assumed that all HCOO, radicals formed in (7) will ultimately form HCOoH,
presumably through the reactions (10) and (11). However in view of the
present findings, other sources of HCOsH in addition to HCOOs radicals formed
in (7) are likely.

The absence of peroxyformic acid amcng the products of the photooxidation
of CHo0® and the very exothermic nature of the HCO, reaction with Os, sug-
gest to us that CO, formation may represent a large fraction of the ultimate
products formed following the HCO radical addition to Os, reaction (7). The
possible direct reaction of HCO with Os to give COs, HCO + Oo = HO + COs,
is considered here to be an unimportant source of COs. Assuming the mechanism
outlined and the inequalities Rl2 >> Rl?’ we may estimate a lower limit to

the ratio, R7/(R7 + R8) through the approximate relation (B):

R ]
R7 + R8 @Hé + @l - @2

From our data obtained in experiments at 8 Torr of CH,O and 1, 2, and 4 Torr
of Oz, we estimate R7/(R7 + R8) > 0,051, 0.031, and 0.065, respectively.

The CH,0 molecule should be a much more effective M in reaction (7) than O,
so that for our conditions R7/(R7 + R8)‘E'k7[CHéO}/(k7[CHéO] + kg) = 0.049 %

0.017 for [CH0] = 4.0 x 10°* M. Taking kg = 3.1 x 10° 1. mole~lsec~! [Ref.
7 2 (44 +1.6) x 1011

£.2mole~2gec™l, This estimate for k_ is in reasonable accord with those for

7

other third order reactions of similar complexity of reactants and similar
exothermicities QAHT = -39 kecal mole~1): HO + SO, + Np = HOSO, + No, AH=

-37, k = (2.6 £ 1.0) x 101 [Ref. 34]; NO + HO + No & HONO + Ny, AH = -36
keal mole=t, k = (2.1 = O.4) x 10*1 £.%mole™2sec™t. Obviously the quantum
yield of COs which would give a clearer picture of the pressure dependence
of RY/RB’ could not be determined from the present experiments with added

21], we find the lower limit for the rate constant k

COs. The only measurements of 0 in CHz0 photooxidation at high pressures

COs

are those of Osif and HeicklenlS who found %up, Velues ranged from 0.08 to
>

0.31 in the presence of 81-458 Torr of Ny, 21-122 Torr of Os and 1-10 Torr

of CH;O0. This is the magnitude of the QCO values which we predict for the
2

higher pressures from the present mechanism (Table30). Since k_ for M=

7
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N> would be smaller than that for COz, the ®CO values found by Osif and
=

Heicklen should be smaller than those presented here.

The relative dominance of reaction (8) compared to (7) for the PSH o=
o, 3 2
8 Torr experiments a? low added O pressures is also consistent with the
results of our experiment in which 2 Torr of isobutene was added to 8 Torr
of CHz0 and 2 Torr of O, (the run footnoted with a "e" in Table I). 1In this
run about 91% of the H-atoms formed should add to isobutene,2? so that ®H
should be very close to &, = 0.32 [Ref. 24]. Indeed we found o, = 0.33.2
2

We also found in this experiment that QCO = 1,15 and & 0. = 0.69; for these
conditions and R8 >> R7, we expect QCO_é 1.0 =0, + 0 aid 0] = @l = 0,68,

' 1 2 -0
If R7 were equal in magnitude or greater than RB’ then we would expect ®CO <

@l + @2. Obviously the present data appear to require that Rg >> R, at

7
least in the 8-12 Torr pressure range employed in these experiments.

Although the present data do not establish an accurate estimate of k

they do lead to a theoretically reasonable value and point to some un-
recognized complications in other recent studies of this system. If we
accept the true k7 value as the lower limit of thils constant which we have

estimated here (k7 = b x 1011 2.®mole~Zsec™t), and we assume that the

relative efficiency of Ny and O, as M in (7) is about one-quarter of that
for CH,0 and that the third order dependence of reaction (7) extends to a
pressure of 1 atm of ailr, then we predict that about equal fractions of HCO
radicals formed in the atmosphere will react by (7) and (8). Obvisouly
further more definitive experiments are required to redetermine accurately
the pressure dependence of the important rate ratio, R7/(R7 + R8). These
are now underway in our laboratory.

79

Tests of the compatibility of the present mechanism with the ex-
perimental data obtained in this work were made using reagonable choices
for the rate constants and a computer solution of the differential equations.
The rate constant choices are summarized in Table 31 Logether with the
references and reasoning used in arriving at the rate constants used. The
quantum yields of the various products which are calculated using these
constants are shown (in parentheses) with the experimental & data in Tables
1 and 3. DNote that there is reasonable accord between the experimental and
calculated quantum yields. Obviously the mechanism suggested 1s compatible
with the present data, and it appears to be deserving of further detailed
testing.

The Effect of O, Addition on the Laser Isotope bknrichment in CIDO-- i
Clark®® and Marling® have studied the laser photolysis of CIIDO at 3050A

and 31&0&, respectively, in the absence and presence of small amounts of

added O,. Both workers have found that the addition of Oy to CHDO sharply

increased the Hp/HD and HD/D, ratios in the products. Thus Marling found

the addition of O, (2 Torr) to CHDO (4 Torr) increased the Hp/Ds ratio to
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T4BLE 31. SUMMARY OF THE REACTION MECHANISM AND RATE
CONSTANTS EMPLOYED IN THE SIMUIATION OF THE CH-O, Os,
AND COp MIXTURE PHOTOLYSES

Reaction Rate constant® Reference

b

(1) CHx0 + hY = H + HCO .68 x 1075 [;ejb

(2) CHZO + Y = Hy + €O .73 x 10_-,5 (36)

(3) H + CH0 = H, + HCO .80 x 107 (20)

(&) 2HCO == H, + 2CO +32 x 10, [24)

(5) 2HCO ~» CO + CH50 .88 x 10 (24]

(6a) H + Op + CHx0 == HO, + CH,0 64 x m;l (20a)

(6b) H + 05 + Og = HO, ¥ Op +10 x 10, {20e]}

(6c) H + 0, + COp —» HOp + CO, .50 x 1<1)1 d

(7) HCO + 0, + M == HCOO, + M -2 x 107 (M = CH,0) This work

HFNWVMWRN W OOFRFUVUWUAERDD -~ ON W
o .
\Rgl\')

(8) HCO + 05 — HOy + €O x 107 f21]
(21) HCO3 + CH,0 =» HCOoH + HCO, 5 x 10, e
(10) 2HCD, = 3HCO, + 0, .50 x 10 e
(11) HCO_ + CH,0 == HCOgH + HCO .60 x 10° e
(12) HCOS + 0, = HOp + CO <00 x mio e .
(15) HO_“+ CHy0 ~» HO + HCO,H .30 x 10 f17v)
(16) HO®s CHy0 — H,0 + HCO .92 x 109 373
(17) HO + CHx0 == H,0 + HCO b x 107 7
(13) HO + CHyO = HCOLH + H .64 x 109 B f
(19) Hcot -~ H + Co .00 x 10 g
22) HOo + wall = Products{(H»,0,05) + wall 1 - 4,1 h

3peactions (1), (2), (19), and (22) are first order (sec'l); reactions (6a), (6b),
{6¢c), and (7) are third order (2.%mole~2sec” )}, and all others are second order
{2 mole~lsec"l). bvalues for k; and ky were calculated from the measured light
intensity and 01 and ’2 values of ref. [36]. CSee footnote 1 of the text.
dValue was chosen to optimize the fit of the data in Table III. ©The value of
ky) was picked to be consistent with that taken for the analogous reaction

(15); k1 was assumed to be equal to the total HOZ-CHZP reaction rate constant
(presumagly for H-abstraction) estimated in reference [17ﬂ H klo was assigned

by analogy with the observed rate constant for sec-alkyl peroxy radical reaction,
2R CHO,, —» 2R,CHO + Og, in ref. [38]) the relative rate constants, kll/klz.

were picked to match best the ¥, data; the GHZ and @co values calculated were
relatively insensitive to the chofces of k9. Ki0» kll’ and Ky, fThe value of
kjg + k + k1 was taken as the total measured HO-CH20 rate constant of ref.
[37]; the relative values were assigned to give the best computer fit to the
data. 9The rate constant kl was estimated to give a fast unimolecular dissoci=-
ation rate which would be re?atively unperturbed by the deactivation step

(20) for the pressures of added gases we have employed here. koo was assigned
so that a match of the experimental chain length was achieved; values of k =
11, 5.2, 4.6, 4.3, and 4.1 sec™! were used for runs at 0, 55, 117, 155, and 300
Torr, respectively, of added CO,.
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70 frorfl its value of 5.4 in the absence of 0>« This observation is in ac-
corc?. with tl.le isotopic discrimination which one might expect with the H-atom
chain reactions observed in this work. A small degree of isotopic discrimina-

tioxg és eque)cted in the primary decomposition of CHDO in (la) and (1b) such
tha >
a

1 it
CHDO + hv = H + DCO (1a)
CHDO + hv == D + HCO (1p)

Also the subsequent reactions of the H and D atoms will favor Hy, formation in
CHDO mixtures with added O,, since E3a < E3b = E3c < E3d:

H + CHDO = Hp + DCO (3a)
H + CHDO = HD + HCO (3p)
D + CHDO - HD + DCO (3c)
D + CHDO = D5 + HCO (3d)
H+ 0 +M 2> HO: + M (6a)
D+ 0, +M=>D0s + M (6k)

If the reactions (1) and (3) were the exclusive sources of H, and D, in the

0>-CHDC mixture photolysis, and sufficlent O is present to capture all HCO

and DCO radicals (Po > 0.05 Torr), then the ratio of H2/D2 in the products
=]

should be given by relation (C):

i, (%32 )[%1a)[F3c * F3q * Keq [02] M

H (c)
D2 k3d q)l.b k'.3a + k3b + k.6a [02] M

When the reactions (6a) and (6b) remove a major fraction of the H and D atoms
([021/[CHDO] > 0.5), then one expects the residual Hp/Do formed to be given

approximately by: (Ho/Ds) = (k3a/k3 d)(q)la/@lb)(k6b/k6a)' We may make the
reasonable estimates that kg = kg, 2,./%,£2, and k3a/k3 4S5 thus in

the unscavenged Hy and D, product from CHDO photolysis with several Torr of
added Os, we expect Ho/Dp €10. The much higher discrimination favoring Hs
formation in the studies of Marling and Clark can be rationalized in terms
of the additional hydrogen forming chain reactions considered here. In this
case the intermediate which forms H or D atoms in the chain sequence,
reactions (16a)-(164), (19a), (19b), and (18a)-(18d), will also reflect iso-
topic preferences for H-atom formation.

HO + CHDO = HDO + HCO¥ (16a)

HO + CHDO = Ho0 + DCO ¥ (16b)
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2O + CHDO & D0 + Heo¥ (16¢)

DO + CHDO = HDO + DCO¥ (164d)
HCO¥ H + CO | (19a)
Dco¥ D + CO (19b)
HO + CHDO = (HOCHDO) - DCOsH + H (18a)
HO + CHDO - (HOCHDQO) - HCOsH + D (18p)
DO + CHDO - (DOCHDO) = DCOsD + H (18c)
DO + CHDO - (DOCHDO) = HCOoD + D (184d)

The reactions (16a)-(16d) all have very large rate constants and are expected
to show only a small isotopic discrimination favoring DCO over HCO formation.
However we expect the inequalities: kl9a > kl9b’ k18a > kl8b’ and kl8c >

kl8d' Thus i1t appears that the combined isotopic preferences shown in the

chain sequence for H,, HD, and D, formation can rationalize the experimentally
observed detrimental effect of O, on the laser isotope separation in CHDO-~Os
mixtures. Without such a chain, the effect is difficult to explain.

Marling®® also observed that the addition of 1 Torr of 0- to 4 Torr of
CHoO with natural isotopic abundance of *3CH,0 (1.1%), decreased the isotope
enrichment in the CO product induced by 22NeII laser photolysis at 3323.7 A.

In this case however the decrease was by a factor of 2-3, while in the CHDO
experiments the Hé/Dz ratio changed by a factor of 13. The present mechanism
is not inconsistent with these results since CO formation occurs in primary
process (2) rather efficiently at this wavelength (@2350.8 [Ref. 36]), and

in reactions (8a)-(8d) only a small difference in the rates of the reactions
of the 18C and 12C species is expected:

HY3C0 + 05 = HO» + 13C0 (8a)
H2CO + 05 2 HO» + +2C0 (8b)
D300 + 0 = DOz + +3C0 (8c)
D12C0 + 0o & DOs + +2C0 (84)

The Effect of O- Addition on the Primary Photodissociation Steps in Formalde-
hyde--

In their study of CH,0 photolysis at 3050&, Houston and Moore23 found
that the addition of NO or O, to formaldehyde increased markedly the yield
of vibrationally excited CO(v = 1) and the vibrationally relaxed CO(v = 0).
The relative yield of CO(v = 1) was higher for NO addition than for 0> ad-
dition, while the reverse trend was observed for CO(v = 0). The effect was
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attributed to interactions between NO or O, and the vibronically excited
ground state [Sg(v)] formaldehyde molecules. The decomposition of CH-O by
primary processes (1) and (2) was assumed to occur from So(v), and col-
lisions with NO and O, presumably "catalyzed" the latter molecular mode of
decomposition at the expense of the free radical decomposition. The authors
did not, however, exclude the possibility that the increased rates of CO
formation were caused by chemical reaction between the HCO radicals and

added NO and Op. The present results allow a seemingly unambiquous choice
between these alternatives.

In our previous study of CH,0 photolysis at 3130 A,2% the addition of
a sufficient amount of isobutene and NO lowered the hydrogen quantum yield
to the same limiting value, presumably equal to @2. The agreement between

the two values seems to indicate that the molecular mode of decomposition
is not enhanced by NO. The present results with added isobutene which we
have discussed previously show that this is also true for oxygen. In the
experiment in which 2 Torr of isobutene was added to 8 Torr of CHxO and 2

Torr of O (See Table 28.), we find <I>H = 0'335‘1’2. Houston and MooreZ®
2
observed a two-fold increase in the relative CO(v = 1) quantum yield when

0.5 Torr of O, was added to 2 Torr of CHp0; for the same CH,0/Os ratio we
find no effect of 0> on ®,. Thus we feel that reactions (8) and (23) are
responsible for the enhanced formation of the vibronically exeited CO.

HCO + Os =» HOs + CO(v = 1) (8e)

HCO + NO = HNO + CO(v = 1) (23)

Il

The reactions (8) and (23) are sufficiently exothermic (30 and 34 keal mole~t,
respectively®?) that they can in theory provide readily the necessary 6.2
kcal mole~* to create vibrationally excited CO(v = 1) molecules. The stronger
effect of NO on the relative yield of CO(v = 1) could possibly be related to
the somewhat higher exothermicity of reaction (23). Finally the observed
smaller effect of NO on CO(v = 1) formation at the longer wavelengths can

also be explained by the occurrence of reaction (23), since the amount of

HCO formed in reaction (1) is significantly decreased at the longer wave-
lengths.

197



g

TS

I rmiilES

1.

2.

1k,

15.

16.

17.

18.

19.

R. Fort and C.N. Hinshelwood, Proc. Roy. Soc., A, 129, 284 (1930).

W.A. Bone and J,B. Gardner, Proc. Roy. Soc., A, 154, 297 (1936).

J. Spence, J. Chem. Soc., 1936, 649.

J.E. Carruthers and R.G.W. Norrish, J. Chem Soc., 1936, 1036.

F.7. Snowdon and D.W.E. Style, Trans. Faraday Soc., 35, 426 (1939).

D.W.E. Axford and R.G.W. Norrish, Proc. Roy. Soc., A, 192, 518 (1948).

D.W.G. Style and D. Summers, Trans. Faraday Soc., 42, 388 (1946).

E.C.A. Horner and D.W.G. Style, Trans. Faraday Soc., 50, 1197 (1954).

E.C.A. Horner, D.W.G. Style and D. Summers, Trans. Faraday Soc., 50,
1201 (195L4).

J.F. McKellar and R.G.W. Norrish, Proc. Roy. Soc., A, 254, 1h7 (1960).

J.J. Bufalini and K.L. Brubaker in "Chemical Reactions in Urban Atmo-
spheres”, C.S8. Tuesday Ed., Elsevier, Amsterdam, 1971, p. 225,

D.E. Hoare and G.S. Milne, Trans. Faraday Soc., 63, 101 (1967).

a) R.R. Baldwin, A.R. Fuller, D. Longthorn, and R.,W. Walker, J. Chem,
Soc., Faraday I, 68, 1362 (1972); b) Ibid., 70, 1257 (197k4).

T.L. Osif, Ph.D. Thesis, '""The Reactions of O(lD) and OH with CHz0H, the
Oxidation of HCO Radicals, and the Photochemical Oxidation of Formaldehyde
Formaldehyde", Pennsylvania State University, 1976.

T.L. Osif and J. Heicklen, J. Phys. Chem., 80, 1526 (1976).

H. Niki, P. Maker, C. Savage, and L. Breitenbach, Abstracts 173rd
American Chemical Society Meeting, New Orleans, La., March 20-25, 1977.

a) J.G. Calvert, J,A, Kerr, K.L. Demerjian, and R.D. McQuigg, Sci., 175,
751 (1972); b) K.L. Demerjian, J.A. Kerr, and J.G. Calvert, Adv. Environ.
Sei. Technol., 4, 1 (1974).

J.H, Clark, Ph.D. Thesis, "Laser Photochemistry and Isotope Separation
in Formaldehyde", University of California, Berkeley, 1976.

J. Marling, J. Chem. Phys., 66, 4200 (1977).

198



20.

21.

22,

23.
2k.

25,
26.

27,
28.
290
30.
31.
32.
33.

3k.
35.

36.
37.

a) D.L. Bauleh, D.D. Drysdale, D.G. Horne, and A.C. Lloyd, Evaluated
Kinetic Data for High Temperature Reactions, Vol. 1, Butterworth
London, 19723 b) W.P, Bishop and L.M. Dorfman, J. Chem. Phys. 55

3210 (1970); c) T. Hikida, J.A. Eyre, and L.M. Dorfman, J. Chém. %hys.
54, 3422 (1971); d) M.J. Kurylo, J. Phys. Chem., 76, 3518 (1972); e) ’
W. Wong and D.D. Davis, Int. J. Chem. Kinet., 6, LOL (1974).

?iégiihida, R.I. Martinez, and X.D. Bayes, Z. Naturforsch., 29a, 251

a) I. Tanaka, private communication of the results of Dr. Shibuya, Ph.D.
Thesis, Tokyo Institute of Technology, Tokyo, Japan, 19763 b) I. Tanaka.,
private communication of the results of Dr. Ebata, Ph.D. Thesis, Tokyo
Institute of Technology, Tokyo, Japan, 1976.

P.L. Houston and C.B. Moore, J. Chem. Phys., 65, 757 (1976).

A. Horowitz and J.G. Calvert, Int. J. Chem, Kinet., in press.

R. Spence and W. Wild, J. Chem. Soc., 1935, 338.

R.A. Fletcher and G. Pilcher, Trans. Faraday Soc., 66, 794 (1970)

S.W. Benson, Thermochemical Kinetics, Sec, Ed., John Wiley, New York,

1976.

G.S. Parks and H.P., Mosher, J. Polymer Sci., A, L, 1979 (1963).

F. Ssu and J.G. Calvert, Int. J. Chem Kinet., submitted for publication.

J.H. Clark, C.B. Moore, and J.P, Reilly, paper sutmitted for
publication; the authors are grateful to Dr. Clark for a preprint of
this work.

a) M.J. YeeQuee and J.C.Y., Thynne, Trans Faraday Soc., 63, 1656 (1967);
b) Ibid., Ber. Bunsenges. Phys. Chem., 72, 211 (1968).

F. Su, J.W. Bottenheim, H.W, Sidebottom, J.G. Calvert, and E.K. Damon,
Int. J. Chem. Kinet., in press.

A.C. Lloyd, Evaluated and Estimated Kinetic Data for the Gas Phase
Reactions of the Hydroperoxy Radical, N.B.S. Report 10447, 1970.

G.W. Harris and R.P. Weyne, J. Chem. Soc., Faraday I, 71, 610 (1975).

J.G. Anderson, J.J. Margitan, and F. Keufman, J. Chem. Phys., 60, 3310
(1974).

A. Horowitz and J.G. Calvert, Int. J. Chem. Kinet., in press.

E.D. Morris and H. Niki, J. Chem. Phys., 55, 199 (1971).

199



200




SECTION 4

STUDIES RELATED TO THE REMOVAL MECHANISMS OF NITROGENOUS COMPOUNDS IN THE
ATMOSPHERE

THE NEAR UV ABSORPTION SPECTRUM OF GASEOUS HONO AND H-04

Introduction

In recent years there has been a renewed interest in the study of the
gas phase reactions of HONO. This has been stimulated largely by two
factors: (1) The need for a quantitative evaluation of the reaction path-
ways which form and destroy HONO in the atmosphere; and (2) the increasing

use of HONO as a convenient photochemical source of HO radicals in the
laboratory.

The atmospheric chemistry of nitrous acid remains poorly defined today.
Nash* seemingly identified HONO in the atmosphere of southern England (0.4~
11 ppb), but the analytical method employed could, at best, provide only
a very indirect identification of this compound.® In theory nitrous acid
is expected to be present in the NO,~RH-polluted, sunlight-irradiated atmo-
sphere at levels in the range estimated by Nash. It may be formed in the
atmosphere through several reaction pathways; for example, the reactions
(1)=(3) have been considered in the computer simulation of the chemistry of
the polluted atmosphere:S:*

HO + NO (+M) = HONO (+M) (1)
HOo> + NOp - HONO + Os (2)
NO + NOs + HpO = 2HONO (3)

The ultimate concentration to which HONO will build is limited by the rates
of its various removal reactions such as (4)-(6):

2HONO == NO + NOs + Hx0 (4)
HONO + HO = HzO + NOs (5)
HONO + hv(A < 400mm) = HO + NO (6)

Existing rate data suggest that reaction (6) is probably the dominant loss
reaction for HONO in the atmosphere,?:® but the large difference between
recent estimates of the absorption cross sections of HOl\TO,s'8 make its‘rate
uncertain by as much as a factor of six. The methods used in Fhe previous
studies appear to be uncomplicated. In the HONO spectral studies of Johnston
and Graham,” nitrous acid was prepared by reactions (3) and (4), presumably
at its equilibrium concentration, from starting gaseous mixtures oﬁ NO, NOo,
and HoO in He. Corrections were made for absorptions due to NOz, NyO4, and
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N50s in the spectrum. In the studies of HONO by Cox and Derwent,8 relatively
pure, dilute mixtures of HONO were prepared in a nitrogen carrier gas which
was allowed to flow over an acidified nitrite salt solution. With this
method corrections for NO, absorption were relatively small, and those due
to No0O4 and N-Ogz were negligible. In principle both of these recent quanti-
tative studies of HONO absorption should provide reliable absorption cross
section data, and it is not clear from the published information as to what
problems led to the very different results. Obviously a further study of
this system is necessary to establish the correct HONO absorption cross
sections and to provide a more quantitative evaluation of the potential
reactions of HONO in the atmosphere.

Cox has shown recently that nitrous acid vapors are an excellent photo-
chemical source of HO radicals through reaction (6).°21 Following his lead,
we have studied some of the theyrmal and photochemical reactions of HONO
vapors employing an FTS IR, long-path spectroscopy system to follow HONO and
various reactants and products.®»¥2»1% In the course of these studies, we
observed that the rates of HONO photolysis were very much faster in dilute
gaseous mixbtures than we had anticipated from the measured intensities in
our experiments at simulated solar intensities (290-410nm region) and thre
HONO absorption cross section data then available.” The present spectral
study of HONO was initiated at that time in an attempt to reevaluate the
near uv absorption cross sections of HONC and to allow an unambiguous and
independent check on our measured rates of reaction 6 in the reaction chamber.
We utilized the equilibrium method employed by Johnston and Graham.” As our
work neared completion, the recent study of Cox and Derwent® appeared. The
new results which we report here are in qualitative accord with those reported
by Cox and Derwent, although some significant differences appear.

Experimental

Spectral measurements of the gaseous mixtures of HONO, NOs, NnOsz, NoOg,
NO and H,0 were made using a Cary 17 uv-visible spectrophotometer in a 10 cm
path gas cell equipped with a Teflon vacuum stopeock and Supracil windows.
The optical resolution varied with wavelength but was kept less than 1 nm
in the 325-450 nm range and less than 5 nm in the 300-325 mm range. Since
King and Moule® found no trace of fine structure in the HONO spectrum when
they employed a 20 ft grating spectrograph with a resolving power of 150,000,
our equipment was sufficient to resolve the structure of the HONO. The
reactant gases NO and NO, (Matheson), and HoO were purified by fractional
distillation and degassing in two conventional high vacuum systems which
were equipped with Teflon high vacuum stopcocks, calibrated volumes, pressure
gauges, and a quartz spiral manometer.

In the study of the NpOs spectra, small quantities (1-14 Torr) of an
NOs-NoOs gaseous mixture were added to the cell. Then a large measured
quantity of NO (112-753 Torr) was introduced into the cell, The cell
contents were allowed to equilibrate for about 30 min, and then the absorption
spectrum of the mixture (300-450 nm) was determined. The NO, pressure in
the cell was estimated from the visible absorption at 430, 440, and 4u8 mm
using the absorption cross section data for these wavelengths reported by

Hall and Blacet;l4 the three independent estimates of the PNO checked well
=]
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with one another, usually within a few percent. From the measured P

in
- . - » NO
the equilibrium mixture and the Pﬁo, Pyo, 2nd P, Were calculated uiing
13 [ ) 2 4 2 3
the known equilibrium constants K7 and K8 for the given temperature of the
particular experiment.
2NO2 %5 No04 (7)
NO + NO-*3 N-0s (8)

The values of K7 and K8 which we employed were derived from the JANAF

enthalpy, entropy, and heat capacity datalS and should be reliable for
temperatures used in this work (24-30°C):

K, exp[ 6989T~1 + 0.791 1n(T/298) - 21.52] (9)

Kg = exp[ 483411 - 0.14k4 1n(T/298) - 16.854] (10)
These expressions yield estimates which are in reasonable accord with the
measured values of K, amd Ky at 298°K [Ref. 16,18] and 300°K [Ref. 17]. The
absorption data of BZss, et al.'® were used to debermine absorbances due to
NO, and NsOg in the 300-400 nm range, and these were subtracted from the
meagured absorbance to determine that due to N»Os. Absorbances determined
in this fashion at several wavelengths followed well the linear Beer’s law
dependence on [NoOg] over the entire pressure range which could be studied
here (0.54-6.32 Torr); data for the 300, 310, and 320 nm measurements are
shown in Figure 51. Summarized in Table 32 are the absorption cross sections,
o, = In (IO%/IK)/[N203]£ cn®molect for NpOs at each mm in the 300-400 nm

range.

In the HONO studies, HONO was formed from NO-, NO, and Hx0 vapors
through the eguilibrium 11:

NO + WO + HoO ¥ 2HONO (11)

Mixtures were prepared by adding small amounts of NOs, N»04 as before. Then
H-O vapor at its equilibrium pressure at 0°C was introduced to a calibrated
volume in the manifold, and a measured fraction of this was distilled into
the cell. This procedure provided the same 1,57 Torr (298°K) initial
pressure of HoO in each run which was made. A measured quantity of nitric
oxide gas was then added to the cell as before. The mixture was allowed to
warm to room temperature and to equilibrate. Spectra of the mixtures were
determined every day for three successive days; they did not change de-
tectably after the first 24 hour period, so it seems clear that equilibrium
was established in the mixtures used for the HONO absorption cross section
measurements in this work. The equilibrium P 0., Was measured as before.
Using the initial pressures of Hy0O and NO, ang the measured amount of NOo
in the equilibrium mixture, the pressures of the other components in the
equilibrium mixture were calculated using relations (9), (10), and (12):
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TABLE 32, DINITROGEN TRIOXIDE ABSORPTION CROSS SECTIONS*

Wavelength, ¢, cm?® molec~l Wavelength, o, em? molec~l Wavelength, o, cm? molec™l
nm x 10 nm x 10 nm x 10
300 150 334 68.4 368 29
301 146 335 66.8 369 27
302 141 336 65.7 370 26
303 136 337 63.8 inn 26
304 132 338 62.3 372 26
305 128 339 60.3 373 26
306 123 340 58.1 374 26
307 118 341 57.3 375 26
308 113 342 S6.1 376 26
309 109 343 55.4 377 27
310 106 344 54.2 378 27
311 101 345 53.5 379 27
312 97.4 346 53.1 380 27
313 94.0 347 52.7 381 25
314 90.9 348 52.3 382 24
315 88.6 349 51.9 383 23
3le 85.6 350 51.86 384 21
317 83.3 351 50.4 385 20
318 81.7 352 49.7 386 18
319 79.8 353 48.9 387 17
320 78.3 354 48.1 388 15
321 77.5 355 47.7 389 13
322 76.8 356 47.0 390 12
323 76.4 357 45.8 391 10
324 76.0 358 44.7 392 8.8
325 75.6 359 43.9 393 7.3
326 75.2 360 43.2 394 5.7
327 74.9 361 41.2 395 4.6
328 74.5 362 39.7 396 3.8
329 74.1 363 38.2 397 3
330 73.7 364 36 398 2
331 71.8 365 as 399 1
332 70.7 366 33 400 0
333 69.9 367 31

* g = In (Io/1)/INy0;1¢, cn?® molec™t.

205



Ky = exp[-15.56 + k.73 x 10°7-1] (12)

Relation (12) was derived by Chan, et al.® from the combined experimental
data of Wayne and Jost,2° Waldorf and Babb,2! and Ashmore and Tyler.22

The JANAF data for the HONO species must be in error since coanstants derived
from these data do not reproduce the experimental equilibrium data.® Using
these composition data, the known absorption cross sections for NO- and
N-O4 [Ref. 19] together with our absorption data for NpOz (Table32), ab-
sorbances due to NOs, NoOs, and Nz0s were calculated at 1 nm wavelength
intervals from 300 to 400 nm. These were subtracted from the total measured
absorbance of the equilibrium mixture to obtain the absorbance due to HONO.
The fraction of the measured absorbance at 332 and 368 nm which was at-
tributable to HONO was in the range 15 to 67% of the total absorbance
measured. The absorbances for HONO followed reasonably well the linear
dependence on concentration expected from Beer’/s law for the very limited
range of concentrations which could be determined for this system (1.47-3.73
Torr, 25°C). The absorption cross sections which we have estimated from
this study are summarized in Table 33, The accumulated error in these
estimates which could result from the absorbance measurements and equilibrium
data employed should be less than 10% at the maxima in the HONO absorption
spectrum.

The near uv absorption spectrum of N,0s vapor

The absorption cross sections estimated for NpOsz(g) in the near ultra-
violet region are presented in Table32 and plotted in Figure 52, The con~
tinuous nature of the absorption reported previously is confirmed.®® However
there is a weak, but readily discernible structure which can be seen. We
attribute this tentatively to the N-0s(g). It is not likely that such an
effect would result from impurity bands of HONO which may have formed in-
advertently from the reaction of the oxides of nitrogen with H-0 impurity
released from the cell wall. The amount of such water vapor must be below
a few hundred ppm at most, and the equilibrium level of HONO in such a
mixture could not create the relatively intense absorption of the broad
structure observed here. Furthermore the positions of the strongest HONO
bands at 368 and 340 nm are near minima in the broad structure exhibited in
Figure52. Conceivably the structure could arise due to the faulty correction
for NOo present in the N;0z mixture, but experiments in which NO, absorption
was matched 1n the reference beam of the spectrometer alsc showed this
broad structure. We are not aware of any tabular data with whlch we can
compare these cross section estimates. Johnston and Graham did not publish
their measured data for N-Os. That of Shaw and VOSper2 were presented in
graphical form only, and the scale of the plot chosen makes impossible an
accurate reading at the wavelength of most intense absorption in our work
(300 nm); however it appears to be qualitatively consistent with our
estimates.

The near uv spectrum of HONO wvapor

The absorption cross section data for HONO determined in this study are
summarized in Table33 and plotted in Figure 53(the solid curve). These data
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TABLE 33. NITROUS ACID ABSORPTION CROSS SECTIONS*

Wavelength, o, em? molec—l Wavelength, o, cm2 molec—l Wavelength, o, cmmolec=l
nm x 1020 nm x 1020 nm x 1020
310 0.0 339 16.3 368 45.0
311 0.0 340 10.5 369 29.3
312 0.2 341 8.70 370 11.9
313 0.42 342 33.5 371 9.46
314 0.46 343 20.1 372 8.85
315 0.42 344 10.2 373 7.44
316 0.3 345 8.54 374 4.77
317 0.46 346 8.32 375 2.7
318 3.6 347 8.20 376 1.9
319 6.10 348 »7.49 377 1.5
320 2.1 349 7.13 378 1.9
321 4.27 350 6.83 379 5.8
322 4,01 351 17.4 380 7.78
323 3.93 352 11.4 381 11.4
324 4.01 353 37.1 382 14.0
325 4.04 354 49.6 383 17.2
326 3.13 355 24.6 384 19.9
327 4.12 356 11.9 385 19.0
328 7.55 357 9.35 386 11.9
329 6.64 358 7.78 387 5.65
330 7.29 359 7.29 388 3.2
33l 8.70 360 6.83 389 1.9
332 13.8 361 6.90 390 1.2
333 5.91 362 7.32 391 0.5
334 5.91 363 9.00 392 0.0
335 6.45 364 12.1 393 0.0
336 5.91 365 13.3 394 0.0
337 4.58 366 21.3 395 0.0
338 19.1 367 35.2 396 0.0

Yo = ln(IO/I)/[HONoll, em? molec-l.
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can be compared with those estimated in the studies of Johnston and Graham”
(the lower dashed curve) and Cox and Derwent® (the upper dashed curve). It

is apparent that the magnitude of the cross sections for the peaks in ab-
sorption estimated in our work are more nearly equal to those of Cox and
Derwent, although the vibrational structure which we observe correlates

better with the data of Johnston and Graham.? The peaks seen in the Cox |
and Derwent spectrum near 325, 330, 345, 348, 357, 361, 373, 376, 380, and
391 mm do not appear in our HONO absorption spectrum or in those reported

by Johnston and Graham’ and King and Moule.® We noted that maxima occur

very near these wavelengths in the spectrum of NOo gas.1® The magnitude of
these peaks is within the uncertainbty in the HONO cross sections reported

by Cox and Derwent. However if these peaks are real, then it is likely that
the Cox and Derwent spectral data for HONO include some uncorrected absorptions
from NO; impurity in their mixtures. In making the corrections for NO; ab-
sorption, they employed the Johnston and Graham absorption data for NOo

which lists only values at wavelength intervals of 5 nmm [Ref. 7]. It seems
inevitable that some peak structure of NO, must be retained in the corrected
spectrum of HONO using this procedure. If one assumes that this is the

origin of the difference between our absorption data and that of Cox and
Derwent and that they have correctly estimated the concentration of HONO in
their mixtures, then we expect the uncorrected NO: to be given by: [NOs]

~ ’ - . I
= [HONO] ((opon = Opono)/ Nos 3 THomo
section observed by Cox and Derwent, and

uncor
is the apparent absorption cross

THONO and UN02 are the correct
values for HONO and NO-, respectively. Using the Cox and Derwent data from
345, 348, 357, 361, 372, 376, and 380 nm and assuming our Opono Velues to

be correct, we estimate [NO5] /[HONO] & 0.24 * 0.07 in the Cox and

uncor
Derwent experiments. Of course the net effect of having uncorrected ab-
sorption due to NO, present is to raise the THONO estimate. It seems

likely to us that this may have occurred in the experiments of Cox and
Derwent.

The seemingly low values of absorption cross sections for HONO derived
by Johnston and Graham, may reflect non-equilibrium levels of HONO in their
reaction mixtures as Cox and Derwent have suggested, since reactions 3 and 4
are relatively slow in the NOs-, NO; Hp0, He gas mixtures employed. These
workers do not describe the time dependence of the growth of HONO observed
nor the period of delay before final measurements were made, so such a
suggestion must remain as conjecture. The ratio of peak to valley cross
sections in the three data sets now available for HONO are inconsistent.
Thus 6354/0360 = 3.74, 3.29, and 7.26 from the data Johnston and Graham,7

Cox and Derwent,8 and our data, respectively., Conceivably this difference
may have resulted from an overcorrection for NOs in our study. However if
this were the case one should observe minima in the HONO calculated spectrum
which would correspond to the NO> peaks. This is not observed. It seems
more likely to us that the data of the other workers were undercorrected for
the presence of NOs.
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A test of the reliability of the HONO absorption cross section data
can be made using rate data derived in our large photochemical reactor
sys?em. The ultraviolet light which bathes the cell contents rather uniformly,
mimics quite well the ground level solar flux both in intensity and wave-
1ength.distribution in the 2900 to 4100 & region. FTS IR spectrometric
analysis of reactants and products can give a fairly continuous record of
the chemistry which occurs in the reactor. The apparent first order rate
constant for reaction (7) was determined in a series of experiments employing
low concentrations of HONO in 700 Torr of air and in mixtures with small
quantities of added CO, NO, and NO, in 700 Torr of air.2* Rate data on
reaction 13 were obtained in another series of experiments at low con-

centrations of NO: carried out both in the absence and the presence of 700
Torr of air.

HONO + hv = HO + NO (7)
NOs + hv = O + NO (13)

The kinetic treatment of these data gave k7 = 0,11 and kl3 2= 0,60 min~t

[Ref. 13]. The relative light intensity versus wavelength distribution
function F(A) for the uv light within the cell was determined using an
absolute spectrofluorimeter as detector. These data were coupled with our
present GﬁONO(k) estimates, UNOg(%) data of Bass, et al.,1® primary quantum

yield data for (Ref. 13), ®l3(x), of Jones and Bayes,®* and the assumption
that @7 = 1 at all HONO absorbing wavelengths in the 290-410 nm range,8 to
derive the theoretically expected relative rates of reactions (7) and (13)
in our photochemical reactor:
fz _ J GHONO(K) F(N) @7(%) dA
Rl3 - GN02(7\) F(N) <I>l3(7\) aA

(1)

Using relation (14) and integrating over the 290 to 410 nm range of non-zero

values, we obtained R7/R13 = 0,18 * 0.02, This checks well with the ratio

of the independently estimated experimental rates: R7/Rl3 = 0.11/0.06 =

0,18 * 0.04, Thus some support is provided for the accuracy of the present
HONO cross section data and the conclusion of Cox and Derwent that @7 = 1.0

within the first absorption band of HONO. If the THONO values of Johnston

and Grahem are used in relation (1), we obtained R7/Rl3 = 0,065; use of the
i i = 0.32.

Cox and Derwent estimates of o .- yields R7/Rl3 0.3

We feel that our present estimates of the absorption cross sections
of HONO are the most reliable of those available today, and we recommend
their use in the modeling of the tropospheric chemistry. We may combine

our GHONO values with Peterson’s recent estimates of the flux of solar

radiation at ground level®® to derive new theoretical estimates of k.
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applicable for the lower troposphere at various solar zenith angles. These
estimates are shown in Figure54 for the choice of zero surface albedo. They
nay be increased by the appropriate reflection factor which describes best
the properties of the earth’s surface at the point of interest.

The unambiguous detection of HONO in ambient air has not yet been ac~
complished to our knowledge. Simulations using these estimates suggest
that for a typical NO,~RH-polluted, sunlight-irradiated atmosphere, the
levels of HONO, controlled largely by reactions (1)-(6), which are expected
to be present near ground level should be in the ppb range. Obviously a

sensitive detector system will be necessary to successfully identify HONO
in the ambient air.
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THE KINETICS OF DIMETHYLAMINO RADICAL REACTION IN SIMULATED ATMOSPHERES:
THE FCORMATICH CF DIMETHYLNITROSAMINE AND DIMETHYLNITRAMINE

Introduction

There has been increasing concern over the possible generation of
nitrosamines within the atmosphere because of their unusually high
carcinogenic activity.

In 1956, dimethylnitrosamine (DMN) was shown to cause cancer in rats,t
and concern has continued to grow about this and other N-nitrosamines and
their relation to human health. Although there have been no studies directly
linking DMN with cancer in humans, DMN has been shown to cause tumors in
mice, hamsters, mink, rats, guinea pigs, rabbits and rainbow trout.® To date,
no animal species studied has shown any resistance to the carcinogenic
action of DMN. It would seem rather presumptuous to assume that man is the
uniguely immune species.

DMN has been shown to be an effective carcinogen regardless of the
menner of application. Ingestion, inhalation, injection and topical ap-
plication of DMN have all been shown to cause tumors, generally far from
the site of administration. For example, long-term, low-dosage ingestion
of DMN was found to lead to liver cancer, while higher concentrations in the
foodstuff produced kidney cancer in a shorter amount of time -- in several
cases after just one dose.® A single dose of 5 ppm caused tumors in 70% of
the animals in another study.* Inhalation of DMN was shown to be an ef-
fective means of exposure at levels of 200 ug/m® (67 ppb); furthermore, the
study showed that a small daily dose led to a smaller cumulative dose before
the appearance of cancer.®

It is from the overall picture rather than from any individual study
that concern arises. It is these considerations that prompt researchers
to classify DMN as one of the most potent carcinogens,.52%27

The first reported finding of nitrosamines in the atmosphere, the
detection of DMN and diethylnitrosamine (DEN) near a factory producing
secondary amines in Germany,8 generated considerable interest in the atmo-
spheric occurence and behavior of these species. Since that time,
nitrosamine concentrations in several U.S. cities have been measured.
The highest concentrations of DMN were found near an FMC plant synthesizing
unsymmetrical dimethylhydrazine and utilizing DMN as an intermediate. These
concentrations peaked at 36 ug/m3 (12 ppb), and levels in the nearby community
of Baltimore ranged from 0.03 to 8 pg/m® (0.0L - 2.6 ppb). In Belle, W. Va.,
where both DuPont and Union Carbide manufacture or use dimethylamine (DMA),
levels of from 0.2 to 1.0 pg/m® were found.'® This is comparable to levels
observed in New York City.'t These levels are much higher than those found
for other airborne carcinogens, e.g., benzo(a)pyrene at 2 ng/m® [Ref. 12],
and thus these levels are cause for concern.

2,9,10

The origins of DMN in ambient air are not clear. Presumably, the
nitrosamine will either be emitted as a primary pollutant, or conceivably
it could be formed from precursors in the atmosthere.
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The only known major emitter of DMN, the FMC plant near Baltimore, was
shut down in April, 1976.1% cmall amounts of DMN have also been found to be
by-products of the combustion of rocket fuell”* and tabacco;:5 DMN is also
produced in the preparation of fish products,2®217 which are rich in amines.

The main precursors of nitrosamines in the atmosphere are felt to be
secondary and tertiary amines, and oxides of nitrogen. Both are widely
distributed. Amines are emitted as a result of a wide variety of industrial
activity, including amine manufacture, food processing, coking, the refining
of petroleum, and incineration. They are also given off in appreciable
concentrations from sewage treatment plants, animal feed lots, and swamps.ll
Nitrogen oxide sources include fossil fuel combustors, refuse incineration,

home heating, automobile exhausts, and industrial processes related to the
manufacture and use of nitric acid.l?

Bretschneider and Matz® have shown that mixtures of dimethylamine and
nitrogen dioxide at 50 %o 100 ppm combine within seconds to form DMN.
Neurath et al.® have shown that the stoichiometry of this reaction is 1:1,
but the mechanism of the reaction remains unclear. Recent work by Hanst®®
at much lower concentrations (2 ppm NO, 2 ppn NOs, 1 ppm DMA) indicate that
this reaction is too slow to be an important source of nitrosamine under
atmospheric conditions.

Hanst*® has also studied the reaction of HONO with DMA. The reaction
of 0.5 ppm HONO (in equilibrium with 2 ppm NO, 2 ppm NOs, and 13,000 ppm
Ho0) with 1 ppm DMA gave DMN from DMA in about 10 to 30% yield. Glasson=°
repeated this work, finding the same rate of loss of the amine, but obtain-
ing only about 1% yield of the nitrosamine. He suggests that this is
evidence that the reaction does not take place homogeneously, but is con-
trolled by a reaction occurring at the cell wall.

Further work by Hanst*® includes a study of the photolysis of DMN in
sunlight. The sample was prepared by mixing 20 Torr DMA with 20 Torr NO,
adding room air, and pumping out the volatile components. A value for
tl/2 of 30 minutes for photolysis in bright sunlight at noon was obtained,

corresponding to an apparent first order photolysis rate constant, Kl =
0.02 min™t.

(CHz)oN-NO + hv > (CHsz)oN + NO (1)

Products found include nitric oxide, carbon monoxide, formaldehyde, and an
unidentified compound with absorbances at 1560 em™(s), 1480 em~*(m-s),
1310 em~%(s), 1000 em™*(m) and 775 cm~1(w).

Tn light of the work of Hanst, Pitts et al.®! have initiated a study
of amine-NO, photolyses. One of the amines employed was DMA. DMA wa.s
combined with NO and NO, at a relative humidity of about 40% and allowed
to reasct for two hours in the dark before being exposed to sunlight. The
qualitative results agree with Hanst; that is, DMN is formed in the dark,
and disappears during photolysis with t1/2 ~ 1 - 2 hr., The unknown product

of Hanst is identified as dimethylnitramine, (CHg)oN-NOp.2% This is the
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same product obtained by Althorpe et al.23 by the sunlight photolysis of
dilute solutions of DMN in hexane.

The detailed mechanism of nitrosamine formation is still obscure, al-
though some speculation about it has been made. Attack of the amine by a

hydroxyl group has been suggested as an initiating step for reaction of the
amine 21,24

(CHs)2NH + OH - (CHs)oN + HOH (2a)
< CHoNHCHz + HOH (2b)

Atkinson et al.2® have measured the rate constants for the reaction of
OH with dimethylamine and trimethylamine to be 9.67 x 10* ppm~imin~! and
9.00 x 10* ppm™min~t. If we make the naive assumption that the rate con-
stant can be separated into a value for each bond (analogous to Greiner’s
work with alkanes),®® then the results of Atkinson et al. lead to k

C-H
1,00 x 10* ppn~imin~t, and Ky g = 3.67 x 10* ppm~imin~t. From this we can
estimate the rate constants of k, = 3.67 x 10* ppm~tmin-t and Koy, = 6.00 x

10* pm™'min=t, or a relative rate of k, /k, = 1.63.

Once the radical (CHsz)oN has been formed, it is expected to react in the
atmosphere according to the following scheme:

(CHz)aN + Oz =~ (CHs)oN-Op and other products (3)
(CHa)2N + NO (CHg)2N-NO (L)
(CHs)oN + NOo ~ (CHg)oN-NOp and other products (5)
(CHg)oN=NO + hv = (CHsz)sN + NO (1)

At first glance, it might seem that the only reaction of any importance
in the Os-rich atmosphere would be reaction 3; oxygen is present at con-
centrations approximately 10° times greater than NO or NOp in urban air,
and most organic radicals react very quickly with oxygen. However,
Tesclaux® 7528 has shown that the radical NH, is very much less reactive
towards O, than it 1s toward NO.

NHy + Op == products (6)
NH, + NO - products (7

His flash rhotolysis studies show that k< 5 x 10-2 ppm~min~% [Ref. 27],

while k7 =3 x 10* ppm—tmin~t [Ref. 28]. If the dimethylamine radical is

analogous to the NH, species, it is conceivable that its reactions with
pollutant molecules could dominate the system, and may contribute heavily
to the nitrosamine concentrations observed in urban atmospheres,
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This hypothesis was tested in this work through the quantitative study
of the reactions 1, 3, 4, and 5 using FT IR spectroscopy. Relative rates
for the reaction of the amine radical with NO, NOs, and O were determined.
The date presented here may be used to derive the first quantitative estimates

of the importance of the nitrosamines and nitramines formed through these
homogeneous reactions in the atmosphere.

Experimental Study of the Dimethylamino Radical

In this study, reactions of amines of probable importance in the atmos-
phere were investigated. To understand these reactions, it is advisable to
study gaseous systems which contain reactants at concentrations approximating

those found in ambient air and which can be irradiated at light levels
similar to sunlight.

Although many techniques have been proposed for monitoring low levels
of gaseous pollutants, infrared absorption remains among the most specifiec,
sensitive and accurate methods for the detection of many molecules., The

ability to detect a given molecular species increases with path length and
with spectral resolution.

The time required to collect an infrared spectrum typically increases
as the spectral resolution or the spectral interval surveyed is increased.
The slow response typical of grating and prism infrared systems has been
largely overcome by Fourier transform spectroscopy (IRFTS), which can
collect spectral information over wide spectral regions in relatively short
times.

The instrumentation available for the present study includes a glass-
walled multiple pass cell with a maximum path length of more than 500 m.
‘The cell is surrounded by fluorescent bulbs which result in an irradiance
inside the cell similar in spectral distribution and magnitude to ground
level solar radiation between 300 and 400 nm.

The infrared spectra were taken using a Michelson interferometer
(Digilab Model FTS 20). The time required to collect a single scan inter-
ferogram from O to 3950 ecm™t at 1 cm™t resolution and to store the in-
formation on magnetic tape is 28 seconds. This rapid collection speed
allows chemical reactions to be monitored rapidly so that rate constants
can be determined.

The FTS Photolysis System

Photolysis Cell ~--

The main body of the cell consists of four 1.5 m lengths of Corning
low-expansion borosilicate glass separated by stainless steel spacers with
Teflon gaskets. Stainless steel endplates are also used. One endplate
contains KBr windows to allow infrared radiation to enter and leave the cell;
the other has an outlet to a vacuum pump and mechanical feed throughs to
adjust the mirrors. Each endplate and spacer has been provided with a gas
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inlet port to help ensure a uniform distribution of gases throughout the
cell.

The entire length of the cell can be irradiated by four banks of
fluorescent lights surrounding the cell. The lamps installed in the system
are GE FT2T12/BL/HO and FUOBL black lights. The emission spectrum of one
of these lamps after passing through the cell wall was measured with a
Turner spectrophotometer operated in the luminescence and energy mode. The
spectrum obtained is shown in Figure 55,together with the estimated relative
spectral distribution of solar radiation for a solar angle of 45° [Ref. 29].

Relative Intensity

360 400

Wavelength, nm

320

Figure 55. Comparison of irradiance inside photolysis
cell with solar irradiance.
(a) spectral distribution of fluorescent lamp
ocutput after passing through glass walls
of cell (unpublished data of Fugene Beer);
(v) relative spectral distribution of solar
energy at ground level.
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The fluorescent lamp assembly is surrounded by an aluminum foil reflector

to increase the intensity and improve the uniformity of the light within
the cell.

Gas Introduction System ..

Figure56 shows the gas handling system used to inject known amounts of
gases into the photolysis cell. This grease~-free, mercury-free system was
constructed entirely of glass with Teflon stopcocks. Connections are made
with stainless steel Cajon unions using Viton O-rings. Pressures are read
on one of two Wallace and Tiernan absolute pressure guages (0-20 and 0-800

Torr) which are separated from the system by a quartz spiral manometer used
as a null meter.

This gas handling system was designed to minimize dead volumes and to
permit positive injections of samples with a carrier gas; positive injection
capability is essential for forming multicomponent mixtures in the photolysis
cell,

The seven volumes built into the vacuum system (2.7 to 92.4 em®) allow
convenient injection of samples fram less than 0.0l to over 200 ppm.
Larger concentrations can be injected by attaching larger bulbs to the
system at the direct inlet port. Weighed amounts of solids or liquids with
reasonable vapor pressure can also be injected through this port.

A manifold of stainless steel tubing (0.25 in. o.d.) connects the gas
handling system to the photolysis cell. Five inlet ports (one in each
spacer and endplate) help to ensure a uniform distribution of gases
throughout the cell.

Optical Arrangement Within the Photolysis Cell --

A standard White cell is shown in Figure57, and consists of three
spherical mirrors of equal focal length. The light from the source is
focused into a real image at the entrance apertbure of the cell, and above
the horizontal centerline of the field mirror Mf (see Figure 58). It then
diverges and is collected on mirror Dl' Since Dl is located two focal

lengths from the image, the inverted image from Dl is focused on Mf. Dl is

adjusted so the image (marked 2) falls below the horizontal centerline of

Mf. The reflected diverging beam falls entirely on D2, and D2 is adjusted

S0 the real image formed (marked U4) is beside the aperture image. If this
image is placed in the exit aperture, the total number of traversals is

the minimum of four. If it is placed symmetrically opposite the first image
(marked 2), there will be at least four more passes through the systen.

The optical system used in this study was a modified White ce}l, and
has been described' by Hanst.3° As shown in Figure59, the single field

mirror Mf in Figure 3 has been replaced by four rectangular spherical mirrors

Mé, MB, Mc, and Mﬁ’ and the pair of mirrors Dl and D2 have been replaced by
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Figure 56. Gas handling system for introducing known amounts of chemicals into the photolysis cell.
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four quadrant shaped spherical mirrors Dy» D2, D3, and D). In an aligned

system, an image of the source is formed in the plane of the mirrors near
My (marked O). Rows of images are formed on M_, M _, M , and M, after

reflections by the mirrors Dl’ D2, D3, and Dh' The beam leaves on the

opposite side of Mb.

The number of traversals used throughout this work was 32. The
distance between the mirrors is 5.31 m, giving a total path length of 170 m.

Transfer Optics --

A schematic of the optical arrangements used in this work is given in
Figure 60. The entire optical system outside the cell is mounted on an
aluminum slab and enclosed in a transparent plastic box sealed to be es-
sentially airtight. The box is purged with dry nitrogen gas during
operation, and residual water and carbon dioxide in the gas are removed by
placing traps of sodium hydroxide and activated alumina on the floor of the
box.

Radiation from a Nernst glower (N) is reflected by the spherical mirror

My (fl = 15 cm) to an off-axis paraboloid mirror M, (f2 = 27 cm) which

results in parallel radiation to the interferometer. Within the inter-
ferometer, the collimated beam is amplitude-divided at a beam splitter (BS)
consisting of germanium on a KBr substrate. Half of the radiation is re-
flected to the movable mirror My and half is transmitted to a stationary
mirror Ms (Figure 61). These two beams recombine at the beam splitter and
exit the interferometer. The resultant beam is reflected by two plane mirrors
(Mg and Mg in Figure60) and two spherical mirrors (Me, £, = 60 cm; Mg, f9 =

45 em) before entering the absorption cell. Optics are adjusted so an image
of the Nernst is formed at Nz in the plane of the field mirrors and an image
of the beam splitter is formed on the top left gquadrant at the far end of
the cell., Intermediate images of the Nernst are also found at positions

Ni and NE'

Results and Discussion

Dimethylnitrosamine (DMN) has been found to be one of the most
carcinogenic chemicals in experimental animals.®s%>7 In view of this, the
detection of DMN in industrial atmospheres®»>8s1l has generated considerable
interest in the atmospheric sources and sinks of this and other similar
compounds . \
Formation of Dimethylnitrosamine by the Photooxidation of Dimethylamine in
Simulated Atmospheres --

Through the formation of nitrosamines from amines in the condensed

phase has been studied extensively,®l few investigations of their formation
from amines in the atmosphere have been made. Our original intention in
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thj:s work was bo characterize the products and kinetics of the photo-
omdata'.on of dimethylamine (DMA) in simulated atmospheres, with particular
attention being paid to the question of nitrosamine formation.

) Re?sults frs)m experiments designed to investigate the reaction of DMA
with nitrous acid, concentration-time profiles were derived from the data;
a typical one is shown in Figure 62.

Formation of Dimethylnitrosamine in the Dark --

Dimethylnitrosamine was produced by the reaction of DMA with HONO in
the dark, A yield of DMN from DMA of about 5% was found in each ease
before photolysis was initiated, though a considerably lower yield (< 2%)
was found in the dark period directly following the photolysis. These values
are greater than those reported by some workers®®s21 and less than that
obtained by others,:® supporting the idea that the reaction is heterogeneous.2°

Initially, DMN was produced quite rapidly, with a concurrent rapid loss
of HONO and DMA. The rate of DMN formation decreased to a falrly steady value
within five minutes. This is similar to behavior noted by Pitts et al.Zt
However, in our system considerable aitrous acld and amine were left, in-
dicating that the reaction was limited by wall reactions rather than by the
availability of nitrous acid.

Nitrosamine Formation During Photolysis --

The rate of nitrosamine formation in both experiments increases
dramatically when photolysis is initiated, and slows as photolysis is con-
tinued. In the first experiment, an initial rate of DMN formation of 0.26
ppm/min decreases to 0.04 ppm/min after 10 minutes. In the experiment
with 10 ppm NO added, the initial rate of 0.18 ppm/min decreases to about
0.08 pmm/min after 10 minutes.

The sequence of reactions leading to the formation of DMN presumably
begins with the photolysis of nitrous acid to produce OH radicals, which
then attack the amine.

HONO + hv == OH + NO (22)
OH + (CHg)aNH - (CHs)oN + HxO (2a)
- CHsNHCHe, + Hz0 (2b)

The radical (CHg)zN formed in reaction 2a can, among other possibilities,
react with NO to form DMN.

(CHg)oN + NO = (CHg)oN-NO (&)
In the experiment where 10 ppm NO was added, the reactign of the di-
methylamino radical with NO will be enhanced. In this experiment, a

maximum yield of DMN from DMA of 31% was found during the first few mir'lutes
of photolysis. This indicates that at least 31% of the amine reacts with OH
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Figure 62. Concentration/time profile for the
reaction of dimethylamine with nitrous acid.
Open symbols indicate data collected during
the photolysis. Circles, dimethylamine;
triangles, nitrous acid; squares, dimethyl-
nitrosamine.
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to form the dimethylamino radical, or k2a/k2b = 0.5, This is in good

agreement with our estimation of 0.61 from the data of Atkinson et al.,25
and supports the contention of Pitts et al.2l that H-abstraction from the

N-H bond is competitive with H-abstraction from the C-H bonds in secondary
alkyl amines.

| The ?eduction in the rate of formation of nitrosamine can be explained
by a combination of factors. These include lower concentrations of the
reactants HONO and DMA, and removal of DMN from the system, either by
photolysis or reaction with other species in the system. The observed

r;d;;ﬁion in the yield of DMN from DMA can best be explained by the removal
o .

At this point in the study we became aware that the group directed by
Dr. J.N, Pitts in Riverside, California, had initiated an IRFTS study of
the irradiation of amine-NO, systems essentially identical to the cne we
had begun.®2 Rather than duplicate their efforts, the emphasis of our study
was changed from a general consideration of amine reactions in NO, -polluted

atmospheres to concentration on the reactions of the dimethylamino radical
in these atmospheres.

Determination of the Photolysis Rate of Dimethylnitrosamine --

The ultraviolet absorption spectrum of dimethylnitrosamine and the
neasured spectral irradiance inside of the photolysis cell (Figure 55)0verlap
in the region from 300 to 420 nm. The dissociation energy of the N-N bond
in DMN has been given by various authors as 32 kcal/mole,>2 43 kcal/mole,33
and 55.2 kcal/mol.®* Taking the largest (and most recent) of these values,
we can expect possible dissociation of the nitrosamine at wavelengths below
518 nm. Thus our photolysis cell is suited to this study.

Photolysis of Dimethylnitrosamine in Nitrogen--
Dimethylnitrosamine is expected to photolyze according to reaction Ll:
(CHz)oN=-NO + hv = (CHz)-N + NO (1)
Data from the photolysis of DMN in nitrogen were determined in a series of
runs and shown as circles in Figure 63. As can be seen from a plot of the
logarithm of the nitrosamine concentration as a function of time, (circles

in Pigure 6, a first-order loss of nitrosamine is not observed. Presumably
this is because of the recombination of the amine radical with nitric oxide.

(CH )oN + NO =< (CH )oN-NO (%)
Photolysis of Dimethylnitrosamine with Nitric Oxide in Nitrogen--

To test this contention, a sample of nitrosamine was photolyzed in the
presence of 5 ppm nitric oxide. This should enhance reaction U4, sup-
pressing the radical concentration and lowering the rate of nitrosamine

decay. The expected behavior is observed, and the rates of nitrosamine
photolysis with and without nitric oxide are compared in Figure 63.
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Figure 63. Plot of the disappearance of dimethyl-
nitrosamine as a function of photolysis time.
Circles, [DMN] = 3.96 ppm, [NO] = O; triangles,
[DMN] = 3.16 ppm, [NO] = 5.0 pmm.
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Figure 64. Plot of the logarithm of dimethylnitrosamine
concentration as a function of time. Closed symbols
indicate data taken before photolysis was begun. Circles,
nitrosamine in nitrogen; triangles, nitrosamine with 50
ppm isobutane, slope = -0,0046 min~'; squares, nitro-
samine with 6.4 ppm trimethylsilane, slope = ~-0.0061
min~t,
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In addition, a plot of l/[DMN] as a function of time gives a straight
line (Figure 65). This is consistent with a rapid equilibrium followed by
bimolecular decay of the radical.

hv
(CHz)oN-NO <= (CHg)2N + NO (fast)
2(CHz)oN = products (slow) (23)

In this event the radical concentration at any time is given by the equilibrium
expression.
k. [ DM
1
- —— ol

In the case where 5 pm of nitric oxide is present initially, its concen-
tration will remain fairly constant during the photolysis. The radical
concentration will then be proportional only to the concentration of the
nitrosamine, and the behavior of the radical will be reflected by the
behavior of the nitrosamine.

Photolysis of Dimethylnitrosamine with Trimethylsilane and Isobutane in
Nitrogen --

One way to measure the photolysis rate of DMN is to add another species
that will react with the dimethylamino radical much faster than it reacts
with NO. Two candidates for this added species are trimethylsilane (TMS)
and isobutane (IBU), either of which may react to donate a hydrogen atom.

(CHz)2N + (CHz)sCH » (CHg)2NH + (CHs)sC (25)
(CHg)2N + (CHz)sSiH » (CHs)oNH + (CHs)asSi (26)

Data from these two experiments were used to estimate the concentration-
time profiles, and the logarithm of nitrosamine concentration as a function
of time is plotted in Figure 6L, The slopes of the linear portions of the
two graphs give rate constants of 0,0061 min=* and 0.0046 min~% for the
experiments with TMS and IBU, respectively. These low values, together
with the fact that the concentrations of nitrosamine at the onset of photo-
lysis predicted by these lines are considerably lower than the actual con-
centration measured before photolysis, indicate that an appreciable fraction
of the radicals are still reacting with NO to reform the nitrosamine. The
use of larger concentrations of either TMS or IBU was not practical because
of their strong infrared absorbances.

Estimation of Photolysis Rate Constant from Initial Slope Data --

An estimate of the photolysis rate constant kl can be obtained by con-

sidering only the initial data and extrapolating back to the onset of photo-
lysis when the concentration(s) of radical and/or nitric oxide are zero.
This technique is illustrated in Figure 66 for the photolysis of DMN in
nitrogen, giving a value of k) = 0.042 min~1 in this case.
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Figure 65. Plot of the reciprocal concentration
of dimethylnitrosamine as a function of time for

the photolysis of DM with 5.0 ppm nitric oxide
in nitrogen.
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Figure 66. Initial data from the photolysis of
DMN in nitrogen illustrating determination of
initial slope (shown as dashed line),
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) Values obtained using this technique for the experiments indi
listed in Table 3%4. The deviation from first-order bghavior is cgizigigazii
even at the shortest times measured here, and so the values given are subject
to the prejudices of the person making the measurements. However, as the
?oncentration of oxygen increases, the absolute value of the initial slope
increases, indicating that the oxygen acts to remove the radical. Thus %he

larger values (i.e., 0.11 - 0.12 min=!) should be closest to the true photo-
lysis rate constant.

Theoretical Estimation of the Photolysis Rate from Ultraviolet Absorption
and Quantum Yield Data --

The photochemical rate constant for a species X in the cell is pro-
portional to the integral

B= e e ot 120y (21)

where e(A) is the extinction coefficient at wavelength A, ®(A) is the quantum
yield for the decomposition, and I9(A) is the relative light intensity. The

ratic of two rate constants is therefore equal to the ratio of thelr integrals,
or

k, = (FX/Fy)ky (28)

Thus the rate constant for photolysis of DMN can be estimated from its
ultraviolet absorption spectrum and the relative light intensity by com-
parison to a system whose photochemical decomposition is more easily measured.

Cne such system is the photolysis of N0, at low pressure. Absorption
coefficients®® and quantum yield data>® are available in the literature,
and the primary photolysis rate constant, k29, is readily measured since,

at low pressures of nitrogen, only reactions 29 and 30 are important.31
NOo + hv == NO + O (29)
NOs + O <> NO + Oo (30)

In this case, two molecules of NO; are destroyed for each molecule destroyed
photochemically, and the primary photolysis rate constant k29 is given by
the relationship kyg = (1/2t)1n(Ao/L), where Ao and A are the values of the
absorbance due to NO, at time zero and time t, respectively.

Data from the photolyses of NO, at low pressures were determined and
the Figure 67 consists of a plot of the logarithm of NOo, absorbance as a

function of time for each run. The slopes of these plots give values of
k29 of 0.280 * 0.004(2¢) min=*, 0.253 * 0.005(2¢) min=1, and 0.260 * 0.005

(2¢) min=t, for an average value of k29 = 0,264 min-%.
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TARLE 34%. VALUES OF THE RATE CONSTANT FOR THE PHOTO-

LYSIS OF DIMETHYINITROSAMINE OBTAINED FROM THE INITIAL
SIOFE OF THE LOGARITHM OF THE DIMETHYLNITROSAMINE CON-
CENTRATION AS A FUNCTION OF TIME

X, Reactants Expt #
min_l
0.042 4.0 ppm DMN 770917-1
0.081 4.0 ppm DMN, S0 ppm isobutane 770929
0.084 2.9 ppm DMN, 50 Torr O2 770919
0.112 1.8 ppm DMN, 140 Torr 02 770917-2
0.122 11.4 ppm DMN, 730 Torr O2 770930-2
0.008 8.2 ppm DMN, 5.5 ppm NO, 69 Torr 02 770930~1
0.014 5.9 ppm DMN, 5.2 ppm NO, 138 Torr 02 771003-1
0.057 5.9 ppm DMN, 3.7 ppm NO, 1.2 ppm Noz, 700 Torr O2 771003-2
0.056 2.9 ppm DMN, 20 ppm NO, 4.8 ppm NOZ' 145 Torr O 770920~-1

2
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Figure 67. Plot of 1n (absorbance) for three low-~

pressure photolyses of nitrogen dioxide. Circles,

slope = -0.559 + 0.008(2¢) min~t; triangles, slope

-0.505 * 0.,010(2¢) min~1; squares, slope = -0.519 *
0.010(2¢) min-t.
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Table 35. shows the light intensity, extinction coefficient and quantum
vield data used in the estimation of the photolysis rate of DMN in our
photolysis cell. A quentum yield of unity is assumed for the nitrosamine,
and the integral of Equation 29 is approximated by the sum at 1 nm increments.
The following values were obtained:

Foo 51693 (arbitrary units)

[l

T = 15183 (arbitrary units)

RN
AN

From equation 28, k; (15183/51693) (0.264 min~1)

= 0,078 min~t

This value is lower than that predicted by the method of initial rates.
The most probable explanation is that the light intensity within the cell
has decreased during the course of this work. The measurement of k29 =

0.264 min=t was made about six months after the bulk of the nitrosamine
photolyses were performed. Measurements of the same rate constant made in
the same way some two years earlier gave values of k29 = 0.515 min~t. An

intermediate value of k., = O.40O min~% gives k, = 0.12 min-%, in line with

29 1
the values predicted from the initial rate data.

Photolysis of Dimethylnitrosamine in the Presence of Oxygen--

The relative rates of the reactions of dialkylamino radicals with
oxygen and oxides of nitrogen at the concentrations typical of polluted
atmospheres are not now known, although some workers have assumed that the
reaction with oxygen is small enough that it can be ignored.®l If this is
the case, then the photolysis of DMN in nitrogen/oxygen mixtures should be
largely independent of the amount of oxygen present. By comparison of the
work in the previous section (DMN photolyzed in nitrogen) with the results
of Hanst et al.l® in air, it can be seen that this is not the case. Thus
if we are to understand the chemistry of dimethylnitrosamine in the atmo-
sphere, it is Imperative that a direct experimental estimate of the relative
importance of the reactions of the radical (CHg)oN with oxygen and the
oxides of nitrogen be made,

Formation of Products: The Mechanism of Photooxidation--

The two main products formed during the initial stage of the photolysis
of DMN in the presence of oxygen are dimethylnitramine®l>22 (DMNA) and a
species having a sharp absorbance at 1025 em™t, This absorbance has been
tentatively assigned to tetramethylhydrazine ((CHs)oN-N(CHsz)o) by Tuazon
et al.,®2 but our work shows it to be due to monomethylmethyleneamine (MMA).
This assigmnment was verified by comparison with the spectrum of an authentic
sample.
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TABIE 35. EXTINCTION COEFFICIENTS, QUANTUM YIELDS AND
VALUES OF THE LIGHT INTENSITY WITHIN THE CELL USED IN

THE DETERMINATION OF THE PHOTOLYSIS RATE OF DIMETHYL-
NITROSAMINE

. ‘Nitrogen dioxide Dimethylnitrosamine

oot e s, Fr @ e, ron 8
nm L/mol-cm L /mol=cm
300 0.00 33.5 0.95%0 0.00 2.40 0.00
301 0.00 35.1 0.990 0.00 2.28 0.00
302 0.00 39.2 0.990 0.00 2.28 0.00
303 0.00 45.5 0.990 0.00 2.03 0.00
304 Q.00 45.6 0.990 0.00 2.28 0.00
305 0.00 47.3 0.9%0 0.00 1.90 0.00
306 0.00 45.2 0.99%0 0.00 2,28 Q.00
307 0.01 46.6 0.990 0.46 2.40 0.03
308 0.02 46.2 0.990 0.21 2.28 0.04
309 0.04 52.5 0.990 2.08 2.53 Q.10
310 0.05 50.2 0.9%0 2.48 2.66 0.13
311 0.08 53.7 0.990 4.25 3.29 0.27
312 0.10 56.0 0.990 5.54 3.42 0.34
313 0.11 58.1 0.990 6.33 3.29 0.36
314 0.13 55.5 0.990 7.14 3.42 0.44
315 0.15 64.3 0.990 9.55 3.93 0.59
316 0.19 60.9 0.99%0 11.46 4.94 0.%4
317 0.23 66.5 0.990 15.14 5.45 1.25
318 0.27 70.9 0.990 18.95 6.08 1.64
319 0.30 66.1 0,990 19.63 6.46 1.94
320 0.30 72.4 0.990 21.50 7.09 2.13
321 0.32 75.7 0.990 23.98 8.49 2.72
322 0.38 75.6 0.990 28.44 8.87 3.37
323 0.42 79.0 0.990 32.85 10.26 4.31
324 0.50 76 .4 0.990 37.82 11.27 5.64
325 0.55 79.5 0.990 43.29 11.81 6.55
326 0.60 82.2 0.990 48.83 13.30 7.98
327 0.72 83.1 0.990 59.23 13,93 10.03
328 0.85 87.8 0.990 73.88 15.20 12.92
329 0.96 85.6 0.990 81.38 16.85 16.17
330 1.10 85.3 0.990 92.89 17.73 19.51
331 1.20 87.1 0.990 103.47 18.62 22.34
332 1.30 85.8 0.990 110.42 19.63 25.52
333 1.42 106.4 0.990 149.58 20.65 29.32
334 1.52 85.1 0.990 128.06 21.91 33.31
335 1.65 98.6 0.990 161.06 23.31 38.45
336 1.75 100.2 0.990 173.60 24.95 43.67
337 1.87 98.9 0.990 183.09 26.60 49.74
338 2.02 99.3 0.990 198.58 2B.50 57.57
339 2.19 113.9 0.990 246.95 30.53 66.85
340 2.30 110.8 0.985 251.02 32.30 74.29
341 2.55 118.9 0.985 295.65 33.44 85.27

(Continued)
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TABLE 35. (Continued)

Nitrogen dioxide Dimethylnitrosamine
A, 1°m0,° c),® e, ren.t S T
nm % /mol=-cm 2/mol-cm
342 2.68 109.4 0.985 288.74 34.83 93.35
343 2.83 101.2 0.985 282.10 35.97 101.80
344 2.92 115.9 0.985 333.3% 36.73 107.26
345 3.13 116.2 0.984 357.89 38.13 119.34
346 3.25 122.6 0.984 392.07 39.39 128.02
347 3.45 122.1 0.984 414.51 41.80 144.21
348 3.60 137.6 0.984 487.43 44.97 161.87
349 3.70 131.7 0.984 485.97 48.13 180.49
350 3.88 117.0 0.983 446 .24 §1.42 199.53
351 4.15 129.0 0.983 526.25 54.21 224.98
352 4.30 126.7 0.983 535.55 55.48 238.56
353 4.49 113.9 0.983 502.72 55.73 250.23
354 4.62 143.9 0.983 653.52 54.72 252.80
355 4.73 146.5 0,982 680.47 54.21 256.42
356 4.88 131.5 0.982 630.17 54.08 263.93
357 5.05 159.3 0.982 789.98 §3.70 271.21
358 5.18 143.8 0.981 730.73 55.10 285.41
359 5.35 130.0 0.981 682.29 57.12 305.62
360 5.55 128.8 0.980 700.54 60.54 336.02
361 5.75 153.8 0.979 865.78 64.98 373.62
362 6.20 143.9 0.978 872.55 70.04 434.27
363 6.25 146.2 0.977 892.73 72.70 454 .40
364 6.40 139.1 0.87¢ 268.87 73.34 469 .36
365 6.49 165.0 0.975 1044.08 71.31 462.81
366 6.60 154.1 0.974 990.62 68.40 451.42
367 6.65 148.0 0.973 957.63 64,22 427.05
368 6.69 152.5 0.972 991.66 60.42 404.20
369 6.70 147.9 0.971 962.19 §7.50 385.28
370 6.72 154.7 0.970 1008.40 54.84 368.56
371 6.65 148.8 0.969 958.84 53.20 353.77
372 6.52 170.8 0.968 1077.98 53.07 346.03
373 6.46 157.1 0.967 981. 38 54.08 349.39
kyZ 6.42 153.0 0.966 948.86 57.25 367.56
375 6.36 152.8 0.965 937.79 60.42 384.26
376 6.30 178.0 0.964 1081.03 62.44 393.40
377 6.27 161.9 0.963 977.55 61.96 388.35
378 6.22 147.7 0.962 883.78 59.28 368.71
379 6.17 156.1 0.961 925.57 §5.22 340.73
380 6.13 170.9 0.960 1005.71 51.55 316.01
381 6.12 161.6 0.958 947.45 46.61 285.26
382 6.09 160.9 0.956 936.77 43.57 265,35
383 6.08 153.4 0.954 889.77 39.39 239.51
384 6.06 170.3 0.952 982.48 35.72 216.45
(Continued)
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TABRIE 35. (Continued)

Nitrogen dioxide Dimethylnitrosamine
voorPont e s, rm 8 e,  roo,d
nm £/mol-cm 2/mol-cm

385 6.02 169.6 0.950 969.94 32.43 195.20
386 6.00 157.2 0.948 894.15 29.51 177.07
387 5.99 159.9 0.946 906.08 26.35 157.81
388 5.95 170.7 0.944 958.79 23.69 140.93
389 5$.90 171.9 0.942 955.37 21.53 127.04
390 5.85 171.3 0.940 941.98 19.63 114.85
391 5.78 166.4 0.935 899.28 17.73 102.50
392 5.70 172.7 0.933 918.44 16.21 90.25
393 5.62 155.7 0.930 813.78 14.19 79.73
394 5.55 158.2 0.925 812.16 13.17 73.11
395 5.48 168.1 0.920 847.49 11.40 62.47
396 5.42 175.4 0.905 860.25 10.89 59.04
397 5.35 161.7 0.885 765.61 9.37 50.15
398 5.27 182.9 0.860 828.94 8.61 45.39
399 5.22 160.9 0.800 671.92 7.60 39.67
400 5.21 193.0 0.680 683.76 6.46 33.65
401 5.22 186.3 0.600 593.49 6.08 31.74
402 5.45 163.0 0.500 444.18 5.32 28.99
403 5.68 145.7 0.440 364.13 4.43 25.18
404 5.75 173.2 0.360 358.52 4.31 24.76
405 5.86 180.4 0.330 348.86 3.67 21.53
406 5.87 153.9 0.280 252.95 3.17 18,59
407 5.73 135.0 0.230 177.92 2.91 16.69
408 5.63 170.2 0.180 172.48 2.53 14.26
409 5.40 168.4 0.160 145.50 2.03 10.94
410 5.05 164.8 0.150 124.84 1.77 8.96
411 5.05 164.0 0.120 99.38 1.90 9.59
412 4.75 164.0 0.080 62.32 1.52 7.22
413 4.60 164.0 0.060 45.26 1.27 5.83
414 4.48 164.0 0.050 36.24 1.14 5.10
415 4.45 164.0 0.030 21.89 0.89 3.95
416 4.40 163.0 0.020 14.34 0.89 3.90
417 4.35 163.0 0.000 0.00 0.89 3.86

aUnpublished work of Eugene Beer; arbitrary units.

bA. M. Bass, A. E. Ledford, Jr., A. H.-Laufer, J. Res. Nat. Bur.
Stand., 802, 143(1973).

cValues from J. G. Calvert's curve from the data of I. T. N. Jones and
K. D. Bayes, J. Chem. Phys., 59, 4836(1973).

dArbitrary units.
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Concentration/time profiles of several experiments are shown in
Figuresz 68 through 75. Figures 68 through 70 depict photolyses of pure DMN
samples in synthetic nitrogen/oxygen mixtures of varied composition. Figures
70 through 7h illustrate a similar series of experiments where 5 ppm NO was
added initially. General observations from these data include the following.

l. The loss of DMN is enhanced by both O, and NO-, but in~
hibited by NO.

2. The formation of DMNA is enhanced by NOo, but inhibited by
NO (cf. Figures 69, 73 and 75).

3. The formation of MMA is enhanced by Os, but inhibited by NO.

4., The formation of HONO is enhanced by both oxygen and NOy.

The simplest mechanism which can account for the products found ini-
tially and the general trends noted above includes the following reactions
of DMN and the dimethylamino radical.

(CHg)oN=NO + hv == (CHz)sN + NO (1)
(CH3)2N + 0o = CHo=N-CHs + HOs (3)
(CHg)sN + NO 9 (CHs)oN-NO (4)
(CHs)2N + NOp == (CHg)aN-NOs (52)

If these are the only important reactions of DMN and the radical

(CH3)2l, then the rates of change for species involved can be expressed as
follows.

k) [NO]
a[ DM L
_[Et_l = k [DMN] <——F—I—) - k[ DMY]
k[0p] + k. [NOo]
= -kl[DMN]< 32 > (31a)
1
k, [N0]
4 gbéN + &k [DMN] = k& [ DMN] <—-L-‘F—l——) (31b)
k__[NOo]
ALDMAL - i (o] (—-—————5aFl ) (32)
k,[0z2]
a[ MMA] 3
T - Ll ( Fy > (33)
where F = k3{02] + ku[NO] + kBa[NOQ] (34)
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Time, min

Figure 68. Concentration-time profile from the
photolysis of dimethylnitrosamine in a mixture of
49 Torr oxygen and 651 Torr of nitrogen. Open
symbols indicate data taken during photolysis;
circles, dimethylnitrosamine; upright triangles,
dimethylnitramine; inverted triangles, mono-
methylmethyleneamine; squares, nitrous acild;
diamonds, nitric oxide; hexagons, nitrogen dioxide.
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Concentration, ppm
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Time, min

Figure 69. Concentration-time profile from the
photolysis of dimethylnitrosamine in a mixture of
140 Torr of O, and 560 Torr nitrogen. Symbols
same as Figure gg.
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Figure 70, Concentration-time profile from the
photolysis of dimethylnitrosamine in 730 Torr
oxygen; symbols same as Figure 68,
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Figure 71, Concentration-time profile from the
photolysis of dimethylnitrosamine with 5.4 ppm
nitric oxide in a mixture of 23 Torr oxygen and
677 Torr nitrogen; symbols are same as Figure 68 .
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Figure 72.

50 100 150
Time, min

Concentration-time profile from the

photolysis of dimethylnitrosamine with 5.5 ppm
nitric oxide in a mixture of 69 Torr oxygen and
621 Torr nitrogen; symbols same as Figure 68.
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Figure 73. Concentration-time profile from the
photolysis of dimethylnitrosamine with 5.5 ppm
nitric oxide in a mixture of 138 Torr oxygen and
562 Torr nitrogen; symbols as in Figure 68 .
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Figure T4. Concentration-time profile from the
photolysis of dimethylnitrosamine with 5.0 pmm
nitric oxide in 700 Torr oxygen; symbols as in
Figure 68.
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Figure 75. Concentration-time profile from the
photolysis of dimethylnitrosamine with 25 ppmm
nitric oxide in a mixture of 145 Torr oxygen
and 555 Torr nitrogen; symbols same as in
Figure 68.



Determination of ku/k3_-

From th- rate equations, the following expressions can be derived.

From equations 3la, 31b, and 32,

k [0z]
3 _ =d[DMNA]/dt - A[DMN1/dt
k) [NO] = k,[DMN] + d[Dm\I]/gl{: =3 (35)

and from equations 31b and 33,

KL 02] - df MMAT/dt _
k)[NO] ~ k [DMN] + d[DMN]/d% =

(36)

The gquantities B and B’ can be calculated from values of the concentrations
obtained experimentally and a knowledge of the photolysis rate constant kl.

Only data from the first few minutes of the photolysis were used in
the calculation of B and B/ . At later times, secondary reactions of the
products DMNA and MMA become important, as one might expect. This is
especially evident in the case of MMA, which is seen to decrease at later
times in most of the photolyses.

The results of these calculations for several experiments using kl =
0.12 min™® are listed in Table 36. A plot of B and B’ as a function of [0:1/
[WO] should hawve a slope of k3/kh and an intercept of zero. This is il-
lustrated in Figure 76. The reciprocal of the slope of the line shown gives
ku/k3 = (6.76 * 0.33(2¢)) x 10°.

Determination of k5a/k3-_

A similar data treatment can be made to determine k5a/k3. The

following relationships are derived from equations 31-33.

5002] gy - aromal o

k5a[1\T02] = af DMNA | (37)
30%] gy (38)
kg, [N02] = G[DMNAT =

Values calculated for ¢ and €7 are listed in Table 37. A concentration
of NO, large enough to allow measurement was present in the few experiments
shown in this table. It could be detected in most of the experiments where
oxygen was present, although overlap of the spectral features with water
and other products prevent gquantitative analysis in most cases.
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TABLE 36. CALCULATED VALUES OF B AND B” USED IN THE
ESTIMATION OF ku/k?). CONCENTRATIONS LISTED ARE TAKEN

FROM GRAPHS OF THE DATA FROM THE EXPERIMENTS IN-
DICATED

time, [DMN] ’ [DMNA] ] [m] . [Nol ’ [02] 10'5 Ba B.b
min ppm ppm ppm ppm [NO]

Experiment number 770919. 49 Torr 02.
43.00 2.570 0.074 0.142 0.18
44.00 2.438 0.121 0.211 0.26 g:i; 'g:g; g:;g
45,00 2,330 0.161 0.265 0.33 1.82 0.33 0.25
46.00 2.236 0.185 0.310 0.38 1:61 0.30 0.22
47.00 2,154 0.222 0.349 0.42 1.47 0.23 0.18
48.00 2.087 0.246 0.382 0.46 1.36 0.21 0.16
49.00 2.026 0.268 0.412 0.4%9 1'27 0.20
50.00 1.972 0.284 0.53 1’19 0.19
51.00 1.925 0.296 0.56 1'13 0.18
52.00 1.882 0.306 0.59 1’07 0.17
53.00 1.843 0.314 0.62 1:02 0.16
54.00 1.807 0.320 0.64 0.98 0.17

55.00 1.772 0.325

Experiment number 770917-2. 140 Torr 02.
33.00 1.342 0.118 0.299 0.18

34.00 1.234 0.153 0.364 0.23 3’21 é‘:; 1.40
35.00 1.152 0.182 0.28 6'40 o'as
36.00 1.077 0.207 0.30 5'84 0‘71
37.00 1.012  "0.229 0.33 5'38 0.73
38.00 0.952 0.247 0.36 - -
Experiment number 770930~2. 730 Torr 02.
42.00 8.73 0.740 1.910 1.40
43.00 8.13 0.947 2.320 1.67 :'fg g‘gg é'gg
44.00 7.61 1.136 2.645 1.87 4’93 0.66 0'58
45.00 7.16 1.300 2.%00 2.03 4‘60 0‘60 :
46.00 6.75 1.456 3.100 2.15 435 0‘645
47.00 6.36 1.5%0 2.27 4'13 0'54
48.00 6.02 1.712 2.38 . :
Experiment number 770930-1. 69 Torr 0,-
32.00 8.244 0.007 5.50
33.00  8.187  0.043 5.52 3‘165 0.023
34,00 8.128  0.072 5.54 0'124 0.033
35.00 8.071 0.0%5 5.56 o'isg g*g;;
36.00 8.020 0.116 5.58 0'163 0'030
37.00 7.976 0.132 5.59 : :
38.00  7.933  0.148 5.61 0.162  0.030
40.00 7.842 0.176 5.65 g'lsé 0.035
42.00  7.752  0.200 5.69 -16 0.037
(Continued)

25h



TABIE 36. (Continued)
time, [DMN]), [DMWA], [MMA), [NOJ, [0z] ,.=5 a b
. —-1-1(10 B B!
min ppm ppm ppm ppm  [NO]
Experiment number 771003-1. 138 Torr 02.
34.00 5.561 0.097 5.22
35.00 5.494  0.129 5.22 gg:i g'gzz
36.00 5.438 0.157 5.22 0.353 0.056
37.00 5.378 0.182 5.22 0‘352 0‘061
38.00 5.322 0.204 5.23 0‘352 0'051
39.00 5.271 0.225 5.23 0'352 0'057
40.00 5.219 0.244 : :

3p is defined in equation 35.

b

B' is defined in equation 36.
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Figure 76. Plot of B and B’ as a function of [05]/

[NO] used to estimate ku/k:)); open symbols, B;
closed symbols, B’.
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TABIE 37. CALCULATED VALUES OF C AND C“ USED IN THE
ESTIMATION OF k5a/k3 AND k5b/k3. CONCENTRATIONS

LISTED ARE TAKEN FROM GRAPHS OF THE DATA FROM THE
EXPERIMENTS INDICATED

tiqe. [oMN]l, ({pMNA],  [MMA],

02}, [05) ., -6 2 b

min 2 ppm ppm ppm N02}

Experiment number 770930-2. 730 Torr 0,.
42.00 8.73 0.740 1.910 0.182
43.00 8.13 0.947  2.320  0.229 4.67 i‘gg ifgg
44.00  7.61 1.136  2.645  0.264 2'93 17a 1es
45.00  7.16 1.300  2.90¢  0.295 3';3 Tes 18
46.00  6.75 1.456  3.100  0.318 . . .

Experiment number 771003-2. 700 Torr O

34.00 5.755 G.086 0.040 1.11
35.00 5.430 0.291 0.139 0.97
36,00 5.155 0.462 0.230 0.86
37.00 4.920 0.600 0.316 0.765
38.00 4.730 0.715 0.395 0.685
39.00 4.550 0.802 .0.471 0.620
40.00 4.395 0.888 0.542 0.560
41.00 4.245 0.965 0.606 0.51¢

2"
0.89 0.59 0.48
1.0l 0.61 Q.53
1.13 0.70 0.62
1.27 0.65 0.69
1.41 1.07 0.87
1.56 0.80 c.83
1.72 0.95 0.83

Experiment number 770920~1. 145 Torr O,.

2
38.00  2.812 -0.052 4.880

33.00 2.644  0.178 4.742 g‘g:g g'ig
40.00  2.501  0.298 4.618 S ol
41.00 2.380  0.408 4.507 o o
42.00 2.271  0.508 4.409 S ol1e
43.00 2.169  0.597 4.318 o o a
44.00 2.081  0.663 4.228 S o
45.00  1.995  0.728 4.148

3. §s defined in equation 37.

bC' is defined in equation 38.
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The quantities C and C/ are plotted as a function of [05]/[NO=] in
Figure 23. The linear relation between the variables is in gqualitative
agreement with expectations. A weighted least squares gives the line
shovm, and the inverse of the slope of this line gives k5a/k3 = (2.40 * 0.17

(20)) %z 10°. A non-weighted least squares give k5a/k3 = (2.56 + 0.18) x 10°,

Refinement of the Mechanism --

Hydrogen Atom Abstraction by Nitrogen Dioxide: The Determination of k5b/k3--

There are two deficiencies in the simple mechanism considered in the
previous section. First, it does not explain the non-zero intercept found
in the plot of C and C/ as a function of [02]/[NO2]. Secondly, this
mechanism does not predict the quantities of nitrous acid that were ob-
served experimentally.

Both of these shortecomings may be overcome by the addition of a
reaction in which NO- abstracts a hydrogen atom from the dimethylamino
radical.

(CHz)2N + NOz = CHp=N-CHgz + HONO (5b)
If this reaction is added to the scheme, the following more complete ex-

pression for the relation of C and C/ to the concentrations of reactants
may be derived.

) s (39)
= == +
k. [M0a] &,

c, C

From the intercept of the graph in Figure 77, ka/k5a = 0,154 * 0,063.
Dividing by the slope, k5b/k3 = (3.7 + 1L.1(20)) x 10°.

The effect of this change in mechanism on B and B is also of interest.
Using the new mechanisn,

_ k3[ 02] N k5b[N02]
k),[§0] © k) [NO]

B, B (%0)

Since the experiments used to evaluate k3/kh were chosen to be those in

which 1ittle NO, was present, this should have little effect on the value
of kh/k3 obtained.

Evidence for the Direct Oxidation of Dimethylnitrosamine--~

Some indication is given that DMN may react directly (without dis-
socilation) with oxidizing species to produce DMNA. Specifically, in the
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C and C

2 4
([051/INOS)x10 °

Figure 77. Plot of C and C/ as a function of [05]/
[NO5] for the estimation of the rate constant ratio

k5a/k3 and k5b/k3; open symbols, C; closed symbols,
C,.

259




exreriment where 1l.4 ppm DMIT was photolyzed in 730 Torr O, an initial
enhancement of DMNA formation seemed to be present. This can be thought of
as occurring from the subsequent reactions of the HO, radical formed in
reaction 3.

(CHg)oN=NO + hv == (CHz)oN + NO (1)
(CHg)gN + Oz =» CHo=N-CHs + HOs (3>

When NO is present, either as an added gas or as a photolysis product at
later times, HOp will react with it rapidly to convert it to NOs.

HO, + NO = OH + NOs (L1)
However, in the beginning of an experiment such as the one under consideration,
no oxidss of nitrogen are present, and the HO- may react to oxidize DMN
directly.

HO> + (CHs)oN-NO == OH + (CHg)oN-NOs (42)

From the present data, no crucial test of this hypothesis is possible,
although they are consistent with it. A series of photochemical ex-

periments using Clp/Hs/On/DMN mixtures might be used to test this point
further.

Summary and Conclusions

A Fourier transform infrared spectrometer system was employed to
study the kinetics of the reactions of the (CHs)sN radical in simulated
atmospheres., The radical was prepared by the photolysis of both di-
methylnitrosamine and tetramethyle-2-tetrazene, and by the reaction of OH
with dimethylamine. The following reactions appear to be important in the
determination of nitrosamine levels in the atmosphere.

(CH3)oN-NO + hv = (CHg)oN + NO (1)
(CHg)oNH + OH == (CHg)sN + HsO (2a)

> CHsNHCH: + Ho0 (2b)
(CHz)oN + Os 9 CHo=N-CHz + HOo (3)
(CH3)sN + NO = (CHsz)oN-NO (L)
(CHz)2N + NOz = (CHz)zN-NO2 (5a)

<> CHp=N-CHg + HONO (5b)

A kinetic analysis of the data gave the following rate constant ratio
estimates:
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ku/k3 = (6.76 * 0.33) x 10°

k5a/1«:3 = (2.40 + 0.17) x 106

ksb/k3 (3.7 £ 1.1) x 105

ngse data.may Pbe used to make a preliminary estimate of the con-
centration of dimethylnitrosamine in a polluted atmosphere.

If the above scheme is valid,

i, [ 00T
k[0 + Ky[W0] + kS[Noa]] - .klfDMN]

Q%Nl = (ky[DMN] + k[ OH] [DMA])[

Asguming that a steady state concentration of dimethylnitrosamine is reached,

R k[ 0] k) [ O]
1L DM [ "EJ[Ga] ¥ K [W0] + ksmozj] = kol OHI[DMA] [k3[02] T E, 0] T k5[N02:|:|

- _ kza[OH][NO]
(oM 5 -[kg@gkp[oa] ¥ <k5/i4>m021>] DA

In sunlight irradiated polluted atmospheres, [OH] is generally estimated to

be about 107 ppm. Using this value, the value k, = 3.67 x 10%* ppn~tmin-t

derived fram the data of Atkinson et al.,=° and values of the rate constant
ratios and kl derived in this work,

_ 0.037[NO
(DM g = [0.30 ¥ &.10[]1\102]] [DMA]

Assuming NO and NO- concentrations in the range O.1l to O.5 ppm normally
encountered in highly polluted air, then nitrosamine levels of about 1% of
the dimethylamine in the air will result at the steady state.

Dimethylnitrosamine is not an end product in the photooxidation of
dimethylamine in the atmosphere, since it photolyzes in sunlight to reform
the dimethylamino radical. The two other products formed in our systen
from the reactions of the dimethylamino radical were monomethylmethyleneamine
and dimethylnitramine. Of these two, monomethylmethyleneamine went on to
further oxidation, while dimethylnitramine was reasonably stable.

If this stability of dimethylnitramine carries over to the atmosphere,
as seems likely, the potential for a considerable accumulation of this
compound exists. Using the rate constant ratios derived in this work,
together with the estimation of k2a derived from the work of Atkinson
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e aL.,zS the rate of formation of dimethylnitramine from dimethylamine in
a polluted atmosphere can be estimated.

. ko [NOz]
Aloma) 28
55 = d2a[OH][DMAJ [<k5a + k5b> [NO-T + k3[02]]
= (3 .67 x loéppm—lmin—l ) ( lO'7me) [ DMA] [l . 15[ N([)Sa)g-]}- 0. 083]

Even at the moderate NOo concentration of 0.l ppm, this gives a rate of
conversion of dimethylamine to the nitramine of about 0.2%/minute. Thus our
data predicts that appreciable levels of dimethylnitramine may be bullt up
where amine levels are high. Since dimethylnitramine has demonstrated
carcinogenic activity in laboratory animals,ss:39 these high levels are of
concern. These results suggest that analysis for dimethylnitramine in the
real atmosphere be initiated.
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