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ABSTRACT
 

THE REACTIONS OF O(ID) AND OH WITH C30H.
 

N20 was photolyzed at 2139 A in the presence of CH30H and CO. The
 

O(ID) produced in the photolysis could react with CH30H to produce OH
 

radicals, and thus the reactions of both O(1D) and OR could be studied.
 

The reaction of 0(1D) with CH30H was found.to give OH 46 ± 10% of the
 

time and O(3 p) < 5% of the time. Presumably the remainder of the
 

reaction produced CH302H or H2CO plus H20. The relative rate coeffic­

ient for O(ID) reaction with CH30H compared to N 20 was found to be 5.5
 

± 2.0 at both 25 and 720C. The relative rate coefficient for OH react­

ing with CH30H compAred to CO is 0.63 ± 0.10 at 
250C and 0.98 ±-0.20 at
 

7"Q°C. 

OXIDATION OF THE-HCO RADICAL.
 

Mixtures of 012, 02, H2CO, and sometimes N2 or He were irradiated
 

at 3660 A at several temperatures to photodecompose the C12. The
 

chlorine atoms abstract a hydrogen atom-from H2CO to produce HCO radi­

cals which can react with 02.
 

HCO + 02 (+M) -+-HC03 (+M) 33a 1
 

HCO + 02 e CO + HO2 
 33b
 

.HCO + 02 0CO2 + OH 
 33c 

The HC03 radical ultimately becomes HCOOH, so thatHCOOH, CO, and C02 

become measures of the relatiVe importance of the three reaction paths. 

It was found that k33a/k33b = 5 ± 1 and k 3 3c/ks3 b < 0.19 at Q' 230C 

IReaction numbers are those used in main part of text.
 

http:found.to
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(total pressure = 62 to 704 Torr) and -7°C (total pressure = 344 to 688
 

Torr). Values could not be obtained at -37 or -50C because of changes
 

in the mechanism.
 

As the [Cl2]/[02] ratio increases, the HCO radical can also react
 

with C12.
 

HCO + C12 - HClCO + C1 HU1+ CO + Cl 40a
 

HCO + C12 1HCOC12 -> termination 40b
 

At the upper two temperatures k4 oa/k4ob 7.5 and k4ob/k 33b = 6 (+7, -2).
 

THE PHOTOCHEMICAL OXIDATION OF FORMALDEHYDE.
 

Formaldehyde in the presence of N2 and/or 02 (usually dry air) was
 

photolyzed with a medium pressure Hg lamp used in conjunction with
 

various filters which transmit different relative amounts of Hg lines
 

from 2894 A to 3660 A. It was hoped to measure the following branching
 

ratios as functions of total pressure, temperature, Ia, and wavelength,
 

H2CO + hv ->HCO + H Rate = ala 75
 

H1C0 + hv ->H 2 + CO Rate = Ia 76 

but lack of a complete understanding of the mechanism prohibits an un­

ambiguous interpretation of the results. 

The results suggest that reaction 75 and 76 might decrease with
 

increasing total pressure. The application of very reasonable assump­

tions leads to a high pressure value of 5.9 for k33a/k3 gb and a half
 

quenching pressure of 88 Torr for reaction 33a. This contradicts the
 

results presented above that k33a was pressure independent for total
 

pressures down to 62 Torr. However, in that study only one run was done
 

at 62 Tort. The half quenching pressure of 88 Torr obtained in this
 

study is based on several experiments done over a total pressure range
 

of 646 to 35 Torr. Thus, this result is believed to be more reliable.
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The average values obtained for 75 from eight separate studies 

were 1.27 (one study), ' 0.55 (five studies), and 'V 0.30 (two studies). 

The value of 'V 0.55 is in very good agreement and the value of 'V 0.30 

is in fair agreement with values found by others in the photolysis of
 

formaldehyde in the absence of 02.
 



CHAPTER I
 

THE REACTIONS OF O(QD) AND OH WITH CH3OH.
 

INTRODUCTION
 

Crutzen (1974) has written a review of the photochemical processes
 

which determine the distribution of important minor constituents in the
 

stratosphere and mesosphere. He found that using the rate data which
 

ve-re available for most of the reactions he used in his model led to
 

volume mixing ratios for molecular hydrogen less than those measured.
 

The largest disagreement occurred at approximately 45 km., where the
 

calculated value was approximately a factor of five less than the
 

measured value. He suggested that this deviation can be explained by
 

the H2 produced in the photodecompositLion of formaldehyde produced in
 

the methane oxidation cycle. The detailed steps of this cycle are not
 

fully understood, but presumably are
 

CH4 + OH + CH 3 + H20 1 

CH3 + 02 (+M) + CH302 (+M) 2 

CH302 + NO +CH30 + NO2 3 

CH30 2 + HO2 + CH302H + 02 4 

CH302H + hv CH30 + OH 5 

CH30 + 02 + CH20 + H02 6 

CH20 + h+ CO + H2 7 

CH20 + hV 4 H + HCO 8
 

He also suggested that the deviation may be due, at least in part,
 

to the H2 produced in the photodecomposition of methanol produced in
 

the cold, lower stratosphere by the reaction
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9
 

CH30H + hO CH20 + H2 2000 A 10
 

The amount of hydrogen.produced fror-methanoi would depend on the
 

amount of methanol present, which would in turn depend on the rates of
 

other competing reactions in which methanol is Involved. An examination
 

of Tables i and 2 reveals that two such reactions which must be consid­

ered are
 

OH + CH30H ->products 11
 

O(ID) + CH30H + products 12
 

A search of the literature revealed no~direct measurements of these
 

reactions, so the following work was undertaken to measure them. The
 

O(1D) reaction was studied in competition with N20 and the OH reaction
 

was studied in competition with CQ. N20 was chosen. to measure the
 

relative O(1D) reaction rates for the following reasons.'
 

I N20 absorbs radiation at 2139 A and produces one N2 molecule 

and one 0(D) atom. 

N20 + hV- + N2 + O(ID) 13 

-2. The only radiation from a Zn lamp that N20 absorbs is the 

2139 A line. Therefore no optical.filters are needed. 

CH30 	+ R020 CH30H + 02< 


3. 	The N2 production is related in a known way to the absorbed
 

light intensity, Ia. Therefore, from the measurement of the
 

N2 produced Ia can be calculated.
 

4. 	Since O(D) atoms react with N20 to produce N2 , N20 can be
 

0(ID) + N20 + N2 + 02 14a 

used to measure relative reaction rates of O(1D) without 

necessitating the measurement of another product. 
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Table 1. Concentration of 0O(D) for-an overhead sun under equilibrium
 
a
 

.-conditions. 


Altitude (km.) Atoms/cm.3 Altitude (km.) Atoms/cm.3
 

20 
 2.5 65 2.0 x 102
 

25 1.1 x 101 70 1.2 x 102
 

30 4.4 x 101 95 4.0 x 102
 

35 1.5 x 102 100 1.0 x 103
 

40 4.4 x 102 105 2.0 x 103
 

45 7.8 x 102 110 4.0 x 10,
 

50 7.9 x 102 115 5.0 x 103
 

55 5.6 x 102 120 4.0 x 10'
 

60 3.3 x 102
 

a) Nicolet, 1970.
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Table 2. Production of OH and H02 by oxidation of 120, (P), total con­

centration of [OH] + [H02] for an overhead sun, and the time
 

to reach 50% of the equilibrium 
value.a
 

Altitude 	 P [OH] + H02-] Equilibrium 
- 3 -	 -
(km.) 	 (cm. sec. ") (M. S) Time (see.) 

3.3 x 107 1.06 x 104
7.2 xs102
15 


20 2.6 x 	103 5.8 x 107 6.2 x 10' 

5.1 x 103 7.4 	x 107 4.0 x 10'25 


30 9.3 X 	10' 9.2 x l07 2.7 x 10' 

35 	 1.5 x 104 1.0 x 108 1.8 X 103 

iA4 x 10 3 
40 	 2.1 x 1.1 x 108 1.3 

1.3. x 103
45 2.0 x 	104 9.6 x 107 


50 1.1 x 	104 7.1 x 107 1.8 x 10 3 

55 4.2 x 	104 4.4 x 107 2.9 x 10'
 

3.1 x 107 5.9 x 	103
1.4 X 10'
60 


2.1 x 107 1.3 x 	1044.6 x 102
65 


70 2.8 x 	 102 1.6 x 107' 2.8 x 104 

a) Nicolet, 1970.
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5-	 N20 is condensable in liquid nitrogen.
 

a. 	Noncondensable impurities can simply be pumped away when
 

the N20 is frozen. This is especially important for N2 .
 

b. 	The N2 produced in a run-from the photolysis of N20 can
 

be separated easily from the N20 before analysis.
 

6. N20 is stable and easily stored.
 

7. A wide range of N20 pressures can usually be used. 

OH wa§'ptduced by -some 6f the 0(ID) + CH36H intiactions. 

Q(ID) + CH30H - OH + R 12a 

CO was chosenL to measure the relative O reaction rates. One of 

the products of this reaction is C02, which is easily collected and 

measured. 

OH + CO. CO2 + H 15 

The reaction of O(1D) with N20 has been studied in this lab­

oratory 3 (Greenberg and Heicklen, 1970; Simonaitis, Greenberg, and 

Heicklen, 1972). N20 has previously been used to measure relative 

O(D) rate constants (Greenberg and Heicklen, 1972; Goldman, Greenberg, 

and Heicklen, 1971), and CO has previously been used to measure relative
 

OH rate constants (Sie, Simoraitis, and Heicklen, 1976a, 1976b). Thus,
 

these techniques are known to work.
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EXPERIMENTAL
 

Mixtures of N20, CH30H, and CO were irradiated at 25 ± 20C and
 

72 ± 50C at 2139 A, and the N2 and.C02 produced- were measured.
 

A conventional high-vacuum line using groundglass stopcocks
 

greased with Apiezon-N and'Teflon stopcocks (West Glass.Corporation)
 

with Viton "0" rings was used. (See'Figure.l.) Pressures were measured
 

with a mercury manometer used in conjunction with-a- cathetometer, a
 

McLeod gauge (Consolidated Vacuum Corporation) and a Veeco thermocouple
 

gauge (Model TG-7 with a vacuum gauge.tube-Model DV-IM)'.
 

The reactions were carried out in two.cylindrical quartz cells 

10 cm. long and 5 ,cm..in diameter. -Each.zell was enclosed in a wire­

wound aluminum block furnace. The temperature-was measured with an 

iron vs. constantan thermocouple which~was.placed against the center of 

the end of the cell0 (See Figure 2,)- The.thermocouple electromotive 

force was measured with a precision potentiometer made by the Rubicon 

Company of Philadelphia. The furnaces were each-powered by a Powerstat 

variable autotransformer which was set at the voltage required to give 

the steady state temperature desired. 

The cold finger and Teflon stopcock assembly-which was locaced
 

outside of the aluminum furnace was wrapped with heating tape. Since
 

the heating tape had braided fibrous glass insulation, it could be
 

immersed in liquid nitrogen or organic:slushes without damage. The
 

heating tapes were also powered by.Powerstat variable autotransformers
 

and the temperatures were measured.byiron vs. constantan thermo­

couples. The temperature of the-cold-finger:and stopcock assembly was
 

kept at 1 i-10C when the furnace was kept at 't 72'C.
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A third 10 cm. long by 5--cm; diameter quartz cell without a fur­

nace-was--used:to test for-intensity and pressure-dependencies (lower
 

pressures could be-used with-higher intensities) at room temperature.
 

Two-lamps were used, one-at each end of the cell.
 

The N20 or'CH3OH:was usually placed in the cell first, and its
 

pressure was measured directly. After the-stopcock to the,cell was
 

closed, the cell cold finger was immersed in liquid nitrogen and the
 

line was evacuated. A known.pressureof the other-condensable gas was
 

then placed in a section of the linetwhose-volume ratio to the cell was
 

known. The cell stopcock was then opened and this gas was also allowed
 

to condense in the cell cold-finger-. The CO-was usually added last and
 

its pressure was measured directly. Thd pressure of the second gas
 

added was calculated by multiplying the pressure measured in the line
 

by the-appropriate'volume-and temperature-ratios. After the liquid
 

nitrogen was removed from-the cold finger, it was heated with a heat
 

gun in the-toom temperature runs. Fortthe runs done at % 720 C, the
 

heating tape was turned on to vaporize-,the N2Q and CH3OH. The photolysis
 

was-begun 10 to 30 minutes latei. This time was to allow complete mix­

ing of the-reactants.-


Sometimes the-gases were -added separately without being frozen,
 

and the pr4ssures df the second and third gases added were obtained by
 

difference.
 

The N20 and CO used were Matheson.C. P. grade. The N20 was puri­

fied by passage over ascarite and degassed at -1960 C. The CO was
 

purified by a modification of the-pronedure used by Millikan (1963).
 

It was passed through 4 feet of 1/4 inch o. d. copper tubing packed
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with 8-14 mesh activated alumina which was immersed in a dry ice/
 

acetone bath, and through 10 feet of 1/2-inch o. d. copper tubing con­

taining copper wool, which was immersed in liquid- nitrogen. The CO
 

thus purified was found to be free of CO2 but contained 0.028%-N2 . The
 

experimental results were corrected for this N2 , and this was usually
 

less than a 10% correction.
 

Certified A. C. S. spectro analyzed.methanol was obtained from 

Fisher Scientific Company. Some runs were done in which the methanol 

was just degassed at -196oC, most runs were done with methanol that was 

distilled in vacuo from -46'C to -78oC, and one run was done in which 

'? 10% trimdthyl borate was added to the methanol. Porter (1957) re­

ported that methanol vapor in contact.with Pyrex- glass for ten hours 

contained as much as 12 mole percent-of trimethyl borate, so this experi­

ment was done to see if this was a serious problem. All the runs gave 

similar results. 

The 2-trifluoromethylpropenel(TMP) was.obtained from Peninsular
 

Chem-Research Inc., and was purified by distillation in vacuo from
 

-959C to -1600C.
 

Irradiation was from a Phillips Zn resonance lamp TYP 93106E. The
 

effective radiation was at 2139 A. After irradiation the gases noncon­

densable at -196°C -were-collected .with.a .Toepler pump and analyzed for
 

N2 by gas chromatography-using a.10.foot long by-1/4 inch o. d. copper
 

column packed with 5A molecular sieves.-.--The condensables-were analyzed
 

for 02 using a-24 foot long by 1/4 inch o; d. copper colum packed with
 

Porapak Q. This column would not .separate the C02 from the higher N20
 

pressures used at 720C. Therefore the condensable gases were analyzed
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in two segments,.and the CO2 in each segment was-summed to obtain the
 

total CO2 produced.
 

These columns were run at room temperature. Helium, which was used
 

as the carrier gas,-was passed through drierite and ascarite to remove
 

any water vapor or C02 . The flow rate through the molecular sieve
 

column was 1.0 cm,3/sec. and 0.92 cm.3/sec. through the Porapak Q
 

column. The retention times for N2 and CO2 were approximately 9 and 17
 

minutes respectively., A Gow-Mac "taiuless steel block thermistor de­

tector Model 10-777 was used and was operated at 15.0 milliamps and 
QOC.
 

(See Figure 3.)
 

In runs with TMP, the noncondensable fraction at -95CC was analyzed
 

for 2-trifluoromethylpropionaldehyde and 2-trifluoromethylpropylene oxide
 

on a 1/4 inch o. d. by 8 foot long copper column packed with 20% Kel-F
 

oil No. 3 on Chromasorb P. The column temperature was n,360C and the
 

flow rate was 0.45 cm.3/sec..
 

The above aldehyde and oxide were produced for calibrating the gas
 

chromatograph by reacting the 0(3p) produced in the mercury photosen­

sitized decomposition of N2 0 at 2537 A with TMP. Under the conditions
 

used, 0(3 P) and N2 are produced at the-same rate. The N2 produced is
 

a measure of Ia, and since the aldehyde is produced with a quantum yield
 

of 0.38 and the oxide with a quantum yield of 0.58, an absolute cali­

bration for each can be obtained (Moss and.Jennings, 1968),
 

At room temperature % 4 mTorr of.CO2 was obtained in runs in which
 

the N20 was omitted. This was independent of experimental conditons.
 

Thus 4 mTorr were substracted from the C02.. In
measured in each run. 


the worst cases this amounted to corrections of 20 to 25%, but in most
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cases the correction was less than.10%. 'In the higher temperature work,
 

it was found that C02 was produced-in runs without N20, and the C02 pro­

duced followed-equation I
 
- 4
lx 10 < [C02m1 .To r 3 x 10
 I
 

[time]h[CO]Torr[CH3OH]Torr­

when the CH30H pressure-exceeded100;Torr. The corrections were thus
 

calculated for each run with N20 added by~using equation II.
 

C02 mTorr = 2 x 10-4[time]h[CO]Torr[CH30H]Torr II
 

This C02 was produced either by dark reactions or from reactions
 

4ntolving . photolysis of the methanol. In the worst case, this
 

amounted to a correction of r 40%, but most-corrections were between 10 

and 20%. For the two runs at 'b 720C~with-CH3OHlpressures less than 100 

Torr, the above formula was not obeyed and the-corrections were 43 and 

37%.­
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-RESULTS
 

Mixtures of N2 0-, CI3 0H, and CO'were photolyzed at 2139 A, and-the
 

N2 and C02 produced were measured. Most.of the results at 25 ± 2'* are
 

given in Table 3. The-reactant pressures-were varied as follows:
 

[CH 3OH] from 4.2 to 94;0 Torr, [N20]. from 7.4 to 173 Torr, and [CO]
 

from 5.37 to 83.2 Torr. The ratios [N20]/[CH 30H] and [CH3OH/[CO] were
 

varied by factors of 124 and 49, respectively- The total pressure was
 

varied from 28.0 to 203 Torr. The results were unaffected by variations
 

in the total pressure as long as the reactant pressure ratios remained 

unchanged. The absorbed light intensity, 'a, is given approximately by 

R{Nz}, since one N2 molecule is formed..in the-primary absorption act. 

Additional N2 is produced in the O('D)-N 20-reaction, but this can only 

raise the quantum yield to 1.41 (Simonaitis, Greenberg, and Heicklen, 

1972) as an upper limiting value. k{N2 } was varied by a factor of 24.2. 

Ia was changed by varying the N20.-pressure.and the lamps. Five or 

six different lamps were used in this study, and in some experiments, 

two lamps were used at once. Sometimes.N2 0.was photolyzed alone in one 

cell while a N20, CH30H, and CO mixture-was photolyzed in the other. 

The agreement between these two rates of nitrogen production was always 

very good when the O(D)-N20 and O(!D)rCH 3OH reactions (See DISCUSSION)
 

were taken into account, along with.a geometrical factor to correct for
 

the fact that both cells were not.illuminated equally. This geometri­

cal factor was obtained by placing the same pressure of N20 in both
 

cells and photolyzing both at the same.time,with the same lamp. The
 

ratio-of the-rates-of nitrogen production was taken-as being equal to
 

the ratio of the light intensities through the-two cells. This agree­



Table 3. Photolysis of N20 at 2139 A and 25 ± 20C in the-presence of CH§OH and CO.
 

[N20G [CH3OH] fCH3OH]p [N20],. [CO], Irradiation R{N2}, R{N2} 
[CH30H] [CO] Torr Torr Torr time, hr. mTorr/ho RGIC 

0.162 1.97 86.4 14.0 43.8 18.08' 15.3 3.80 

0.188 3.14 86A1 16.2 27.4 3M67 55.0 6o31 

0.201 2.99 76.3 15.3 25.5 12.00 55.7 5.43 

0.215 4.38 57.8 12.4 13.2 17.50 157 5.06 

0.328 1.52 79.5 26.1 52.1 7.00 329 3.53 

0.336 1.48 80.1 269 54.3. 7.92 31.9 4.87 

0.344, 2.92 \94.0 32.3 32.2 17.50 35.8 8.25 

0.355 1.06 87.8 31.2 83°2 5.83 41.2 4.00 

0.372 4.94 84.5 31.4 17.1 18.92 43.0 11.0, 

0.390 5.72 85.2 33.2 A4.9 17.08 37.3 14.2 

0.393 12.1 85.2 33.5 7.05 20.42 46o5 20.2 

0.397 316 86.1 34.2 27.2 1o75 829 9.06 

0.400 l,94 87.5 35.0 45.1 7.42 42.3 7.11 

0.412 1.20 77.3 31.8 64.3 3.50 49°7 5.27 

0.477 3.03' 15.5 7.4 5.11 4.50 98.0 5.66 

0.523 2.48 30.0 15.7 12.1 2.00 196 6011 

0M717 8M74 74.3 53.2 8o50 6.08 132 17.0 

0.717 10.8 74.3 532 6.89 7.58 116 19.5 

1.05 3.08 80.0 84.4 26.0 2.00 182 7'00 

1o06 3.08 80.0 85.1 26.0 3.58 56 6.95 

1.49 0.822 20.3 303 24o7 4.17 46.0 6.00 



Table 3, (Concluded)
 

[N20] [CH3OHJ 

[CHsOHI [CO) 


2.08 0'915 


5.13 0°425 


6.40 00499 


7077 0.248 


10.2 0.420 


10.3. 1.75 


11.9 0.374 


15.6 0.415 


20.1 0.404 


[CH30H], 

Torr 

7.5 


5.4 


20.0 


4.2 


10.3 


9.4 


10.2 


8.6 


8.6 


[N20]9 

-Torr 

15.6 


27.7 


128 


32,6 


105 


9Q.6 


121 


134 


173 


[CO], 

Torr 


8.2 


12.7 


40.1 


16.9 


24.6 


5.37 


27.3 


20.7 


21.3 


Irradiation 

time, hr. 


12.00 


4.50 


2.00 


2.33 


1.25 


2.75 


2.75 


1.75 


1.75 


R{N 21 

mTorr/hr, 


51.1 


56°9 


370 


43.8 


312 


112 


193 


341 


308 


R{N21
 
RC02}
 

6.45
 

5.02
 

4.97
 

4.87
 

8.66
 

15.4
 

6.39
 

11°9
 

16.9
 

C­
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ment between the internal and external actinometries means that there
 

were no significant unaccounted for sources of N 2 .
 

The ratio R{N 21/R{C02} varies from 3.53 to 27.4, and the variation
 

is a complex function-of the reactant.pressures. However, there is no
 

noticeable effect with variations in R{N 2} (i.e. with the absorbed in­

tensity).
 

Less extensive data were-obtained.tat6777G, and some are sum­

marized in Table 4. The results are more or less the same as at 25°C.
 

In order to see if the O(D.)-CH3Oa.interaction led to deactivation
 

of 0(1D) to produce O(3P), a test was made for O(3P) atoms. Mixtures
 

of about 2.5 Torr 2-trifluoromethy.lpropylene. (IMP), 
77 Torr of CH30H ,
 

and 30 Torr of N20 were photolyzed at-2139 &. Under these conditions,
 

more than 90% of the 0(1D) reacts with.CHgOH, and any O(3P) produced
 

would react with TMP to produce its epoxide.and aldehyde (Moss and
 

Jennings, 1968). These-products werenot found and it can be concluded
 

that-the 0(1D)-CH 30H interaction producesO(3p) less than 5% of the
 

time.
 

NO is a 'reactionproduct in this system. The amount of C02 pro­

duced was found to depend.also on the [CO]/[NO] ratio.
 



Table 4. Photolysis of N20 at 2139 A and 72 ± 58C in the presence of CH30H and C0O
 

[NpO [GH30H],
[00] . 

[CH 3OH],
Torr 

[N20]z,
Torr 

[COI9
Torr 

Irridation 
time9 hr.o2rhr. 

R{N21, R{N2}
R{C-p 

0.429 5.94 394 169 66.3 9.17 244 15.4 

0.441 5.89 388 171 65.9 4.92 227 18.7 

0.457 8.98 359 164 40.0 8.85 201 35.6 

0.463 5.77 378 175 65.5 7.58 191 15.0 

0.470 2.49 364 171 146 1.25 276 9.33 

0.489 8.06 354 173 43.9 5°50 182 15o9 

0.489 8.43 354 173 42.0 3o25 179 29°2 

00500 1001 346 173 34.2 4.75 173 17.1 

00503 4.12 352 177 85.5 2.08 293 13.0 

1.04 1010 166 173 151 1.33 310 5.68 

1.22 1.17 188 230 160 5°42 294 5.28 

3M60 0.531 1809 68.0 35.6 2.83 223 5.58 

6.11 0.532 19.0 116 35.7 2.00 186 6.00 

0H 
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DISCUSSION
 

The reactions of pertinence are:
 

N 20 f by + N2 + 0(
1D) 21392A 13 

0(ID) + N20 N2 + 02 14a
 

2N0 14b
 

o(ID) + CH30H O 12a
0R + R 

4 H20 + CH20 12b 

4 O(3P) + CH30H 12c 

CH302H 12d 

0(ID) + CO + O(3P) + CO 16 

OH'+ CH30H + H20 + R 11 

OH + CO - co? + N 15 

where R is most likely CH20H, but it may also include any CH30 that is 

produced. Reactions 12a or 12b may proceed through insertion of 0(D) 

into a C-H bond followed by decomposition,.and thus the extent to which 

they occur, as well as reaction 12d, could be dependent on the total 

pressure. 'However, the results indicate'.no total pressure dependence, 

and thus this complication is omitted. The results also indicate that 

reaction 12c is'negligible, and further consideration of it can be
 

omitted.
 

The fates of R and H are unimportant, as long as they do not pro­

duce additional OH or C02. With H this is clearly the case. R should
 

be mainly CH20H. If R-is CH30, the possibility exists that additional
 

C02 could be produced-via reaction 17.
 

CH30 + CO CH3 + CO2 
 17
 

http:indicate'.no
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However, the results of Wiebe and Heicklen (1973) and Lissi, Massif, and
 

Villa (1973) show this reaction to be unimportant, especially when there
 

are alternate molecules (CH30H, NO) present with which CH30 can react.
 

Lissi et-al. report a value of approximately 107 19 cm.3/sec. for k1 7.
 

Since reaction 17 is so slow, it seems likely that if any CH30 is formed,
 

it would react via
 

CH30 + CH30H > CH30H + CH20H 18
 

and the-CH20H"would dimerize to form-ethylene glycol (Hagege, Roberge,
 

and Vermeil, 1968).
 

2CH0zH + HOCHaCH20H 19 

Therefore reaction 17 can be ignored. 

Under the conditions of these .experiments, reaction 16 is less
 

important than reaction 12, but not negligible. The 0(3P) that is
 

formed could react as follows:
 

OOP) + CH30H - 0H+ R 20
 

O(3p) + CO - C@2 21 

O(3P) + NO +M - NO2 + M 22
 

At 25CC the rate-coefficients for these reactions are known to be 6.2 x
 

-
10 14 cm.3/sec. for reaction 20 (Lefevre,-Meagher, and Timmons, 1972),
 

-
7.1 x 10 17 cm.3/sec. for reaction 21.in.-the presence of 190 Torr N20, 

reaction 21 is in the pressure dependent. region) (Simonaitis and
 

-
Heicklen, 1972), and 6.9:x 10 32 cm;6sec. with 02 as a chaperone for
 

reaction 22 (Garvin and Hampson, 1974). Under these conditions,
 

-
reaction 22 has an effective second order- rate coefficient of n. 10 12
 

cm 3/sec. A consideration-of these rate coefficients and the CH3OH,
 

CO, and NO pressures reveals that the only reaction of importance is
 

reaction 20.
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Under the conditions where a.large fraction of the o(ID) atoms
 

react with N20, reaction 14b plays a-significant role and NO accumulates.
 

It very efficiently removes OH via reaction 23.
 

OH + NO HONO 
 23
 

In these experiments reaction 23 is believed to be in the high pressure
 

region and is nearly second order (Sie, Simonaitis, and Heicklen, 1976b).
 

The NO also plays another role.which.is not understood. If rela­

tively large amounts of NO accumulate, excess C02 is produced. This was
 

confirmed by adding NO as a reactant, and observing that excess C02 was
 

produced. This is shown in Table 5.
 

In the experiments with no added NO., the average pressure of the NO
 

produced from reaction 14b, [NO], was calculated via equation III. This
 

equation was derived from the mechanism and the appropriate steady state
 

approximations.
 

[NO] = kLj+ k.4 

kl4b kl4b[N 201 '-kl4b[N20] 

All the data were treated as described below. In the first plots 

of equations IV and V (See below), the higher points were given more 

weight in drawing the lines. The lower points were suspected of being 

low because excess C02 might have been..proiuced during the run. Upon 

examining these early plots, it was noticed that-the distance of a point 

from the line was dependent on the [CO.]TNO] ratio. The rate constants 

obtained from the final plots of equations IV and V were used with 

equation IV to calculate a theoretical R{N 2}/R{CO} ratio (i.e. the 

R{N 2}/R{CO 21 ratio that would put the data point on the line) for sev­

eral runs. This calculated value of R{N 2}/R{C0 2 } divided by the 

http:role.which.is
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Table 5. Effect of added NO on the R{NZ}/R{CO21 ratio.
 

[CH30H], [N20], [CO], [NO], 

Torr Torr Torr R{N 2 )/R{C021 Torr [CO]/[NO] 

250 ± 20C 

77.3 31.8 64.3 5.26" -­

77.5 32.4 63.8 5.83 .205 311 

5.26/5.83=.902 

80.1 26.9 54.3 4.91 -- -

78.6 26.3 54.6 4.90 .280 195 

4.91/4.90=1.00 

74.3 53.2 8.50 17.0 -- -

73.9 53.5 7.50 13.2 .287 26.1 

17.0/13.2=1.30 

14.3 53.2 6.89 19.5 -- -

67.0 51.0 5.91 13.8 .287 20.6 

19.5/13.8=1.40 

72 ± 50C 

352 177 85.5 13.0 -­

346 177 84.0 2.47 .420 200 

13.0/2.47=5.26 
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experimentally measured value of R{N 2}/R{CO2} gives a measure of the
 

excess C02 produced. Tables 6 and 7 show this ratio with increasing
 

[CO]/[NOj ratio, and the CH3011, N20, and CO pressures at 25 ± 2'C and
 

75 ± 50C respectively. Figures 4 and 5 show plots of (R{N2 }/R{CO2} cai­

cuIatnd)/(IN iR{cO2 i measured) vs. the [CO]/[NO] ratio at 25 ± 200 and 

72 L 5'C respectively. From these it can be seen that the excess CO2 

production is not important for [CO]/[NO] > 58 at 25 ± 20C and for [CO]/
 

[NO] > 300 at 72 ± 5'C. Runs not meeting these criteria were removed 

from the plots ef equations IV and V.
 

Art investigati on was undertaken,to try to deduce the source of the 

extra C02. It was thought that the NO might react in some way in the 

dark to produce COo. A mixture of 376 Torr CH30H, 0.340 Torr NO, 161 

Torr N20, and 82.4 Torr CO was kept in the dark for approximately 2 hours.
 

There was no significant difference in the C02 produced in this run and
 

similar dark runs with no added NO. 
Thus it can be concluded that the 

excess C02 is not produced in the dark. 

It is known that CH30 reacts with NO to produce CH3ONO via reaction 

24 (Wiebe, Villa, Hellman, and Heicklen, 1973). 

CH30 + NO -> CH30NO 24
 

Mixtures of CH30H and NO and mixtures of CH30H, NO, and N20 were
 

irradiated. A 10 foot x 1/4 inch o. d. stainless steel column packed
 

with 60-80 mesh propylene carbonate on Chromosorb W was used to measure
 

any CH3ONO which may have been produced. The CH30NO yield was always
 

less than 3 mTorr. It was reasoned that this might be a steady state
 

concentration of CH30NO. To test this, a mixture of 30.6 mTorr CH30NO,
 

225 mTorr NO, and 316 Torr of CH30H, as well as a mixture of 30.8 mTorr
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Table 6. Comparison of R{N21 /R{C02}calculated to R{N2}/R{C02lneasured
 

at 25 ± 20C. 

R{N.2}/R{C021b [CH30H], [N20], [CO], 
[CO]/[No]a R{N21/R{002}c Torr Torr Torr 

3.2 5.60 11.2 133 4°6 
,7o7 3.33 10.9 209 8.3 
9.2 2.45 10.2 105 503 

1301 1.46 9.0 80.2 5.2 
13.2 1.32 9.1 156 5.1 
14.1 1.70 1009 139 4.8 
46.1 1.99 12.1 208 8.4 
58.3 1o13 9.4 96.6 5.4 
94.9 0°782 7.5 15.6 8,2 

103 0.948 8.6 134 20.3, 
113 0.793 8.6 173 21.3 
123 1005 74.3 53.2 6.9 
166 0°996 74.3 53.2 8.5 
171 1.30 10.2 121 27.3 
194 1.00 85.2. 33.5 7.1 
206 1.02 5.4 27.7 12.7 
210 0.894 10.3 105 24.6 
219 1.25 20.0 128 40.1 
225 171 57,8 12o4 13,2 
260 1.25 15.5 7.4 5.1 
317 1.15 80.0 85.1 26.0 
587 0.885 84.5 31.4 17.1 
616 0.959 4.2 32.6 16.9 
620 0.766 85.2 33.2 14.9 
643 1.01 30.0 15.7 12.1 
728 1.24 79.5 26.1 52.1 
771 1.13 80.0 84.4 26.0 

a) [NO] was calculated using equation III. 
b) R{N2}/R{CO2} was calculated using equation IV. 
c) R{N2}/R{C02 } was experimentally measured, 
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Table 7. Comparison of R{N2}/R{CO }calculatid to R{N2}/R{C02}measured
 

at 72 ± 50C. 

R{N2I/R{CO21b [CH 30H], [N20], [Co], 

[C0]/[TNOa R{N2}/R{C0 2}c Torr Torr Torr 

6.5 7.10 1001 183 7.9 

7.7 6.19 11.5 123 6.8 

12.5 4.87 12.6 201 7.9 

20.6 3.12 11.0 157 7.4 

27.7 2.71 13.7 155 8.0 

32.5 2.70 12.8 130 7,35 

41.4 2,46 11o5 182 8.1 

300 0.956 18.9 68.0 35.6 

394 1.16 19.0 116 35.7 

513 0°662 359 164 40.0 

726 1o06 394 169 66.3 

886 1.56 346 173 34°2 

3110 0.972 352 177 85.5 

4560 0.950 166 172 151 

a) [NO] was calculated using equation III. 
b) 1{N2 }/R{CO 21 was calculated using equation IV. 
c) R{N2}/R{C0 2} was experimentally measured, 
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CH30NO, 220 mTorr NO, 300 Torr CH30H,-and.70.1 Torr N20 were each
 

Less than.3 mTorr of CH30NO were
irradiated for 5.1 hours at r 72*C. 


recovered from each run. This supports the supposition that the CH30NO
 

is in a steady state of a few mTorr.
 

It was then thought that excited methoxy radicals, CH30*, might
 

oxidize CO.
 

CH3ONO + hv CH30* + NO 25
 

CH30* + CO - C02 + CH 3 26
 

Various amounts of CH3ONO,-CO, .and.CH30H were irradiated and the
 

amount of C02 produced was measured. The quantum yield of C02 produc­

tion was less than 0.05. A C02 quantumyield greater than 2 is needed
 

pressure of 5
to account for the excess C02 if a steady state CH3ONO 


mTorr is assumed. Thus this possibility was also disproven.
 

The nitrous acid produced via reaction 23 was also considered.
 

This reaction would cause the C02 produced in a run with NO added to
 

decrease relative to an identical run.with- no added NO because OH's that
 

would produce C02 are lost when they react with NO. However if the HONO 

decomposes to species that produce more CO2 thanrwas lost as a result of 

reaction 23, a net excess of C02 would be produced. 

Three possible ways that HONO may photolytically or thermally de­

compose are shown in reactions 27 to 29 (Johnston and Graham, 1974). 

HONO + OH + NO 27
 

+HN0 + 0 
 28
 

29
+ H + NO2 

Reaction 27 produces only one species, OH, which can produce C02, and
 

thus no net increase of C02 can be produced. The oxygen atom produced
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in reaction 28 would at least sometimes..abstract a hydrogen atom from
 

methanol to replace the original OH. Again this- cannot lead to excess
 

CO2. The HNO's would probably recombine-via reaction 30,(Johnston and
 

Graham, 1974).
 

2HNO'+ H20 + N20 30
 

The reaction
 

HNO + CO + HCO + NO 31
 

is-very unlikely because of its high-endothermicity. The H-NO bond
 

energy (calculated from National Bureau of Standards JANAF Tables, 1971)
 

is 50 kcal/mole and the H-CO bond,energy-is.only 29 kcal/mole. Thus
 

this set of reactions would not-increase the C02 yield.
 

The H atom produced in reaction 29.cannot lead to CO2 as was dis­

cussed earlier. The N02 would be photolyzed.
 

NO2 + h + NO + O(1D) 32 

However, neither would this lead-to.an increase in the C02 yield. Thus 

it seems that the nitrous acid is not involved in the increased C02 

yield. 

Excited nitric oxide, NO*, formed when NO is-irradiated, -was also
 

considered. A calculation showed that NOft would have to produce C02
 

with a quantum yield of ru 1 to account for the excess CO2.
 

A mixture of 13.4 Torr NO, 18.2 Torr CH30H,, and 12.5 Torr CO was
 

irradiated at 2139 A for 0.53 hours. .The quantum yield of C02 pro­

duction was less than 0.05. Thus NO* is also not the source of the
 

excess C02.
 

Since the search for the source of the excess C02 was not the pri­

mary purpose of this investigation and because it is believed that the
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runs in which excess C02 was produced were identified and removed from
 

Figures 6 and 7, the search was dropped.
 

There was no evidence of any other secondary reactions..
 

The mechanism leads to the following two steady state rate laws:
 

R{N21 - k1 2 + (k14 + kl 4 a)S[N20] .... IV 
iR{C02} ki2a kl2a[CH3OH] 

yR{N2} + k11 [CH 30H] 2 3[O] VkV
 
R{c 2}1 k18 [CO] k 5 [CO]
 

where a, , 6, and y are:
 

a - 1/(l + kii[GHsOH]/ki5[CO] + k2 3 [N0]/k 1 5 [CO]) VI
 

0 1 + kl6[CO]/kl2a[CH30H] VII
 

6 E 1 + kl6 [CO]/(kl4 + kl4a)[N20] VIII
 

y / IX
B{(kl2/kl2a) + &(k14 + kl4a)[N20]/kl2a[CH3OH]} 


In utilizing equation V, which is useful when most of the 0('D) atoms
 

are removed by reaction with CH30H, the term k2 3 [NO]/k1 5 [CO] was
 

dropped since its contribution was negligible.
 

It was desired to plot R{N2}/R{C02}.vs. 6[N 20]/[CH3OH], to obtain
 

a straight line plot, and thus evaluate kl2/kl2a and (k14 + kl4a)/kl2a-


However, to compute a, B, and 6, klj/k 5, k23/k1 5 , kl6/kl2a, and k16 /
 

(k14 + kl4a) must be known. The last ratio is known to be 0.23 (Garvin
 

and Hampson, 1974), and k2 3/k1 5 was found to be 16.1 at a total pressure
 

of 96 Torr and 22 at a total pressure of 408-768 Torr from work done by
 

colleagues in this'laboratory (Sie, Simonaitis, and Heicklen, 1976b).
 

The values used in this study were-16-at 250C and 22 at 7200 because of
 

the higher pressures used at the higher temperature. The values for.
 

and k16/k12a are-obtained from.equation IV and V by successive
k1 1 /k1 5 


iteration. First, R{N 21/R1C02 1 was plotted vs. &[N20]/[CH30H] and
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[CH 30H]/[C0] to obtain first approximations forkl2/kl2a, (k14 + kl4a)/
 

kl2a, and k11 /k1 5 . Then afirst value for k16/kl2a could be calculated
 

using the obtained value of (k14 + k14a)/kl2a and a value of 2.85 for
 

k14/kj6 (Garvin and Hampson, 1974), and-a value of 0.41 for ka4a/ki4
 

(Simonaitis, Greenberg, and Heicklen,.1972). Now a, f, 6, and y can
 

be computed and the iteration process-is repeated until a consistent set
 

of parameters is found. In computing these parameters, the following
 

known rate coefficient ratios were used: k23/ki5 = 16 at 250C and 22
 

at 7200 (Sie, Simonaitis, and Heicklen, 1976b), k14/k16 = 2.85 (Garvin
 

and Hampson, 1974), kl4b/kl4a = 1.44 (Simonaitis, Greenberg, and
 

Heicklen, 1972). The correction terms 5 and & are near unity. There­

fore, they do not greatly influence the evaluated rate coefficient
 

ratios.
 

Figure 6 shows the final plot based on equation IV. The data at
 

both temperatures fit the same plot,.and the value obtained for k12/k12a
 

from the intercept is 2.2 ± 0.4 and the value obtained for (k14 + kl4a)/ 

kl2a from the slope is 0.56 ± 0.10. Since k14a/ki4 = 0.41 (Simonaitis, 

Greenberg, and Heicklen, 1972) and kl2a/k12 = 0.46 ± 0.10, then k12/k14 

5.5 ± 2.0. Figure 7 is based on equation V. The data at 7200 lie
 

slightly higher than those at 25C. The slopes of the lines at the two
 

temperatures give k11 ik15 = 0.63 ± 0.10 at 250C and 0.98 ± 0.20 at 720C.
 

The slight increase in the ratio with temperature indicates that reaction
 

11 has some activation energy.
 

The lines shown in Figures 6 and 7 were obtained by least 'squares
 

and the error limits placed on the slopes and intercept *ere obtained
 

from lines (not shown) that represent outside rdasonfble imits drawn
 

through the points in the figures.
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Table.8o 	 Summary of rate constant ratios used and measured in this
 

study,
 

0Ca
 = 16 at 25C and 22 at 72
k2 3/k1 5 


= 2.85
b
 

k14/k16 


c
kl4b/kl4a = 1.44 

kl4a/k4 = 0.41c 

k1/kl2a = 2°2 ± 0o4 

(k1 4 + kl4a)/kl2a = 0.56 
± 0.10d 

klj/k1 5 = 0.63 ± 0010 at 25*C and
 

d
 
0.98 ± 0.20 at 72C
 

k16/kj2a = 014 ± 0.3
e
 

= 55 ± 20 
e
 

k12ikI4 


f
 

k1 6/(k1 4 + kl4a) = 0.23


k12/klb = 9.3 ± Me
 

(k14 + kl4a)/klb = 2.4f
 

a) Sie, Simonaitis, and Heicklen, 1976b.
 

b) Garvin and Hampson9 1974,
 
c) Simonairis, Greenberg, and Heicklen, 1972,
 

d) Calculated from this study.
 
e) Calculated from values found in this study and other ratios
 

reported in this table.
 
f) Calculated from other ratios reported in this table.
 

http:Table.8o
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Note: After this study was completed a report was published by Campbell,
 

McLaughlin, and Handy (1976) on the reactions of OH radicals with
 

alcohol vapors at 2920 K. The chain mechanism occurring in the dark in
 

the H2 02 /N02 /CO system (Campbell, Handy, and Kirby, 1975), involves OH
 

radicals and was used as the source of OH radicals in their system. They
 

measured k1l relative to the OH + n-butane reaction (k = 2.3 x 10- 12
 

cm.3/sec.) and reported k1l 
= (9.4 ± 0.9) x 10- 13 cm.3/sec. The value 

of k1l obtained from k1 1 /k1 5 = 0.63-± 0.10 (present study), koH + H2/ 

k15 = 0.0235 (Sie, Simonaitis, and Heicklen, 1976a), and koH + H2 = 7.1 

- - 1 3
 x 10 15 cm.3/sec. (Garvin and Hampson, 1974), is (1.9 ± 0.3) x 10


cm.3/sec. These two values of k1l are different by at-least a factor of
 

four. These are the only two known measurements of k1l and more work
 

must be done to alleviate this discrepancy.
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C1HAPTER II 

OXIDATION OF THE HC0 RADICAL.
 

INTRODUCTION
 

Formyl radical reactions with oxygen occur in flames and com­

bustion (Lewis and von Elbe, 1961, p.'557; Peeters and Mahnen, 1973),
 

in explosions (McKellar and Norrish, 1960), in the chemistry of the
 

upper (Whitten, Sims, and Turco, 1973; Nicolet, 1974, 1975) and lower.
 

(Levy, 1973a, 1973b) atmosphere, and in photochemical smog (McQuigg
 

and Calvert, 1969; Calvert, Kerr, Demerjian, and McQuigg, 1972; Cal­

vert, Demerjian, and Kerr, 1973). A complete characterizati6n of HCO
 

+ 02 chemistry is important for understanding these processes.
 

The rather small amount of work devoted to understanding HC0
 

radical oxidation is surprising when its importance is considered.
 

Much of the information obtained here is inferred from studies whose
 

main objective was other than thestudy of HCO chemistry.
 

Three possible 110 + 02 reactions are considered.
 

HCO + 02 (+M) -> HCO 3 (+M) 33a 

33b.
ECO + 02 -> O + 110 2 

33cHCO + 02 -> 002 + OH 

Faltings, GroLh, and Harteck (1938) photolized mixtures of CO and
 

H2 at 1295 and 1470 A, and found that 120'and 1202 were products.
 

Reaction 33b was proposed to explain these results. They believed the
 

H20 and H202 were formed from the H02 radicals.'prnduced in reaction
 

33b. Mercury sensitized experiments on 112CO mixtures containing traces
 

of 02 confirmed this conclusion. Since the reaction occurred even when
 

the 02 pressure was low, they.repoirted that the reaction was fast.
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The lovi yield of C02-in the thermal (Fort-an& Hinshelwood (1939); 

Bone and Gardner, 1936; Axford and Norrish, 1948)-and photochemical ­

(Carruthers and Norrish; 1936a; Style and Summers, 1946; Horner, Style, 

and Summers, 1954) oxidation of H2CO, .which almost certainly involves 

the.oxidation of HCO radicals, suggests thatreaction 33c is relatively 

unimportant. This was also confirmed-.by.Baldwin; Fuller, Longthorn, ­

and Walker (1972). They found that-lJess than 0.5% of the H2CO oxidized 

when it was added to slowly reacting mixtures of H2 and 02 appeared as 

CO2.
 

McKellar and Norrish (1960)-studied the-explosive combustion of
 

H2CO initiated by flash photolysis. They found that the HCO bands,
 

which were observed-during the flash-phorolysis of H2CO, were not seen
 

when mixtures of H2CO and 02 were flashed unless the [H2C0/[02] ratio
 

was greater than 3. They reasoned that this was due to a rapid
 

reaction between HCO and 02.
 

Lewis and von Elbe (1961, p. 101), after reviewing the thermal H2CO
 

oxidation results of others (Axford and- Norrish, 1948; Bone and Gardner,
 

1936; Spence, 1936; Snowden and Styles, 1939), concluded that reaction
 

33b has such an activation energy that in the-temperature range of the
 

experiments ('t300-3700C) it is negligible compared to the ternary
 

reaction 33a.
 

i4cMillan and Calvert (1965), after reviewing the work of Pearson
 

(1963) on the photolysis of mixtures of acetone and 1802, sug­

1 8
gested a value for k33b of approximately 4 x 10- -cm.3/sec. at 360C.
 

They compared this value -to a typical radical-oxygen combination rate
 

value of about 1.7 x 10 - 13 cm.3/sec., and conclude that reaction 33a
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may account for most of the HC0 disappearanbe at low temperature and
 

high pressure.
 

-

Demerjian, Kerr, and Calvert (1974,) selected k33b u 1.7 x 10 13 

cm.3/sec. and k33a 6.8 x 10-14 cm.3/sec. (k33a/k33b = 0.4) such that 

simulated data for the aldehyde/NO/NO-systems was optimized to fit 

experimental data. 

Becker, Fink, Langen, and Schurath (1973) report that according 

- 15 
to preliminary results (not described) k33a < 10 cm.3/sec. No later
 

report could be found.
 

Beeters andMahnen (1973) measured the concentration of all species, 

unstable as'well as stable, throughout the reaction zone of a few low­

pressure methane/oxygen fiames. They report k33b ' 5 x 10-11 cm. 3/sec. 

for 1400'K < T < 1800'K.. 

Washida, Martinez, and Bayes (f974) were probably the only investi­

gators to measure HC0 oxidation with this measurement being their main
 

objective. They used a cylindrical fast-flow reactor which was coupled
 

to a photoionization mass spectrometer. Formyl radicals were formed in
 

the following way. A microwave discharge was passed through He which
 

contained a trace-of N2 . This produced N: atoms.
 

N2 + 2N microwave discharge 34 

The N atoms reacted with NO, which was added downstream, to produce 0
 

atoms.
 

35
N + NO - N2 + 0 


The 0 atoms react with ethylene to produce formyl radicals.
 

"0+ C2H4 HCO + CH3 
 36
 

ORIGINAL PAGE IS
 

OR POOR QUALITY
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By monitoring the HCO concentration's approach to its steady state
 

value in a series of runs with different 0 atom concentrations, an ab­

solute rate constant, k3 7 = (2.1 ± 0.4) x 10
- 10 cm.3/sec., was obtained
 

for reaction 37.
 

HCO + 0 C02 + H 37a
 

CO + OH 37b
 

Molecular oxygen was then added to the system so that the competi­

tion between reaction 33 and reaction 37 could be studied. This was 

done by measuring the change in the HC0 steady state concentration as 

a function of the [02]/[0] ratio. The value obtained for k33/k =3 7 


(2.74 ± 0.21) x 10-2. Using the absolute value for k3 7 mentioned above,
 

the value of k33 was calculated to be (5.7 ± 1-.2)' x 10- 12 cm.3/sec.
 

Because no products were measured, the value obtained for k3 3 can­

not be separated unambiguously into its component parts from reactions
 

33a, 33b, and 33c. However, because.Washida et al. saw no variation
 

in k3 3/k3 7 over the pressure range 1.5 to 5 Torr- they coAcluded that
 

the pressure dependent reaction 33a was unimpdrtant under their con­

ditions. They also regarded reaction 33c as unimportant, using some of
 

the indirect evidence presented above. Thus it -as concluded that the
 

measured value of k 33 refers primarily to reactidn 33b.
 

Because of the large value of k 3 3b, it was.suggestea that it will
 

compete with the three-body recombination, even at atmospheric pressure.
 

At lower pressures, such as in the upper atmosphere, the two-body
 

reaction would dominate.
 

Thus, it is seen that there is general agreement that reaction 33c
 

is relatively unimportant. However, the estimates of the relative
 

importance of reactions 33a and 33b differ.
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In this study HC0 radicals were produced by Cl atoms abstracting 

H atoms from H2C0 as in reaction 38. 

0l + H200 + HU0 + HCO 38
 

The HCO radicals react with 02 according to reaction 33.
 

HCO + 02 (+M) -> HC03 (+14) 33a 

HCO + 02 CO + H02 33b
 

c 33c002 + OH 


It is believed that HCO3 ultimately gives HCOOH in this system.
 

Thus by measuring the amounts of HCOOH, CO, and CO produced, the re­

lative efficiencies of reactions 33a, 33b, and 33c can be determined.
 

Aswas stated earlier, HCO + 02 reactions occur in flames and
 

combustion, in explosions, in the upper and lower atmosphere, and in
 

photochemical smog. However,- the main purpose of this investigation
 

was to gain an understanding of HCO + 02 chemistry so that the results
 

of a photooxidation of formaldehyde study (presented in Chpater I1)
 

could be interpreted.
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EXPERIMENTAL
 

Mixtures of C12 , H2CO, 02, and in. some cases an inert gas, N2 or
 

He, were irradiated at 3660 A and at several temperatures. The products
 

CO, CO2 , and HCOOH were measured. The reactions were carried out in a
 

cylindrical quartz cell 5 cm. in diameter and 10 cm. long. Irradiation
 

was from a Hanovia utility ultraviolet quartz lamp which passed through
 

a Corning 7-37 filter. Since this filter passes light from r'3800 A to
 

b 3300 A, the effective radiation was at 3660 A.
 

A conventional mercury free high-vacuum line utilizing Teflon stop­

cocks with Viton "0" rings and glass stopcocks greased with Apiezon N
 

was used to handle the gases. (See Figure 8.) Pressures were measured
 

with a silicone oil manometer in conjunction with a cathetometer, a 0 ­

800 Tort Wallace and Tiernan absolute pressure indicator, and a Veeco
 

thermocouple gauge.
 

For the studies done below room temperature, the reaction cell was
 

housed in a box constructed by Dyfoam (made by-Zonolire). Two evacuated
 

cylindrical Pyrex cells with quartz windows were placed through the box
 

wall, one through each of two opposite sides. In this way light
 

entered the box from one side via one Pyrex cell, passed through the
 

photolysis cell, and passed out of the other side of the box through
 

the second Pyrex cell to impinge on a RCA 935-phototube. This is shown
 

in Figure 9.
 

The temperature inside the box was lowered by passing nitrogen gas
 

through a copper coil immersed in liquid nitrogen and flushing this
 

cold nitrogen through the box. The temperature was measured with an
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44
 

iron vs. constantan thermocouple and was manually controlled by chang­

ing the flow rate. 

Actinometry was done-by photolyzing CH3N2CH3 for which 4'fN2} = 

1.0 (Calvert and Pitts, 1966, p. 463). The light intensity after
 

passing through the-cell, I, was always monitored with the RCA photo­

tube. From the N2 produced, measured by gas chromatography, the
 

measured extinction coefficient of azomethane (see Table 9), the light
 

intensity, I, (mTorr/min.), was calculated using Beer's Law. Since I.
 

is proportional to the phototube signal when the cell is empty, the now
 

calibrated phototube signal gave a measure of I. before each run with
 

chlorine. Thus the absorbed light intensity, Ta, for the runs with
 

chlorine was calculated from Beer's Law, knowing I., the measured ex­

tinction coefficient of C12, and the average C12 pressure (computed as
 

the initial chlorine pressure minus 1/4 the CO produced, since each Cl
 

atom consumed produces one CO molecule). This was done instead of
 

matching absorbances because Ia/To was always less than 16% and was
 

usually 4 to 5%.
 

The formaldehyde was prepared from Fisher Scientific paraformalde­

hyde by a procedure patterned after that of Spence and Wild (1935).
 

The apparatus shown in Figure 10 was attached to the vacuum line and
 

evacuated. Water was placed in Dewar A and heated electrically to 90­

1000C. Dry ice/acetone was placed in D~war B and current was passed
 

through the heating wire to warm the wrapped tubing to 90-120C. The
 

system was being pumped on continuously. LiquiaI nitrogen was then
 

placed in Dewar C. When enough formaldehyde was obtained in the trap
 

in Dewar C all heating was stopped, all the stopcocks were closed, and
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- 1
Table 9. Extinction coefficients at 3660 A to base-10, Torr 1 cm-o .
 

Temp., .C. CH3N2CH3 Cl 

-4 - 325 1,87 x 10 1.39 x 10

-7 1.85 x 10 - 4 1.53 x 10- ' 

4 - 3-37 1.91 x 10- 1.56 x 10

- 4 - 3-50 2.02 x i0 175 x 10
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Figure 10. Formaldehyde purification apparatus.
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the apparatus-was-disassembled at the Ace Glass connections. The
 

liquid nitrogen in Dewar C was replaced with dry ice/acetone, and the
 

formaldehyde was distilled from this'to a glass tube immersed in liquid
 

nitrogen. This purified formaldehyde was stored at -196oC. The liquid
 

nitrogen was removed only long enough-to obtain the formaldehyde
 

pressure needed for a run.
 

The chlorine was obtained from the Matheson Co. It was degassed
 

at -160oC and distilled from -130'C (n-C5H1 2 slush) to -160'C (i-C
5H1 2
 

slush). After purification it was stored at room temperature in a
 

darkened storage bulb. The azomethane was prepared as described by
 

Renaud and Leitch (1954).
 

The oxygen and nitrogen were also obtained from the Matheson Co.
 

The nitrogen was always passed through a trap containing glasswool
 

immersed in liquid nitrogen. The oxygen was treated the same, except
 

the liquid nitrogen-was-replaced with liquid.argon when the total pres­

sure was greater than about 130 Torr. The oxygen and nitrogen were then
 

analyzed by gas chromatography and found-to be free of C02. The oxygen
 

was also free of CO,-but the nitrogen contained.0.035% CO. The CO
 

yields were appropriately corrected-In the runs with nitrogen. Runs
 

were also done-with helium instead of nitrogen to avoid this problem.
 

This helium was taken from the carrier gas stream of the gas chromato­

graph and was used without purification.
 

After photolysis, the noncondensables at -196oC (or -186*C, de­

pending on the oxygen pressure) were analyzed for CO by gas chromato­

graphy-using a 12 foot long by 1/4 inch o..d. copper column packed with
 

13X molecular sieves, operated at-00 C. The condensables were distilled
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from -130C to -1960C. The gases condensed by liquid- nitrogen were
 

analyzed for C02 by gas chromatography using-a 10 foot long by 1/4 inch
 

o. d. copper column packed with 50-80 mesh Porapak Q. The condensables
 

at -130'C were then transferred to-an ir cell and analyzed for HC00H.
 

A Beckman IR 10 spectrometer was used1forthe room temperature runs and,
 

a Beckman Microspec spectrometer was-used for the others. Most of, if
 

not all,.the formaldehyde was removed fxom the formic acid, either by
 

pumping for 1o 30 minutes a -130*C or by the,.polymerization that occurred
 

when the chlorine and- formaldehyde were condensed prior'to analysis.
 

of
(In later-experiments at -95*C bath '(acetone slush) was used instead
' 


the -130*C bath, and the formaldehyde could be pumped away in 'b 2 min­

utes.) If small amounts of formaldehyde did remain, it would not inter­

fere greatly wi'th most of the HCOO analysis because the HCOOH spectrum
 

is much stronger than that of formaldehyde.
 

Since formic acid exists as.a mixture of dimer And monomer, the ir
 

was calibrated for C00H by placing known "total" pressures of formic
 

(measured on a monometer) in the ir cell and measuring the absorb­

ance at 2940, 1740, and 1213'cm.-.- These were plotted in theusual
 

manner. The equilibrium constant, K = 2.85 Torr at 3000C (Coolidge, 

1928), was used to convert -the "total" formic acid pressure in a run to 

the-pressure it would be if it were all monomer. All formic acid pres­

sures reported here have been thus corrected.
 

-acid 
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RESULTS AT ROOM TEMPERATUREAND -7 ± 10C
 

When 	C12 was photolyzed at 3660..A in.the presence of H2CO and 02
 

the-products measured were CO, CO2 , and HCOOH. The HCOOH exists as a
 

mixture of the dimer and monomer. However from-the known equilibrium.
 

constant, K = 2.85 Torr at 300C (Coo-lidga,.1928), the total HCOOH yield
 

(assuming-all monomer)-could be obtained and-these values are listed in
 

Tables 10 and 11, along with quantum,yields of CO and C02.
 

The parameters were varied as follows:
 

Room 	temperature: [02] from 696 to 1.88 Tort, [C12] from 5.41 to
 

1.04 Torr, [H2CO] from 11.2 to 2.32 Torr, [C12]/[02] from 0.807 to
 

0.0020, Ia from 75.4 to 8.4 mTorr/min., the irradiation time from 17.5
 

to 	0.25 min., and total pressure from 704 to 62 Torr.
 

-7 ± [C: from 645 to 1.53 Torr,
[02] [C12] from 4.59 to 1.13
 

Torr, [HaCO] from 10.l.to 2.84 Torr,.[Cl2]/[0a]from 0.91 to 0.0022, Ta
 

from 30.0 to 7.18 mTorr/min., the irradiation time from 60 to 1.5 min.,
 

and total pressure from 688-to 344 Torr.
 

The product yields were independent of the variation in all para­

meters except the ratio [G12]/[02]. As this-ratio increased 44001 in­

-creased from a lower limiting value of 2.0 to an upper limiting value
 

of 15 at both temperatures. O{COOH} however was measured only at low
 

[C12][02]. At high [C12]/[02] ratios, it would have been difficult -to
 

obtain enough-HCOOH to measure accurately, without decomposing an
 

excessive amount of H2CO. At low [C12]/[02] ratios, scatter is not sur­

prising, considering the difficulties.in measuring HCOOH. One problem
 

is that some of the acid may be lost to the walls. This is believed to
 

have been the-major problem. Another problem is that the measured ir
 



Table 100 Product.quantum yields.in~the photolysis of chlorine at 3660 A in the presence of 02 and H2C0,
 

at room temperature (, 230C), 

[C2], '[C12], [02], [H2C0], [N2], [He], Ias, Irradiation 
[21] Torra Torr Torr Torr Torr mTorr/min time, min. D{COI D{HCOOH} $COI 

0M0020 1.29 659 3c71 0 0 20.8 2.0 - 10.8 

0.0021 1.37 655 3.50 0 0 222 2.4 1.63 - -

0.0021 1.39 655 3.47 0 0 22.0 6.5 1.87 9.00 -

0.0021 1.38 649 10.0 0 0 21.0 3.0 1.58 10.3' -

0.0024 1.47 609 3.83 0 0. 24,2 9.45 1.86 8.50 -

0.0024 1.38 570 6.44 0 0 21.8 5.0 1.91 11.1 -

0.0031 2.15 696 6.27 0 0 18.7 17.5 - - 0.16 

0.0039 1.36 345 3.30. 0 0 20.2 5.0 2.15' - -

0.0040 1.34 339 4.22- 0 0 20.4 4.0 2.10 8.67 

0M0040 1.36 346 3.77 0. 0 21.2 4.0 2.20 - = 

0.0040 1.38 349. 4.18 0 0 20.8 4.0 2.08 8.92, 

0.0042 1.40 332 8.93 0 0 23.2 3.5 2.10 10.3 

0.0044 1.49 337 3.18 0 0 22.4 11.0 2.08 -

0.0045' 1.50 334 4.82 0 0 2303 6.25 2.24 8.50 



Table 10. (Continued)
 

[012] 	 [C12], [02], [H2CO], [N2], [He], la, Irradiation
 
a
[Oz Tort Tort Tort Torr Tort mTorr/min. time, min. 4{CO} 4'{HCOOH} D{C0,1 

0.0046 1,46 319 9.90 316 0 23.6 3.5 1.34 9.67 ­

0.014 1.30 90 9.06 0 0 19.7 	 4.0 2.98 11.8 ­

0.015 1.53 105 5.65 0 0 21.6 	 2.0 3.27 11.8 ­

0.016 1.54 95 6.90 0 0 23.2 	 4.0 2.87 ­

0.016 5.41 331 8.90 0 0 75.4 	 1.0 2.20 9.42 ­

0.017 1.57 95M0 3.28 0 0 24.4 	 2.0 2.51 11o2 ­

0,021 1.04 48.8, 5.66 	 0 590 17.4 10.0 3.17 ­

0.023 1.20 52.8 5-94 0 590 20.1 	 1000 3.04 ­

0.024 2.35 100 5.96 524 0 22,8 17,5 3.33 - 0.27
 

0.028 	 1.47 52.5 7.90 0 0 60.4 2.75 3.18 10.3 ­

400 4.50 ­0.035 	 1,08 30.6 5.11 0 608 18.0 


0 588 33.0 1.5 3.83 - ­0.037 2.04 55.4 4.51 


0.050 	 2.44 48.8 10,8 584 0 260 8°0 5.40 - 0.17
 

0 631 19.2 2.0 5.53 - ­0.070 1.13 16.1 5.35 


0.081 1o07 13.2 5.19 625 0 8.4 	 4.0 9.92 - 0.13 H
 

0.083 2,23 27,0 11,0 613 0 20.5 	 7.0 8.75 - 0.13
 



Table 10, (Concluded)
 

[Cl,] [C12]9 [0219 [H2C0], [N2], [He], Iap Irradiation 
[02]' Torra Torr Torr Torr Torr' mTorrimin. time, min, OC} {HCOOH}-- OCO1 

bioo 2.63 26.2 11.2 615 0 21.8' 2.0 9.92 - 936 

0.167 2.15 12o9 7.30 627 0 22.2. 12.5 7.96 - 0.15 

0o172 2°23 13.0 7.11 627 0 22.3 4.0 10.1 - 0.15 

0,222 1.25 5,62 386 0 641 20.6 2;0 8°92 - -

0,226 2.62 11.6 7.41 638 0 25.8 ,2,0 11.8 - 0o14 

0234, 278 11o9, 7.41 618 0 27.5 0.75 11.8 - 0.33' 

0,382 3.90 10.2. 7.42 0 597 51.4 0.,25 12.9 - -

0.396 2.02 5.10 4°66 0 6A8 34°0' 2.0' 12.0 -

0.697 1.31 1,88 6.20 0 610 17.9 1.75 12.9 -

0,714. 1.47 2.06 9.74 ,0 605 20.2 0.75 16,4 -

,0.725 1.50 2,07 2.32 0 606 20.5 0.75 14.6 -

0.740 2.47' 3.34 11.0, 639 0 26.9 5.0, 14.8 -

0.807 4063 5,74 2oA9 0 605 62.9 0,25 11.4 -

a) [CI 2] = [Cl2]initial [C0]/4. 



Table 11; Product,quantum yields in the photolysis of chlorine at 36.60 A in the presence of 02 and H2CO
 

[01 

at -7 ± 10C. 

[C2, [02] 

Pressures reported are at room temperature. 

[E2CO], [He], 1a, Irradiation 

1 Torra Torr Torr Torr mTorr/min, time, min.- 'UCO} '{HCOOHI 4'{C02} 

0.0022 1.43 645 3o37 0 8.85 8.0 230 - 0.21 

0.0022 1.33 609 9.80 0 8.33 8.0 327 11.5 -

0M0023- 142 558 3.46 0 8.24 12.0 2.22 - -

0.0023 1.45 628 2.94 0 9.28 8.0 284 9.33 0.11 

0.0023 1.46 625 3.07 0 8.66 8.0 2.37 8 25 0013 

0.0023 1.41 603 9.80 0 9.37 80 3°46 8.66 0.03 

0.0024 1.48 622 3.18 0 9.64 8.0 2,82 9.71 0,08 

0.0034 1.16 338 7.65 0 7.19 16.0 3,48 11.8 0.04 

0.013 4.24 330 10.1 0 26.5 3.0 - 11o2 0.03 

0.017 1.13 65.2 6.94 275 7.18 60°0 3.17 6.77 0.15 

0°020 1.32 65.4 6.17 276 8.35 17.1 3o75 10.8 0.08 

0.020 1.37 67.6 9.50 350 9.37 5o0 4.12 13.7 0.06 

0.021 

0.023 

1.47 

1.51 

68.9 

66.2 

6.34 

9.72 

269 

262 

13.3 

9.69 

10.0 

16.0 

3.40 

3.94 

9.46 

11.2 

0.09 

0.07 
09 



Table 11 (Concluded) 

[C [Cla], 
Tort a 

[02], 
Tocr 

[H2CO], 
Torr 

[He], 
Torr 

la, 
mTorr/mino 

Irradiation 
time, min.- '{COI DfHCOOH} "C{91 

0'.050 1.46 29.3 4.90 309 886 8.0 4.18 9.90 -

0.093 1.51 16.2 9.18 314 9o90 3.0 6.30 - 0.17 

0.093 1.32 14.2 5.46 314 7.90 11.25 6.22 8.95 

0.094 4.59 49.1 9.30 288 30.0 3.0 - 13.4 -

0M096 1.40 14.6 454 321 8.95 7.0 6.20 11.8 0.02 

0.099 1.44 14.6 4.00 240 8.75 3.0 6.46 - -

0.202 1.50 7,44 9.96 326 9.50 3.0 9.37 - 0.14 

0.208 1.45 6.99 7.72 324 9.50 3.0 9°46 9.12 0,27 

0.70 1.49 2o13 2.84 329 9.40- 2.0 8.83 - 0.16 

0.73 1.34 1,84 '8 87 324 9.04 1.5 13.4 - 0.37 

0.91 1.39 1.53 8.70 323 9M06 2.0 15.1 - 0.11 

a) [C12] = [Cl 2]initial ­ [C01/4. 

41 
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spectrum may not be due only to HC00H. In the room temperature runs,
 

the HCOOH pressure could usually be measuredrat 2940, 1740, and 1213
 

cm.-1 . The three values obtained usually differed by only a few per­

cent. At -70C, when the Microspec was used instead of the IR 10, the
 

-
2940 cm. I peak was usually impossible.to measure accurately, and the
 

-
1213 cm. I peak was sometimes obscurred.by an "unknown" peak. Neverthe­

-
less, when the 1213 cm. I peak couldbe.used the pressure calculated
 

from it was usually less than 10% different from the pressure calcula­

-
ted from the 1740 cm. 1 peak. This suggests that there was no serious
 

problem of spectral interference by some other compound.
 

The values of 4{COa} are widely scattered, probably because of the
 

low C02 yields in general, and the fact that there may be other sources
 

of C02. D{C02} varies from 0.36 to 0.13 at room temperature and from
 

0.37 to 0.02 at -70C.
 

It was observed that the HICO tended to polymerize on the walls of
 

the reaction vessel. Thus irradiation done in the absence of added H2CO
 

also gave some products. In one run {CO2} = 0.49 and 4C01 = 1.55.
 

However in the presence of gaseous H2CO, all'the chlorine atoms pro­

duced in the phorolysis should react with.gaseous H2CO and the wall
 

-
reaction is ignored (k for C1 + CH4 - (1.5 ± 0.1) x 10 13 cm.3/sec.
 

(Garvin and Hampson, 1974) and the reaction of C with H2CO should be
 

faster.)
 

Some products were also found in dark runs. The yields presented
 

in Tables 10 and 11 have been corrected-accordingly. Usually the time
 

necessary to add the gases to the cell and analyze the products was
 

comparable to or greater than the irradiation time. Therefore no
 

attempt was made to measure the dark yield per unit time.
 

http:obscurred.by
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At room temperature the dark correction for CO was 40 mTorr when 

the 02 pressure was 'v600 Torr, 20 mTorr when the 0 pressure was ' 300 

Tort, and no correction when the 02 pressure was < 100 Torr. The max­

imum correction was 30%, but the vast majority of the corrections were
 

less than 10%.
 

The dark production of C02 at room temperature was 'u 2 mTorr., The
 

C02 measured after irradiation was usually between 10 and 20 mTorr, but
 

the values ranged from 6.7 to 103 mTorr.
 

No products from the dark could be seen by ir at room temperature.
 

At -70C, the dark production of CO when the C12 pressure was rt1.5
 

Torroand the 02 pressure was 1 600 Torr was ' 20 mTorr. The maximum
 

correction was 11% and most were % 5%. However, when the C12 was r 4.5
 

Torr, nu 50% to 70% of the CO found in the light runs was found in the
 

dark runs. These CO yields were disregarded and are not reported here.
 

The C02 dark production at -7°C was b 2 mTorr. The C02 measured
 

after irradiation was usually less than 10 mTorr, but ranged from 3 to
 

63 mTorro
 

No.HCOOH was ever produced in the dark. However, there was another
 

product which was sometimes seen in both light and dark runs at -7oC.
 

-
Its largest absorption was at 1185 and 1175 cm. I , and it also absorbs
 

at 2865, 2855, 2800, 2790, 2780, 980, 970, 965, 960, and 950 cm.- I.
 

(There may be more than one compound). No correlation could be found
 

between this "unknown" and the experimental parameters or product
 

quantum yields, nor was it seen at any other temperature. See Appendix
 

II for more derails.
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RESULTS AT -37 ± 10C AND -50 ± 10C
 

The parameters were varied as follows:
 

-37 ± 10C: [02] from 548 to 1.74 Torr, [C12] from 1.50 to 1.29
 

Torr, [H2C0] from 10.5 to 1.86 Torr, [C12]/[O2] from 0.753 to 6.0025,
 

Ia from 11.5 to 9.20 mTorr/min., irradiation time from.10.0 to 3.0 min.,
 

and the total pressure from 556 to 330 Torr.
 

-50 ± 10C, long irradiations: [02] from 629 to 111 Torr, [C12]
 

from 1.30 to 1.00 Torr, [H2C0] from 11.0 to 2.12 Torr, [C12]/[02] from
 

0.0090 to 0.0016, Ia from 11.4 to 4.70 mTorr/min., irradiation time con­

stant at 60.0 min., and the total pressure from 673 to 123 Torr.
 

-50 ± 1'C, short irradiations: [02] from 566 to 1.25 Torr, [C12]
 

from 1.56 to 1.18 Torr, [H2C0] from 9.70 to 6.21 Torr, [C12]/[02] from
 

1.01 to 0.0023, Ia from 15.7 to 7.92 mTorr/min., irradiation time from
 

13.0 to 3.0 min., and the total pressure from 615 to 339 Torr. 

At -370C, the dark production of CO was less than 5 mTorr when the 

C12 pressure was "s 1.5 Torr and the 02 pressure was less than 80 Torr. 

The following trends can be observed in the product quantum yields
 

at -50 ± 10C listed in Table 12.
 

1) IfCO} decreases with increasing irradiation time. 

.2) 4{HCOOH decreases with increasing irradiation time. 

3) 4'{CO 2} increases with increasing irradiation time. 

4) 0{C01't 4 for all [C12]/[02] at short irradiation times. 

5) 40HCOOH is less than at room temperature. 

(The values listed for 4{HCOOH} are uncertain because of the
 

inaccuracy in measuring such small amounts of HCOOH. However, there is
 

little doubt of observation 5.)
 



Table 12. Product quantut yields in the photolysis of chlorine at 3660 A in the presence of O2 and H2CO at
 

-37 ± IC and -50 ± 10C. Pressures reported are at room temperature 

[C121 [C1 2], [02]9 [H2CO19 [He], Ia, Irradiation 

ortTorr Torr Tort Torr mTorr/mino time, min, {CO} 0{HCOOH} {C021 

-37 ± 14C, Short Irradiations 

0.0025 1.39 548 6.23 0 103 10.0 3.15 5.6 0M30 

0.019 1.47 76.6 6.52 262 11.5 3.0 3.29 9.0 0.17 

0.020 1.46 7406 1.86 256 9.60 5.0 3.37 10.0 0.06 

0.055 1.40 25.6 10.5 309 9.95 5.0 4.78 11.0 0.20 

0.058 1.44 25.0 6.36 306 10.6 5.0 4.87 11.1 0.08 

0.062 1050 24.1 6.59 303 11.0 5.0 4.13 10.3 0.13 

0.0§3 1.42 15.3 6.80 313 10.4 5.0 4.58 9°6 0.05 

0.191 1.42 7.45 6.65 317 10,4 5.0 6.83 11.1 6.04 

0.209 1.43 6.84 2.03 320 9087 4.0 3.93 7.7 0°05 

0.246 1.47 5.98 2.06 329 106 4.0 4.31 8.6 0.04 

0.276 1.48 5.36 7.21 362 10.7 5.0 7.29 10.9 0009 

0.390 1.35 3.46 6.62 328 9.72 3.0 7.16 8.8 0.24 

0.724 1.29 1.78 6.76 334 9.20 4.0 10.7 8.3 0.04 

0.753 1.31 1.74 7.29 339 9.99 3.0 9.61 7.1 0.40 

=50 ± 1VC, Irradiation Time = 60 min. 

0o0016 1.03 629 3.87 0 5.64 60,0 <0o019 0.62 1.38 

0.0018 1.07 604 9.72 0 5.43 60.0 0.305 1.91 1.68 



Table 12, (Continued) 

[Cl] [C12], [02]9 [ZC0]g [He], Ia. Irradiation 
[0-] Torr Torr Tort Torr mTorr/mino time, min. ¢{C0} '{HCOOH} {C02} 

0.0020 1.02 513 9°88 0 6.12 60.0 0.264 1.71 1.43 

0.0020 1.14 560 6.16 0 4.70 60.0 0o431 1.53 = 

0.0030 1o08 362 4.53 0 9.74 60.0 0.156 0.65 1.28 

0.0035 1.30 369 2.12 0 11.4 60.0 <0.023 0.24 0.811 

0.0037 1.23 337 6.62 0 10.6 60.0 <0.27 0.93 0.86 
0.0077 1.00 129 10.2 533 5.31 60.0 0.354 1.63 1.71 

0.0081 1.05 130 3.52 520 5.63 60.0 <0.09 0.83 

0.0088 1.09 124 4.5 0 6.30 60.0 0.76 1.04 1o03 

0.0090 1.00 ill 11.0 0 5.55 60.0 1.16 1.36 1o18 

-50 ± 10C, Short Irradiations 

0.0023 1.28 566 6.36 0 10.9 3.0 4.66 4.75 0.05 

0.0024 1.30 554 9.10 0 7.92 13.0 3.66 3.51 -

0.0035 118 337 6.50 0 10.2 10.0 2.94 3.64 0.09 
0.0036 1.24 337 6.44 0 9M0 3.0 4.70 4.55 0.07 

0.0040 1.40 348 6.25 0 12.1 500 4.52 6.44 0.21 
0.0041 1.38 335 9.70 0 10.9 3.0 5.44 3.36 0.04 

0.0046 1.52 328 9.60 0 13.3 3.25 2.68 2.26 0.12 

0M018 1.33 73.5 6.55 271 15.1 300 2.02 1.82 -

0.019 1.40 73.7 6.27 264 11,4 3.0 3.78 2.87 0.10 

0.057 1.43 25.3 6.64 308 12.7 3.0 3.17 1.89 0.04 



Table 12. (Concluded)
 

-[C01], [CI], [02], [HlCO], [He], Ia. Irradiation 
[09], Torr Torr Torr Torr mTorr/min. time, min. O{CO} {HCOOH} fCOP2} 

0.073 1.43 19.5 6.44 317 13.2 3.0 3.24 3.52 0.03 

0.095 1.39 14.6 6.52 323 12.3 3.0 3.26 3.00 0.03 

0.192 1.36 7.1 6.66 327 13.4 300 3.27 5.80 0.03 

0.419 1.56 3°72 6.21 328 15.7 3.0 3.94 2.80 0.03 

0.660 130 1.98 7.78 604 8.05 4.5 5.53 - -

0.690 1.40 2.03 6.56 330 13.9 3.0 4.45 2.34 0.04 
0.763 1.48 1.94 6.91 330 12.3 3.0 5.06 1.95 0.14 

1001 1.27 1.25 6.96 333 13.4 3.0 5.95 2.44 0.02 
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The results at -37 ± 1C, listed in Table 12,, are somewhat-inter­

mediate-between those at -50'± lVC and-room temperature. 'T{HCOOH} is
 

independent of [Ci 2]/[0 2 ], but the value-is the same as the low [Ci2]/
 

[02] values at -7C and toom temperature. {COI increases slightly with
 

increasing [C1 2 ]/[0 2], but not as rapidly as at.room temperature, and
 

its value at low [Cl2]/[02] is between those at-room temperature and
 

-50?C. C02} is more'or less comparable-to those at the higher temper­

atures.'
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DISCUSSION OF RESULTS AT ROOM TEMPERATURE AND -7 ± 10C
 

At 3660 A only the C12 absorbs and it photodecomposes to give
 

chlorine atoms which can then react with H2C0.
 

C12 + hv- 2C1 -3660 A Rate = Ia 39
 

C1 + H2COA HCl + HCO 
 38 

The HCO can react with-02 or C12. 

HC0 + 02 (+M) - HCO 3 (+M) 33a 

HO + 02 CO +102 33b 

HC0 + 02 - OCO2 + OH 33c 

HCO + C12 --HCl + C+l HC1+ CO + Cl 40a 

Reaction 33a should be pressure dependent at sufficiently low pres­

sures, but at the pressures used in these studies, there is-no indica­

tion of a total pressure effect so reaction 33a can be considered to be
 

in the second order region.
 

The fates of the species produced from the HCO reactions are as
 

follows: 	 HC03 ultimately gives HC00H. The favored route is
 

HC03 + H2C0 ) HC03H + HC0 41
 

HCO3H +00HCOOH + (1/2)02 on the wall 42
 

There is no direct evidence for reaction 41., Performic acid was
 

never seen in this study. However it was always at least 45 minutes
 

after the :run that the ir spectrum was taken. It was assumed that all
 

the HC03H decomposed in that time.
 

It has been shown that for the analogous oxidation of CH3CHO, the
 

sole initial acid is peracetic acid and it decomposes quantitatively to
 

CH3COOH (Weaver, Meagher, Shortridge, and Heicklen, 1975). The same
 

behavior for HCO oxidation is expected with the conversion of HC03H to
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HCOOH being even faster. Performic acid has been observed to be much
 

less stable than peracetic acid, its decomposition being-appreciable
 

even at OC (Gigunre and Olmos, 1952). Bone and Gardner (1936) however,
 

in the thermal oxidation of H2CO reported seeing peroxides, "one which
 

behaved as though it were the performic acid,'! and formic acid.- Formic
 

acid has also been seen by many other workers in the photooxidation of
 

H2CO (Carruthers and Norrish, 1936a; Horner, Style, and Summers, 1954;
 

Horner and Style, 1954; Style and Summers, 1946; Hanst and Calvert,
 

1959).
 

The H02 radical is removed by
 

2HO2 -e- 43
H202 + 02 


-
which proceeds with a rate coefficient of k4 3 = 3.3 x 10 12 cm.3/sec.
 

(Garvin and Hampson, 1974). The possible competing reaction
 

H02 + H2CO + H202 + HCO 44 

is so slow (k44 = 1.7 x 10-12 expf-8000IRTI cm.3/sec. (Garvin and 

Hampson, 1974) that it never makes more than an 8% contribution to 

@{CO} and usually much less. Since.this is within the experimental un­

certainty of the CO measurements, this-reaction can be ignored.
 

The OH radical reacts rapidly with H2CO
 

OH + H2CO 4 H20 + HCO 45
 

The rate coefficient for the reaction of CI with CH4 is k = (1.5 ±
 

0.1) x 10-13 cm.3/sec. (Garvin and Hampson, 1974). The rate coefficient
 

-
k38 is probably larger. The rate coefficient k45 = 1.4 x 10 11 cm.3/sec.
 

(Garvin and Hampson, 1974). These rate coefficients-are so large that
 

competing reactions can be ignored. Even the reaction of Cl with 02
 

plays no role since it is highly reversible (Watson, 1974).
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46
C1 + 02 * C1O 2 


Finally the HCC0 species is known to- decompose readily to HU0 and
 

CO (Sanhueza, Hisatsune, and Heicklen, 1975). To check that all the -

HClCO was decomposing-before analysis at room-temperature, the gases of 

two runs were allowed to remain in the photolysis cell for an hour after 

photolysis before the analysis was started. Normally, the time between 

the end of photolysis and the start of the analysis was less than one 

minute. If all the HCC0 were-not decomposing, these two runs should 

contain an excess of CO relative to the others. They did not. At -70C 

and -37CC, the gases-were permitted.to warm.for 'u25 minutes after 

photolysis before the analysis was started. At -50oC, this time varied 

from 40 to 80 minutes, but most were 'u 60 minutes; 

The above mechanism predicts that V{C0} should continually in­

crease with increasing [C1l/[02]. Figures 11 and 12 show plots of
 

O{C0}/2 vs. [C121/[02] at room temperature and -7 ± 10C, respectively,
 

and it appears that an upper limitingvalue-is reached at each tem­

perature. Consequently an additional terminating step is needed which
 

is important at high [0121/[02] ratios but which is independent of Ia
 

or any of the individual reactant pressures. The indicated step is the
 

analogous one to reaction 33a.
 

HCO + C12 (+M) 4- HCOC12 (-t) termination 40b
 

The production of formyl chloride,from the photolysis of C12 in
 

the presence of formaldehyde was shown.by Krauskopf and Rollefson
 

(1934). They reported-quantum yields of . 104 at total pressures of
 

30 to 60 Torr at 8o0C. Presumably, the, product of the HCO + C12
 

termination reaction postulated here is unstable under these conditions
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and thus would not be an effective termination reaction, allowing larger
 

quantum yields to be obtained in their system.
 

The mechanism now predicts that at high values of [Cl2]/[02], the
 

upper limiting value of 1{CO/2 should be equal to kqoa/kq0b. The data
 

points in Figure 11 indicate an upper limiting value of et7.5 for ({CO}/
 

2 at high values of [C12]/[02]. In Figure 12, the data are much more
 

limited, but the same upper limiting value for I{CO1/2 is not unreason­

able, and this is assumed to be the case. Application of the steady­

state hypothesis to the mechanism gives
 

[HCO] = 21a/(k33b[02] + k4ob[Gl2]) X
 

and the quantum yields of each of the measured products should follow
 

the rate laws:
 

O{Co} - 2 k4ob[C12] XI 
2k4o0/k4ob - IC}01 k33b[02] 

tI{HCOOH}-' kl + ktXob[Cl2,]
2k33a 
2k33a[02]
 

= aL +lfk40b[Cl2]
 

2k33c 2k3 3 c[0 2]
 

Figure 13 shows log-log plots of the left-hand-side of equation XI
 

vs. [012]/[02] at room temperature and -7 ± lC where the value of
 

k4oa/k4ob ru 7.5 is used ro evaluate the ordinate. In Figure 13 the
 

points at low and high values of [C1]/[02] are inaccurate because they
 

are-computed from small differences of similar numbers. Since the slope
 

of the log-log plot is forced to unity, the dashed lines represent
 

outside reasonable limits for the points at [C12]1[02] between 0.02 and
 

0.6. From these lines outside limits to k4ob/k33b are found to be 4
 

and 13. The solid line represents the best fit to the data and gives
 

k40bik33b = 6. Thus k40b/k33b = 6 (+7, -2).
 



-68
 

I i I 11I11 I I I I I |1I 1I 11
 

100 -/ 

0 
~/0- 0 // 

00
 

po 3C 

o -7 0 ±10 C 
0.I° 

0.1 

0 .0 1 I I I I III I I I I I I I I I I
 

0.01 0.1 10
 

[ci2]4o02]
 

Figure 13. Log-log plot of (4{COI - 2)/(15 -@{CO })vs. [C12-]/102] 

in the photolysis of'CI2 in the presence of 02 and H2CO
 
at room temperature ( 230C) and -7 ± 1CC.
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All of the data obtained for 4ECOOHO? were-at low values of [C121/
 

[02], where the last term in equation XII is negligible. The values for
 

'HHCOOH} generally lie between 8 and 12.at .70C and room temperature,
 

so that k33a/k33b = 5 ± 1. The pressure ranged from 704 to 62 Torr at
 

room temperature and from 688-to-344 Torr at.-7oC.
 

The data for C02 were-badly scattered but at both temperatures
 

they never exceeded 0.38, so that the upper limiting value.for k33c/
 

k33b is 0.19 at both temperatures. This is.an extreme-upper limit and
 

the-true value is probably much closer to 0.0 than 0.19. The low yield
 

of CO is in agreement with work done by Carruthers and Norrish (1963a),
 

Hroner, Style, and Summers (1954), and Style and Summers (1946), who
 

found low yields of C02 in the photochemical oxidation of fQrmaldehyde.
 

The rate coefficient ratios obtained in this study are summarized
 

in Table 13. 

The lack of pressure dependence on-the ratio k33a/k33b is note­

worthy. Reaction 33a can be written in the following elementary steps. 

HCO + 02 + HC03* k33al 

HC03* + HCO + 02 k33a2 

HC03* + M - HC03 + M k33a3
 

The rate of HCO3 production under steady state conditions is ex­

pressed in equation XIV. 

d[H4 .k33aj k33a3 [HCO][O2].[M] XIV 
dt k33a2 + k 3 3a3[b].; 

At sufficiently high pressures, k33a3[M] >> k33a2 equation XIV
, 


reduces to equation XV, and the reaction proceeds as a second order
 

process with a rate-constant of k3sal,
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Table 13. Summary of rate coefficient ratios at room temperature and
 

-7 ± 12C, and for total pressures of 704 to 62 Torr and 688
 

to 344 Tor, respectivley.
 

k4ob/k33b 6(+7, -2) 

k33a/k33b 5 ± I 

k33c/k33b < 0O19 

k4Oa/k4Ob 7.5-



71
 

d[HCO3] = k3s3al[HCO][02] XV
 
dt
 

At sufficiently low pressures, ks3a3[M] << k33aZ, equation XIV
 

reduces to equation XVI, and the reaction proceeds as a third order pro­

cess with a rate constant of k33aik 3 /I&c,3aa2,
 

d[HC03] =k33p k3s [EGO][02] [] XVI
 
dt k33a.
 

In this study d[HCO 3]/dt(= d[HCOOH]/dt)was measured if the assump­

tion that all HCO3 produce 1OOO1 is valid0 Since there was no pressure
 

dependence seen on the ratio k33a/k33b, the implication is that k33a/
 

k33b = k3.3a/ks3b in the pressure range studied (704 to 62 Torr at room
 

temperature).
 

Washida, Martinez, and Bayes (1974,) also studied reaction 33 at
 

room temperature. They monitored the HCO concentration using a cylin­

drical fast-flow reactor which was coupled to a photoionization mass
 

spectrometer. Since they only monitored the HCO concentration and no
 

products, the value they obtained fork cannot be separated unam­

bigously into its component parts from reactions 33a, 33b, and 33c. As
 

was seen above, reaction 33a should become pressure dependent at low
 

pressures0 Because they saw no pressure dependence over the pressure
 

range of 1.5 to 5 Torr, they concluded-that reaction 33a was unimpor­

tant under their conditions0 (They also regarded reaction 33c as unim­

portant, based on the low yield ,of C02 found by others in the photo­

oxidation of formaldehyde0 )
 

Thus, there seems to be a contradiction here. The present work
 

suggesting that reaction 33a is important because formic acid is formed,
 

and the work of Washida et alo suggesting..±hat reaction 33a isn't
 

important because of the lack of pressure dependence0 (The possibility
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of reaction 33a remaining second order down to a pressure of 1.5 Torr
 

seems very unlikely.)
 

Using the findings of the present work, it is possible to make
 

reasonable predictions of the pressure dependency of reaction 33 under
 

the conditions of Washida et al.
 

Suppose reaction 33a has a half quenching pressure of "' 40 Torr and 

this was not seen in the present work because of £he scatter. (Only one 

run was done at 62 Tort.) That is, at " 40 Torr, reaction 33a is half 

as important as it is-at infinite pressure. If the value of 5 (from
 

the range of 4 to 6) is chosen for the ratio of k33afk33b at infinite
 

pressure, the pseudo-second order rate constant for equation 33a,
 

k33at, can be written as shown in equation XVII.
 

k33a' = -[M]k33b XVII 

This expression should be good up to at least 40 Torr. The value of
 

k33 = k33a' + k33b measured by Washida et al. at 1.5 Torr would be
 

(2.5/40)(l.5)k33b + k33b = k33b(.09 + 1.0), and at 5 Torr would be
 

= 
(2.5/40)(5)kaab + k3ab k33b(.31 + 1.0). Therefore, the measured rate
 

constant would only change by 20% in going from 1.5 to 5 Torr. If the
 

half quenching pressure were 25 Torr (in which case the observation of
 

pressure independence at 62 Torr could be correct), the value-would
 

change by 30%,'and a half quenching pressure of 15 Torr would result in
 

a 46% change. These changes are small compared to the change of 333%
 

which would be expected if reaction 33b did not occur. Thus, it may be
 

that Washida et al. overlooked a change of 20 or 30%. (There are some
 

results presented in-Chapter III that suggest that the change is even
 

http:k33b(.31
http:k33b(.09
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less than 10%). If this is so, there is no-contradiction between their
 

results and these.
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DISCUSSION OF RESULTS AT -37 ± IC AND -50 ± joC
 

As was stated in RESULTS of this chapter, the following Erends were
 

observed in the product quantum yields at -50 ± lG listed in Table 12.
 

1) '{CO} decreases with increasing irradiation time.
 

2) ${HCOOH} decreases with increasing irradiation time.
 

3) fC021 increases with increasing irradiation times. 

4) I{CO} "' 4 for all [Clz]/[02] at short irradiation times. 

5) 4{HCOOHI is less than at room temperature.' 

At -50C there seems to be a correlation between the CO and HCOOH
 

quantum yields and the initial H2CO'pressure. That is, the runs with
 

lower initial H2CO pressure usually have lower CO and HCOOH quantum
 

yields. This suggests that the H2CO is polymerizing in 60 minutes. No
 

CO or HCOOH is produced after the H2CO is polymerized, but the quantum
 

yield was calculated on the assumption that HCOO and CO were being pro­

duced the entire time. Thus the calculated CO and HCOOH quantum yields
 

are too small. The calculated quantum yields of C02 are too large.
 

When the H2CO is gone, the Cl atoms react with the polymer to produce
 

C02. Thus the C02 which was assumed to have come from reaction 33c
 

actually came from the polymer. This explains the first three obser­

vations.
 

The mechanism used for the room temperature and -70G work was
 

modified to fit the experimentally observed trends at -50'C and short
 

irradiation times.
 

Reactions 39, 38, 33a, and 33b were kept.
 

C12 + hv+ 2C1 3660 A 39
 

C1 + H200 - HC1 + HCO 38 
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HCO + 02 (+M) + HCO3 (+M) 33a 

HCO + 02 CO + H02 33b
 

Reaction 33c was dropped because of the low C02 quantum yields.
 

HCO + 02 +C02 + OH 33c
 

Reactions 40a and 40b were dropped because the CO and HC00H quantum 

yields show no dependence on the [C12]/[02] ratio (observation 4), which 

these reactions would require. 

HCO + C12 HCIC0 +lC HC1 + CO + C1 40a 

HC0 + C12 (+M) + HCOC12 (+M)+ termination 40b 

Reaction 41 is also included. It is believed to be slow enough 

for reaction 47 to compete.
 

HCO3 + H2C0 HC03H + HC0 41
 

HC0 3 + HC03 20H + 2C0 + 02 47
 

A reaction like 47 is required for the quantum yield of CO to rise
 

above 2 (observation 4). Reaction 47 may not be elementary Reaction
 

43 is known to have a small activation energy, v 0.5 kcal./mole, so it
 

will still be important at -500C. Reaction 44 however has an.activa­

tion energy of 8 kcal./mole (Garvin and Hampson, 1974). This reaction
 

was unimportant at room temperature, and will thus be even less impor­

tant here.
 

2H02 H202 + 02 43
 

H02 + H2C0 H202 + HC0 44 

If reaction 47 is important, reaction 45 will be important also.
 

OH + H2C00 H202 + HC0 
 45
 

Reaction 46 is again ignored because the product quantum yields
 

seem to be independent of the [02]/[H2C0] ratio.
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C1+ 02-( C102 46 

Reaction 42 is kept. It may occur on warming the cell before 

analysis. 

42
 

The following expressions were obtained from the above mechanism
 

for the CO and HCOOH quantum yields.
 

HCO 3H 4 HCOOH + (1/2)02 on the wall 


{CO} = 2 + 4k33a XVIII

k33b(2 + e)
 

{HCOOH} 2k33,q XIX
 
k33b(l + 2/s)
 

k4[H2C0] 
 XX
 

k4 8[HC03]
 

The above expressions were solved simultaneously for k33a/k33b for
 

the runs done at -50CC and short irradiation times. Values obtained for
 

17 runs ranged from 0.9 to 4.5, with 8 of the runs yielding values be­

tween 2.1 and 2.6. The average of the 17 runs was 2.6. This is lower
 

than the value of 5 ± 1 obtained at the warmer temperatures. The same
 

or a larger value was expected because the activation energy of reaction
 

33a, a simple radical addition reaction, should be less than the acti­

vation energy of reaction 33b which requires the breaking of a bond.
 

However, no reaction was added to the mechanism to account for obser­

vation 5, and-the lower calculated value is a consequence of less HCOOH
 

being produced at "50oC. The inclusion of reaction 48 would explain
 

observation 5 without requiring a reduction in the value of k33a/k33b
 

ratio. This reaction would be dependent
 

HC03 + H02 4 HC03H + 02 48
 

on various reactant-pressures, which might account for the rather wide
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range of values obtained for the k33a/k33b ratio just presented. Un­

fortunately, the rate relations obtained from the above mechanism (with
 

reaction 48) is too complex and contains too many unknowns to solve for
 

k33a/k33b, but the observations at -50'C have been qualatatively ex­

plained.
 

The results at -37oC can be explained by appropriate changes in the
 

importance of some of the reactions between room temperature and -500C.
 

The fact that $IHCOOH} is rhe same at -37oC as at -70 C and room temper­

ature at low [C1 2]/[0 2] means that k4 8 is unimportant relative to k4 l
 

at these temperatures. The independence of 'UHCOOHI to the [C1 2 ]/[0 2]
 

ratio suggests that k4ob is unimportant (see equation XII).
 

Figure 14 shows a plot of D{COI/2 vs. [CIZ]/[02] at -37 ± 1VC.
 

The straight line was obtained by the method of least squares, and its
 

correlation coefficient is 0.92. There is no definite fall off in the
 

data points at high [C12]/[02], as there was in Figures 11 and 12.
 

This, as well as the fact that no evidence of reaction 40b was found at
 

-50%0 farther supports the above conclusion that k4ob is unimportant.
 

The intercept in Figure 14 is significantly greater than 1.0. This
 

extra CO is due to reaction 47 increasing in importance relative to
 

reaction 41 as the temperature goes down.
 

The dependence of U(CO}/2 on the [C12]/[02] ratio is due to
 

reaction 40a. The slope of the line in Figure 14 is 4.45. The initial
 

slope of the line in Figure 11 is ru 38. This lower value at -37oC
 

reflects the lower importance of reaction 40a relative to reaction 33b
 

at the lower temperature. This is also supported by the fact that no
 

evidence of reaction 40a was found at -50'C.
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The low quantum yields of C02 are due-to the unimportance-of re­

action 33c compared to reactions-33a and 33b at all these temperatures.
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CHAPTER III
 

THE PHOTOCHEMICAL OXIDATION OF FORMALDEHYDE.
 

INTRODUCTION
 

Photochemical smog formation has been a serious problem for many
 

years. Although it is not limited to Los Angeles,-it has been most
 

thoroughly studied and documented there. Common complaints are ob­

jectionable odor, decreased visibility, eye irritation, and crop damage.
 

It is also believed to be detrimental to human health.
 

Photochemical smog is formed when nitric oxide and unburned hydro­

carbons which are emitted into the air from the exhaust of automobiles
 

are exposed to sunlight. The nitric oxide and unburned hydrocarbons
 

are themselves relatively innocuous. It is their photochemically pro­

duced reaction products which are harmful. Important among these is
 

ozone, which is observed both in Los Angeles and in laboratory "smog
 

chambers", not to accumulate until most of the NO present has been
 

oxidized to NO2 . Thus, it is seen that the conversion of NO to NO 2
 

plays a very important role in photochemical smog formation and that a
 

complete understanding of its mechanism is very desirable.
 

The termolecular reaction
 

2NO + 02 + 2N02 

has been recognized as being too slow to account for the conversion of 

NO to NO2 in polluted atmospheres (Heicklen and Cohen, 1968). Heicklen, 

Westberg, and Cohen (1969) suggested a free radical mechanism to explain 

the conversion of NO to NO2 . Their mechanism consists of the three 

interrelated chains shown below with OH as the chain carrier. 
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The first chain develops from the OH radical attack on carbon
 

monoxide.
 

OH + CO C02 + H 
 15 

H + 02 + M e H02 + M 50
 

HO2 + NO -)-NO 2 + O 
 51
 

The overall reaction is:
 

CO + NO + 02 + 0 2 + NO2 52.
 

The second chain develops from the OH attack on glkenes. For iso­

butene the reactions are:
 

C4H8 + OH C4H8OH- 53
 

C4H8OH + 02 + C4H8 (OH)02 54
 

C4H8(OH)02 + NO +> C4H 8 (oH)o + NO2 55
 

The overall reaction is
 

The third chain develops from the OH attack on alkanes. For butane
 

the reactions are:
 

C4H9 + 02 + C4H902 


C4H 8(OH)O C3H60 + CH20H 56
 

CH20H + 02 CH2 (O)O 2 57
 

CH2 (OH)O2 + NO -GCH 2 (OH)O + N02 58
 

CH2 (OH)O - CH20 + OH 59
 

C4H8 + 2N0 + 202 +33C8H60 + CH20 + 2NO2 60
 

C4HI0 + OH C4H9 + H20 61
 

62
 

C4H902 + NO C04190 + NO2 
 63 

C4H90 + 02 + C4H80 + H02 64
 

HO2 + NO NO2 + OH 
 51
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The overall reaction is:
 

C4HI0 + 2N0 + 202 + C4H80 + H20 + 2N02 
 65
 

Thus, it is seen that many NO molecules can be oxidized to N02 by
 

one OH radical.
 

There are a variety of ways in which these chains can be started.
 

Heicklen, Westberg, and Cohen (1969) believed the hydrocarbons were the
 

source of the initially produced OH.
 

Levy (1972) reviews several possible sources of OH.
 

ENO 3 + OH 66
H202 + NO2 H 


67
HNO3 + hv + OH + NO2 


HN0 3 + 0 + 011+ NO 3 68
 

H202 + NO + HN02 + OH 69
 

HN02 + hv + NO + OH 70
 

HNO2 + 0 OH + N02 71
 

0('D) + H20 4 20H 72
 

H202 + hv > 20H 73
 

74
CH3O0H + hv - CH30 + OH 


Hydroxyl radicals are also produced by reaction 51. Thus, H02
 

radicals may be an important source of OH radicals. Calvert, Kerr,
 

Demerjian, and McQuigg (1972) have pointed out that the photolysis of
 

formaldehyde may be a significant source of HQ2 radicals in most urban
 

atmospheres which are high in auto-exhaust pollution.
 

CH20 + hv + HCO + H Rate =aIa 
 75
 

C1120 + hv H2 + CO Rate =SIa 76
 

H + 02 + M H02 + M 
 77 

HCO + 02 CO0 + HO2 33b 

HCO + 02 (+M) 4- ff03 (+M) 33a 
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Thus, it is seen that the H atoms and some of the HCO radicals
 

produced in the photolysis-of formaldehyde are converted to HO2.
 

This study was undertaken to measure-the relative importance of
 

reactions 75 and 76 as a function of wavelength, temperature, la, and
 

air pressure, so that a better estimate of the importance of formalde­

hyde photolysis in photochemical smog formatio' could be made. It was
 

also hoped that the results would be beneficial in determining if for­

maldehyde photolysis could account for, the disagreement between the
 

measured and calculated volume mixing ratios for molecular hydrogen in
 

the stratosphere and mesosphere (see the INTRODUCTION of Chapter I).
 

Some studies were made by other investigators of the photochemical
 

oxidation of formaldehyde. However, no values were given for the
 

quantum yields -of reactions 75 and 76. The most applicable study was
 

one done by Bufalini and Brubaker (1971). They photolyzed H2C0 and
 

sometimes NO2 in the ppm range in air at 23 ± 10C. They suggested that
 

the increase in hydrogen peroxide formed when formaldehyde was irra­

diated with sunlamps (X = 3100 A) rather than blacklamps (A = 3600 A)
 

was indicative of reaction 75 being less important at the longer wave­

lengths.
 

Norrish and Kirkbride (1932) photolyzed formaldehyde at 1100C, and
 

found 076 to be 0.7, 1.1, and 0.9 in the spectral regions 3650-3340,
 

3130-3030, 2650-2540 A respectively. Thus, they concluded that reaction
 

75 was unimportant in each of these regions.
 

Gorin (1939) studied the photolysis of formaldehyde by iodine
 

inhibition at 100C and found 75/76 > 10 at 3130 A and 2537 A, and
 

equal to 2.3 at 3650 A.
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Calvert and Steacie (1951) photolyzed formaldehyde at 3130 A from
 

100to 300C and found reaction 75 to be unimportant.
 

Klein and Schoen (1956) photolyzed mixtures-of H2 CO and D2CO at
 

140% and reported 075/76 = 5 at 3130 A and 0.5-to 5 at 3650 A.
 

DeGraff and Calvert-(1967) photolyzed E2CO and D2CO in the pre­

sence of added olefin from 91 to 1290G. They found 07547G = 1.4 at
 

3340 A, 1.1 at 3130 A, 0.23 at 2654 A, and 0.18-at 2537 A.
 

McQuigg and Calvert (1969) flashed H2CO, D2CO, HDCO, and mixtures
 

of H2C0 and D2CO with-a-xenon-lamp.employing various filters from 60 to
 

1000 C. They found 75/76 = 1 at 3130 A and that the value of 475/k76
 

decreases with increasing wavelength.-.The-value of 75/$76 at 3130-A
 

is in good agreement with that-of DeGraff-and Calvert (1967), but the
 

effect of wavelength on *75/476 was found to be opposite in the two
 

studies.
 

Sperling and Toby (1973) photolyzed formaldehyde from 80 to 120%
 

= 
and found 75/076 4 at 3130 A, 2 at 3340 A, and 0.4 at 3660 A.
 

Thus, not only are the values of 475I/76 at 3130 A widely dif­

ferent, but there is also disagreement on the dependence of *75/076 on
 

wavelength.
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EXPERIMENTAL
 

Mixtures of H2CO, N.2 and 02 (usually dry air) were photolized with
 

a Hanovia utility ultraviolet quartz lamp used in conjunction with the
 

filters listed in Tables 14 and 15. Studies were done at 00C, room
 

temperature (u 220C) and b 40'C. Both of the vacuum lines described
 

in the first two chapters were used. A silicone oil manometer, a second
 

gas chromatograph (used to measure H 2)-,a 12 liter bulb (used for
 

storing air), and another Ace glass gas inlet (used to admit formalde­

hyde, located close to the cell) were added to the mercury line men­

tioned in Chapter I.
 

The reactions were carried out in a single quartz cell 5 cm. in
 

diameter and 10 cm. long which was wrapped in black paper. A 3130 A
 

interference filter (BairdAtomic) was used at room temperature, but
 

the light intensity was not monitored The products measured were CO,
 

H2 , and C02.
 

The mercury free vacuum line described in Chapter II was used with­

out modification. However, the cold box used previously was replaced
 

by a water tight box which was used for controlling the temperature.
 

Ice water was used at 00C, and a thermostated heating bath was used at
 

400C. The light intensity was monitored by an RCA 935 phototube This
 

is shown schematically in Figure 15.
 

Actinometry was done as described in Chapter II, except that
 

formaldehyde was being photolized instead of chlorine. The extinction
 

coefficients are listed in Table 16.
 

The formaldehyde was prepared and handled and the products were
 

measured as described in Chapter II. The noncondensables were also
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Table 14. Filters used in this study.
 

Filter No. Filter 

1 10 cm. 5 x 10 ­ 6 M K2Cr04, one Corning 0-53 and one 

Corning 7-54 glass filters 

2 Filter No. I and three Corning 0-54 glass filters 

3 Filter No. 1 plus oneCorning 0-54 glass filter and one 

Kimwipe 

4 5 cm. 5 x 10­ 4 M K2Cr04, 5 cm. 1.86 x 10-1 X NiS04, 

2.6 cm. 9.42 x 10 - 3 M potassium biphthalate, and one 

Corning 7-54 glass filtera 

5 10 cm. 6.25 x 10­ 5 M K2Cr0 4 , 5 cm. 1.86 x 10 
-1 M NiS04, 

and one-Corning 7-54 glass filter 

6 10 cm. 4.5 x 10­ 4 M K2Cr0 4, 5 cm, 1.86 x 10-1 M NiS04, 

and one Corning 7-54 glass filter 

7 3130 A interference filter (Baird-Atomic) 

a) Calvert and Pitts, 1966, p. 732,
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Table 1$. 	 Relative intensities of spectral lines transmitted by the
 

filters used in this study0 The intensities are assumed
 

proportional to the response of an RCA 935 phototube used in
 

conjunction with a Jarrell Ash monochromator, model number
 

82-410.
 

Filter No 
a
 

Wavelength 


1 2 3 4 5 6 7
 

2894 A 0.4 0 U0 'V0 009 ''0 b0
 

2967 A 4°8 .0 UO U0 904 U0 t0
 

3030 A 23.4 U0 0.6 UO 37.7 2.2 5.3
 

3130 A 100 100 100 100 100 100 100
 

3340 A 13.7 186 33.0 0.2 7ol 't 2.6
 

3660 A 16.1 290 42.4 'O 0.1 'U0 tO
 

a) See Table 14,
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Figure 15. The constant temperature box, optical system, and the phototube circuit.
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I
Table 16. -Extinction coefficients (to base 10, Torr- Cm -1 ) measured
 

with the filters used in-this study.
 

Filter No.,a Extinction Coefficient
 

H2C0 CH3N2CH3
 

- 51 	 8.69 x 10 1.50 x 10­ 4
 

2 	 2.54 > 10 - 5 1o64 x 10- 4
 

3 	 6.64 x 10
-5b 1.54 x 10- 4 b 

4 	 1.24 x 10-4 1.60 x 10- 4
 

- 4 	 - 4
5 	 1.16 x 10 1.38 x 10


- 4 - 4 c
 
6 	 1.20 x 10 c 1Q57 x 10
 

7 	 -41.17 x 10 1.53 x - 4
10
 

a) See Table 14.
 
b) Assumed to-be a third of the way between the values for filters 1
 

and 2.
 
c) Assumed about equal to the values for filters 4 and 7 because of
 

the similarity in their transmittance (See Table 15.).
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analyzed for H2 using a-12 foot long-by-1/4 inch-o. d. copper column
 

packed,with'60-80 mesh5 A molecular sieves operated at room temperature.
 

Argon was used as the carrier gas and the thermal conductivity detector
 

was operated-at -10.0 milliamps-and-at 00C.
 

Air was taken from the-lab and slowlypassed over glass wool at
 

-186 0 C and stored in a'12 liter bulb. Oxygen, nitrogen, and azomethane
 

were prepared as described in Chapter II.
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RESULTS FROM THE PHOTOLYSIS OF FORMALDEHYDE
 

IN THE MERCURY VACUUM LINE.
 

Formaldehyde, in the presence of 02 and N2 , (usually dry air) was
 

photolized at room temperature with a medium pressure mercury lamp used
 

in conjunction with a 3130 A interference filter. The products measured
 

were CO, C02 , and H2.
 

The parameters were varied as follows:
 

[M] from 4.9 to 751 Torr, [02] from 0.8 to 750 Torr, [N2] from 3.0
 

to 529 Torr, [H2CO] from 1.00 to 9.76 Torr, the irradiation time from
 

145 to 740 minutes, and Ia from 0.19 to 2.75 mTorr/minune.
 

The quantum yield of CO ranged from 0.75 to 1.63 and averaged 1.17
 

(quantum yields were measured for only about half of the runs). The
 

[CO 2]/[CO] ratio varied from 0.07 to 0.27 and averaged 0,15. The ([CO]
 

- [H2])/[CO] ratio ranged from 0.71 to 0.84 and averaged 0.76 for 02
 

pressures above 20 Torr and total pressures above 99 Torr. However,
 

the value of this ratio dropped with lower 02 and total pressures.
 

These results are shown in Tables 17, 18, and 19.
 

In a few runs CO was used instead of N2 . For these runs there was
 

about 3 to 4 times as much CO2 produced as in similar runs with N2 .
 

This is shown in Table 20.
 



Table 17. Product yields in the photolysis of formaldehyde at 3130 A in the presence of 02 and N2 at room
 

temperature, utilizing a mercury line.
 

[M], [02], [N2], [H2CO]a, Time, [CO], [i1], [C02], [CO] - [H2] [C02]
 

Torr Torr Torr Torr min. mTorr mTorr mTorr [CO] [CO]
 

99 20.4 76.6 2.28 410 321 76 72 0.76 0.22.
 

99 20.4 75.0 3.86 360 447 110 88 0.75 0.20
 

104 20.0 75.0 8.55 215 699 182 84 0.74 0.12
 

292 60.5 228 4.44 366 449 97 60 0.78 0,13
 

309 64.5 243 1.95 360 235 59 44 0.75 0.19
 

312 60.5 243 8.85 205 684 147 68 0.79 0.10
 

624 130 490 4.11 360 "415 101 54 0.76 0.13
 

627 131 492 4.30 300 351 89 48 0.75 0.14
 

629 131 494 4.06 300 342 87 48 0.75 0.14
 

644 135 507 2.03 360 221 61 35 0.72 0.16
 

654 135 510 9.20 340 694 178 69 0.74 0o10
 

678 141 529 8.39 740 1080 231 - 0.79, ­

a) Initial pressure.
 



Table 18. Product quantum yields in theiphotolysis of formaldehyde at 3130 A in the presence of 02 and N2
 

at room temperature9 utilizing a mercury line. All pressures are in Torro
 

Time, a [CO']-[H2 ]b
 

[M] [09] [N] [H9CO]a min. mTorr/mino {CO} ({H2} 'Co2} V{C0} [CO']
 

106 21.4 80.6 4.31 301 146 1.02 0.23 0.15 0M82 0.72
 

106 21.8 82.2 2.24 513 0.45 1.07 0.31 0.29 0M89 0,65
 

294 56.5 234 3.78 385 1.02 0.86 0.21 0.14 0,65 0.67
 

300 60.9 229 9.76 220 2.66 0.97 0.24 0°09 0.64 0.62
 

301 61.5 231 8.21 145 2.25 1.33 0.32 0.12 1.03 0.69
 

302 61.5 231 8.99 155 2.75 0.75 0.17 0.14 0.45 0.62
 

302 61.7 232 8.83 150 2.13 1.48 0.33 0o13 1015 0.71
 

304 61.7 232 10.30 160 2.74 1.47 0.29 0.11 1.13 0.74
 

233 280 1.09 0.08 0.74
305 62.0 9.50 2.57 0.20 0.76 


307 62.6 235 9.04 255 2,40 0.95 0,24 0.12 0.63 0.62
 

581 122 458 1.00 395 0.19 1.40 0.40 0.31 1.27 0.69
 

751 750 0 1.46 455 0.26 1.63 0.26 0.36 1.47 0.82
 

a) Initial pressure.
 
b) Corrected for CO which was produced as a result of reaction 

44.
 



94
 

Table 19. 	 Effect of low 02 and total pressure on the ([CO] - [H2])/[C0] 

ratio in the photolysis of formaldehyde at 3130 A in the 

presence of N2 at room temperature, utilizing a mercury 

vacuum line. 

[M], [02], IN2 1, [H2CO]a, [C0'- [1Hr-]b , O] - e[H2] 
Torr Torr Torr Torr [NO] [Co] 

27.9 20.5 0 7.72 0.69 0.61 

0.9= 1013 
0.61 

18.2 3.40 12.7 209 0.46 .0.54 

0 46 = 0 85 

0M54 

10.9 2.00 7.6 1.32 0.35 0.44 

0 35 
0044 = 0,80 

4,9 0.80 3.0 1.06 0.46 0.45 

0.46 10 
0 45 -

a) Initial pressure.
 
b) Measured.
 
-) Calculated.
 



Table 20. 	 Effect of substituting CO for N2 on the product yields in the photolysis of formaldehyde at
 

3130 A in the presence of 02 at room temperature, utilizing .a mercury vacuum line6
 

[M], [02], [N2], [CO], [H2CO]a, [H2], [C02], Irradiation
 

Tort Torr Torr Torr Torr mTorr mTorr time, min.
 

633 126 0 503 4.06 93 180 300
 

629 131 494 0 4.06 87 48 300
 

180
 
3.8
8 


633 127 0 503 3.74 81 156 305
 

627 131 492 0 4.30 89 48 300
 

156
 
48 3.3
 

579 116 0 462 1.05 37 65 390
 

581 122 458 0 1.00 38 23 395
 

65 
 2 .
 
23
 

a) Initial 	pressure,
 

'0 
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RESULTS FROM THE PHOTOLYSIS -OF FORMALDEHYDE 

IN THE MERCURY FREE VACUUM LINE. 

Formaldehyde, in the presence of 02 and N2 , (usually dry air) was 

photolized at 00C, 'k220C, and r'400C with a medium pressure mercury 

lamp used in conjunction with the filters listed in Tables 14 and 15, 

The products measured were CO, C02, H2, and HCOOH. 

The parameters were varied as follows:
 

Filter No. 1, 00C: [M] from 244 to 310 Torr, [02] from 62 to 234
 

Torr, [N2] from 0 to 239 Torr, initial [HZCO] from 4.91 to 10.2 Torr,
 

average [H2CO] from 3.53 to 9.22 Tqrr, irradiation time from 5.4 to 84
 

minutes, and Ia from 2.05 to 4.19 mTorr/minute.
 

'{CO} ranged from 1.75 to 4.20 and averaged 3.11, C{H2} ranged
 

from 0.33 to 0.81-and averaged 0.54. {HCOOHI ranged from 8.22 to 13.6
 

and averaged 10.8. ${C0 21 1-0.05, and [HCOH]/([CO] - [H2]) ranged from
 

2.28 to 7.17 and averaged 4.78. See Table 21.
 

Filter No. 2, n 220C: [M] from 35 to 646 Torr, [02] from 11 to
 

641 Torr, [N2] from 0-to 483 Torr, initial [H2CO] from 5.06 to 10.3
 

Torr, average [H2CO] from 3.77 to 9.39 Torr, irradiation time from 80
 

to 393 minutes, and 'a from 0.125 to 0.352 mTorr/minutes.
 

{CO} ranged from 3.19 to 6.68 and averaged 4.59. 4{H2} ranged
 

from 0.68 to 1.75 and averaged 1.27. i{HCOOH} ranged from 3.30 to 17.4
 

and averaged 9.53. '{C021 ranged from 0.02 to 0.32 and averaged 0.13.
 

[HCOOH]/([CO] - [H2]) ranged from 0..97 to 5.84 and averaged 3.39. There
 

may be a total pressure dependence on this last ratio as-well as on
 

D{CO1 and 'UH2}. See Table 22.
 



Table 21. Product quantum yields in.the photolysisof formaldehyde in the presence of 02 and N2 at 00C
 

using filter no, 1 (See Tables 14 and 15). All pressures are in Torro
 

[H2CO] [H2CO] Time, Ia 
 [CO-[H2] [HCOOH]

[M] (0-] [N2z initial average min. mTorr/min DfCO} '{H21 Sf1COH SfC021 [CO] '[CO]-[H2] 

244a 234 0 9.57 - 30.0 - - - ­ 0.79 5.30 

304a 62 232 9°68 5.29 72.0 2.63 1.80 0.44 10.3 - 0.77 7.17 

305a 	 62 233 9.54 - 5.4 - - ­ 084 3.25
 

305 a 63 237 5.01 3.53 22.0 2.05 3.78 0.50 11.3 0.87 3.45
 

306 	 62 234 10.00 7.72 31.0 
 2.73 2.54 0.46 10.3 0.04 0.82 4.95
 

306 	 62 234 10.10 6.87 11.1 3°74 4,20 0M61 8.22 - 0085 2.28
 

63 239 4.91 - 78.0
3 07a 	 - - - - 0.80 6.54 

30 7a 	 62 235 10.00 7.64 9.7 4.19 4.20 0,81 13.6 ­ 0.81 4.01
 

310 63 237 10.00 5.89 84.0 2.51 1.75 0.33 9.70 0.05 0.81 6.82
 

310a 
 63 237 10.10 6.50 15.0 3.59 3.72 0.58 9.80 - 0.85 3.11
 

310 	 63 237 10.20 9.22 10.0 3.11 2.89 0.56 13,5 0.06 0.81 5.78
 

a) Cell was flamed before this run,
 



Table 22. Product quantum yields in the hotolysis of formaldehyde in the presence of 02 and N2 at 22*C using filter
 

0no. 2. (See Tables 14 and 15). All pressures are in Tort.
 

[H2co] [H2co] Time 'a, [00]I[Hg] [11001]
 
][0, [N] initial average min. mTorr/min. s{CO} $H} {COO} '{CO #{0 0}a CO]-[H]
_[CO]'] 


35 30 0 5.20 4.75 155 0.155 4.58 1.61 5.00 0.17 3.91 0.59 1.68
 

35 30 0 5.17 4.22 213 0.160 5.82 - 6.80 0.12 5.19 ­

41 31 0 10.00 9.25 80 0.290 6.68 - 5.20 0.15 5.55 ­

41 31 0 10.10 9.39 80 0.296 5.27 1.22 7;70 0.21 4.32 0.72 1.90
 

44 34 0 9.92 9.08 85 0.352 4.35 0.90 3.30 - 3.50 0.74 0.97
 

63 11 42 10.00 8.88 137 0.301 5.10 1.53 7.80 0.18 4.20 0.64 2.18
 

65 11 43 10.00 8.51 215 0.300 4.18 1.41 7.40 0.02 3.32 0.57 2.68
 

83 73 0 9.92 8.41 204 0.321 3.21 0.99 7.00 0.32 3.36 0.59 3.17
 

310 64 241 5.06 3.77 315 0.125 4.81 1.75 14.2 0.10 4.22 0.59 4.63
 

313 64 239 9.94 7.23 207 0.288 4.61 1.62 17.4 0.13 3.86 0.58 5.84
 

315 64 241 10.00 7.84 158 0.253 5.00 1.61 17.1 0.10 4.13 0.61 5.05
 

615 605 0 10.00 7.92 197 0.241 4.21 1.13 4.10 0.08 3.23 0.66 1.34
 

622 129 483 10.00 7.64 255 0.283 3.19 1.01 11.8 0.06 2.40 0.59 5.41
 

645 635 0 10.30 8.39 197 0.285 3.57 0.68 12.7 0.07 2.70 0.75 4.40
 

646 641 0 5.12 3.84 393 0.158 4.20 1.03 15.4 0.06 3.67 0.72 4.82
 

a) Corrected for CO which was produced as a result of reaction 44.
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Filter No. 3, 'b 220C: [-M] from 85 to 321 Torr, [02] from 16 to 66 

Torr, [N2] from 59 to 250 Torr, initial [H2CO] from 4.66 to 10.1 Torr,
 

average [H2CO] from 3.78 to 8.43 Torr, irradiation time from 360 to 499
 

minutes, and Ta from 0.109 to 0.227 mTorr/mlnute.
 

${CO} ranged from 2.56 to 3.57 and averaged 2.97. f{H2} ranged
 

from 0.54 to 0.66 and averaged 0.60. $nHCOOH} ranged from 4.80 to 9.20
 

,and averaged 6.96. 0{C0a} ranged from 0.10 to 0.46 and averaged 0.20.
 

[HCOOH]/([CO] - [H2]) ranged from 1.81 to 4.24 and averaged 3.00. See
 

Table 23.
 

Filter No. 4, ru 220C: [M] from 94 to 100 Torr, [02] from 18 to 19
 

Torr, [N2] from 68 to 71 Torr, initial [H2CO] from 5.86 to 10.2 Torr,
 

average [H2CO] from 4.73 to 8.77 Torr, irradiation time from 146 to 365
 

minutes and la from 0.230 to 0.452.
 

siCO} ranged from 1.84 to 2.80 and averaged 2.38, 4{H 21 ranged from
 

0.21 to 0.46 and averaged 0.31. I1HC00H ranged from 5.4 to 11.3 and
 

averaged 7.53. ${C021 was not measured. [HCOOH]/([CO] - [H2]) ranged
 

from 2.43 to 6.91 and averaged 3.87. See Table 24.
 

Filter No. 5, 4 220C: [M] from 95 to 664 Torr, [02] from 18 to
 

166 Torr, [N2] from 67 to 517 Torr, initial [H2C0] from 1.14 to 10.3
 

Torr, average [H2CO] from 0.81 to 8.36 Torr, irradiation time from 10
 

to 126 minutes, and la from 0.481 to 5.20 mTorr/minure.
 

{C01 ranged from 1.90 to 5.10 and averaged 3.32. O{H 21 ranged
 

from 0.38 to 1.00 and averaged 0.61. {HCooH} ranged from 4.80 to 23.0
 

and averaged 10.8. 'W0021 ranged from 0.04 to 0.21 and averaged 0.09.
 

[HCOOH]/([CO] - [H2]) ranged from 2.81 to 5.01 and averaged 3.75. There
 

may be a total pressure dependence on {CO and -D{H21. See Table 25.
 



Table 23. Product quantum yields in the photolysis of formaldehyde in the presence of 02 and N2 at % 22
0C using filter
 

no. 3. (See Tables 14 and 15). All pressures are in Torr.
 

[H2CO] [H2CO] Time Ia, rcot]-[Ha [HCHCOOH]
 

[H] 	 [09] f initial average mi. mTorr/min. W(CO) {Hg} {HCOOH} {c09} {0 a [Co CO-[H 

85 16 59 10.00 8.43 368 0.227 2.94 0.66 5.60 0.18 1.96 0.66 2.44 

86 17 63 5.54 4.77 375 0.134 3.29 0.62 4.80 0.20 2.42 0.74 1.81 

91 18 67 6.28 5.24 499 0.153 2.82 0.62 4.90 0.16 2.08 0.70 2.25 

95 18 67 10.10 7.74 410 0.186 2.56 0.62 7.03 0.46 1.57 0.60 3.62
 

311 64 242 5.09 4.11 360 0.109 3.57 0.57 8.50 0.13 2.88 0.80 2.85
 

313 64 242 7.48 5.71 411 0.171 2.71 0.54 9.20 0.19 1.95 0.72 4.24
 

321 66 250 4.66' 3.78 360 0.114 2.92 0.60 8.70 0.10 2.30 0.74 3.74
 

a) Corrected for CO which was produced as a result of reaction 44.
 

.00 

0 



Table 24. Product quantum yields in the photolysis of formaldehyde in the presence of 02 and N2 at % 22CC using filter
 

no. 4. (See Tables 14 and 15). All pressures are in Torr. 

[H2CO [H2C0] Time Ia, jsCaj[ a [HCOOH 

[M_4 [0,3 [N, initial average min. mTorr/min. {CO) O{H,} O{lCOOH) C _ O_ [COT] ECOI-[H, 

94 18 70 5.86 4.73 365 0.230 2.44 0.21 5.40 - 1.89 0.89 2.43 

96 18 68 9.76 7.48 323 0.412 1.84 0.21 11.3 - 1.20 0.82 6.91 

96 18 68 10.20 8.77 146 0.452 2.42 0.36 7.00 - 1.70 0.79 3.41 

100 19 71 10.00 7.93 342 0.365 2.80 0.46 6.40 - 2.07 0.79 2.71 

a) Corrected for CO which was produced 'as a result of reaction 44.
 

C'H
 



Table 25. Product quantum yields in the photolysis of formaldehyde in the presence of b2 and N2 at 220C using filter
 

no. 5. (See Tables 14 and 15). All pressures are in Tort. 

[H2CO] [H2CO] Time Ia, FCO']-[H,]a IHCOOHI 

[MI [0,] (N91 initial average min. mTorr/min. z(Co} )(H,} (HCOOH} sfCO,} 0'{CO}a 1CO] rCO-[H,] 

95 18 67 9.84 6.89 43 3.33 4.51 0.84 11.7 0.06 4.30 0.80 3.20
 
95 19 71 5.10 4.19 20 2.67 2.81 0.62 7.70 0.07 2.67 0.77 3.52
 
96 18 68 10.00 8.36 10 5.20 3.85 0.83 10.6 0.04 3.65 0.77 3.50
 
97 18 69 9.84 7.97 23 4.91 3.94 0.66 9.20 0.06 3.74 0.82 2.81 

104 21 78 5.40 3.42 53 2.02 3.83 - 7.90 0.08 3.67 - ­

108 21 77 9.84 8.33 10 4.48 4.80 1.00 17.3 0.19 4.59 0.78 4.55 
314 64 240 10.30 7.80 25 4.08 3.28 - 15.6 0.04 3.02 - ­

330 67 253 9.76 7.15 20 4.02 5.10 0.51 23.0 0.21 4.90 0.90 5.101
 
461 24 436 1.17 0.81 123 0.493 1.90 0.38 4.80 0.11 1.84 0.79 3.15 
466 97 364 5.18 4.20 20 2.50 2.61 0.46 10.3 0.06 2.46 0.81 4.81 
478 24 453 1.14 0.81 126 0.481 1.90 0.38 5.00 - 1.84 0.79 3.26 
510 25 484 1.15 0.82 118 0.487 1.91 0.38 5.60 0.11 1.84 
 0.79 3.64 
664 166 517 10.10 7.73 18 4.66 2.74 - 11.8 0.04 2.47 - ­

a) Corrected for CO which was produced as a result of reaction 44.
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Filter No. 6, Os 2200: [M] from 95 to 312 Torr, [02] from 19 to 63 

Torr, [N2] from 71 to 239 Torr, initial [12C0] from 4.95 to 10.0 Torr, 

average [H2C0] from 3.93 to 7.83 Torr, irradiation time from 196 to 487 

minutes, and la from 0.153 to 0.316 mTorr/minute. 

O{CO} ranged from 1.97 to 2.50 and averaged 2.21. 41H21 = 0.42 

(two runs), I{HCOOHI ranged from 3.17 to 8.19 and averaged 4.99. W{C021 

% 0.06, and [HCOOH]/([cO] - [H2]) ranged from 2.06 to 3.94 and averaged 

3.00. See Table 26.
 

Filter No. 5, IL400C: [M] ranged from 115 to 390 Tort, [02] from
 

22 to 80 Torr, IN2] from 83 to 300 Torr, initial [H2CO] from 5.19 to
 

10.16 Torr, average [H2CO] from 3.79 to 9.99 Torr, irradiation time from
 

20 to 41 minutes, and Ia from 2.16 to 5.45 mTorr/minutes.
 

O(COI ranged from 2.26 to 2.56 and averaged 2.37. i{H 21 ranged
 

from 0.41 to 0.57 and averaged 0.50. {HCOOHI ranged from 2.21 to 3.38
 

and averaged 2.65. {C021 ranged from 0.39 to 1.17 and averaged 0.75.
 

[HCOOH]/([CO] - [H2]) ranged from 1.27 to 1.66 and averaged 1.41. See
 

Table 26.
 

The light intensity through the cell was constantly monitored and
 

it was found to decrease during a run.
 

A few runs were done in which CO was substituted for N2. More C02
 

was produced in these runs than in similar runs with N2.
 



Table 26. 	 Product quantum yields in the photolysis of formaldehyde in the presence of 02 and N2 at . 220 and % 400C using 

filters no. 6 and 5. (See Tables 14 and 15). All pressures are in Torr. 

(H200] [11200] Tine Ta, [Cot ]-[IHg FECOOR] 

[M) [02] [N9] initial average min. mTorr/min. {C0} $1191 $1100011 $co,} V 0 1}a ___ a_ [CO0I-[b] 

Filter no. 6, ' 220C 

95 19 71 4.95 3.93 487 0.153 1.97 - 3.17 0.07 1.31 

100 19 71 9.92 8.45 280 0.316 2.17 0.42 3.62 0.07 1.34 0.69 2.06 

312 63 239 10.00 7.83 196 0.270 2.50 0.42 8.19 0.05 1.70 0.75 3.94 

Filter no. 5, N 400C
 

115 22 83 10.00 9.99 24 5.45 2.56 0 5 7b
. i.38 0.39 2.13 0.73 1.66
 

125 25 95 3.36 4.37 41 2.42 2.34 0 .49b 2.70 0.69 2.06 0.76 1.46
 

336 70 261 5.19 3.79 41 2.16 2.26 0.41 2.32 1.17 2.00 0.80 1.26
 

0.52 2.21 - 1.94 0.73 1.24390 80 	 300 10.16 7.14 20 3.97, 2.30 


a) Corrected for NO which was produced as a result of reaction 44.
 
b) ± 20%.
 

444 
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Formaldehyde has- an absorption band extending from- \ 2300 to r 3530 

A which is associated with a transition from the ground state ('Al) to 

the first excited state (IA2 ) (Herzberg, 1966, p. 612). This transition, 

which is forbidden by electric dipole selection rules, is made allowed 

by vibronic interactions (Job, Sethurman, and Innes, 1969). 

H2CO ('A,) + hv H2CO (1A2) 78 

The IA2 state can undergo fluorescence. 

H2CO (IA2) +- H2CO (IA1 ) + h' 79 

can be collisionally deactivated to a lower energy triplet, 

H2CO (1A2) + M HEaCO (A 2 ) + M 80 

or to the ground state, 

H2CO (1A2) + M - H2CO (1Al) + M 81 

or can be converted to a highly vibrationally excited ground state mole­

cule by internal conversion. 

H2CO ('A2) H2CO ('AI) 82 

The triplet formaldehyde might also react directly with 02. 

H2C0 (3A2) H 83a+ 02 102 + HGO 

H2C0 (3A2) + 02 4 OH + HC02 83b 

H2CO (3A2 ) + 02 HH + HC03 83c 

Since each of these states might have different branching ratios
 

for the production of H2 + CO and H + HCO, and-since the relative popu­

lation of these states depends on the total pressure, it is logical to
 

expect that the overall branching ratio might depend on the total pres­

sure.
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The study done in the mercury vacuum line was done to measure the
 

relative importance of reactions 75 and 76 as a function of otal pres­

sure and la.
 

H 2C00 hv HCO + H Rate = ala 75
 

HCO + hV 4-H2 + GO Rate = OIa 
 76
 

In the presence of 02 the following mechanism was considered. 

HCO + 02 (+M) + HCO 3 (+M) 33a 

HCO + 02 + 0O + HO2 33b 

HCO + 0 2 C02 + OH 33c 

H + 02 + M H02 + M 77 

HC03 + H2CO HCO 3H + HCO 41 

HCO3H 4 HCOOH + (1/2)02 on the wall 42 

2HO2 + H202 + OZ 43 

H02 + H2CO + H202 + HCO 44 

OH + H2CO + H20 + HCO 45 

This mechanism predicts that one H2 molecule will be produced each
 

time reaction 76 occurs. The HC0 produced by reaction 75 can react in
 

three different ways with 02 according to reaction 33. However, two of
 

these, reactions 33a and 33c, produce radicals that react to regenerate
 

HCO radicals via reactions 41 and 45. Reaction 33b, which produces a CO
 

molecule, is the only termination reaction for HCO radicals. Thus one
 

CO molecule is produced not only each time reaction 76occurs, but also
 

each time reaction 75 occurs. However, there is another source of HCO
 

radicals, namely reaction 44. 'The mechanism predicts that one 0O mole­

cule will also be produced each time reaction 44 occurs. The importance
 

of reaction 44 is proportional to [H2COO](a/Ia)1./2o Thus, at low
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formaldehyde pressures and high la, reaction 44 is relatively unimpor­

tant and the following approximation can be made.
 

[CO] - [H2] a _ 75 XXI
 
[Co] a + 05 + 
 X6 

These measurements were made and are reported in Table 17. ([CO] ­

[H2])/[CO] ranged from 0.72 to 0.79 and averaged 0.76 from the data in 

Table 17. 

Since a +a < 1.0, a value of 0.76 was taken as a first approxi­

mation of a. (This value was used to correct the CO yields in Tables 

18 and 22 to 26 for the CO which was produced as a result of reaction 

44. 	This correction was not made in Table 21 because reaction 44 is
 

-
much less important at 0CC, k44 = 1.7 x 10 12 exp{-8000/RTI, and the
 

largest correction-would have been less than 3%).
 

The corrected CO yields, [CO'], can be used to determine c/(a + a).
 

[CO'] - [H21 = a XXII
 
[Co'] a + 0
 

The results listed in Table 18 show that this ratio ranged from
 

0.62 to 0.82 and averaged 0.69.
 

The ([CO] - [H2])/[CO] ratios reported in Table 19 are somewhat
 

lower than those reported in Table 17. As the 02 and total pressure are
 

reduced, reaction 77 decreases in importance and reaction 84 begins to
 

play a role.
 

H + H2CO H2 + HCO 
 84
 

The ([CO] - [H2 ])/[CO] ratio was calculated for the runs listed in
 

Table 19 using 0.76 for a/(a + 8) obtained above and 5.6 x 10-32 cm.6/
 

- 14 
see. and 5.4 x 10 cm.3 /sec. for k7 7 and k84 (Garvin and Hampson,
 

1974) respectively.
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The agreement between the measured and calculated ratios is good.
 

Thus, it was found that ([CO3 - [H2])/[CO] has a dependence on the 02
 

and total pressure at very low 02 and total pressure, and that this
 

dependence can be explained by the inclusion of reaction 84 in the
 

mechanism.
 

The quantum yield of C02 was found to be small and somewhat vari­

able. A few runs were done with CO instead of N2 . This was done to
 

scavenge the OH radicals produced in reaction 33c. If the C02 were
 

coming from reaction 33c, and if all the OH's reacted with CO to produce
 

C02, and if nothing else oxidized CO, the amount of C02 produced in a
 

run with CO should be twice that produced in a similar run with N2 . The
 

results are presented in Table 20. Since the C02 ratio is greater than
 

two, it is concluded that some other radical, perhaps HC03 oxidizes CO.
 

The quantum yield of CO was measured and corrected for CO which
 

was produced as a result of reaction 44. A value of 1.0 is expected
 

for the corrected quantum yield, d'{C01, unless some state is reached
 

by the formaldehyde molecule that doesn't produce either ,CO or HCO. If
 

this happens '{CO1 should be less than one, and-again the value may be
 

a function of the total pressure. The results are listed in Table 18.
 

The values obtained are scattered, show no trend with total pressure,
 

and averaged approximately 0.9. It must be mentioned that the Ia
 

values listed in Table 18 were obtained by using the average formalde­

hyde pressures. These were calculated by making appropriate corrections
 

for the CO, C02, and HCOOH produced. (The results presented in Chapter
 

II were used to calculate theamount of HC00H produced). No account
 

was made of any formaldehyde that might have polymerized, but it was
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thought that this might account for at least some of the scatter in-the
 

data.
 

It was at this point in rime that the study presented in Chapter
 

11 was done. This was to check the mechanism presented above, and in
 

particular to check that one CO molecule was produced for each HCO
 

radical produced in the photolytic act. The mechanism was borne out
 

and the intercept of 1 in Figure 11 indicates that one CO molecule was
 

produced for each primary HCO radical (at least at room temperature).
 

It was decided to go back and restudy the photolysis of the form­

aldehyde/air system, in the hope of getting more consistent values for
 

c'{CO}. Since the mercury line used before had been disassembled, the
 

study was done in the mercury free line used for the HCO oxidation
 

study. The data and results are presented in Tables 21 to 26.
 

The first study done was at OC and is presented in Table 21. The
 

light intensity through the cell was monitored and it was observed to 

decrease during the course of a run. If the log(I./It) was plotted vs. 

time, a plot was obtained that was linear for % 15 to ru 20 minutes and 

showed an induction time of from u 1.5 to b 4.5 minutes. (There were 

4 plots). The intensity decreased at the same rate if the light was 

shut off (measurements taken periodically for 7.5 minutes, one run) and 

the most linear plot was linear for a decrease in transmitted intensity 

from i00 to 13.5 arbitrary units. The slopes of the lines, however, 

were not reproducible.
 

The transmitted light intensity didn't return to its initial value
 

when the cell was evacuated, but did return to its initial value when
 

the cell was flamed. Therefore, the reduction in transmitted light
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intensity was attributed to the formaldehyde polymerizing on the walls­

of the cell.
 

Carruthers and Norrish (1936b) observed a reduction of pressure in
 

,the photochemical oxidation of formaldehyde which was induced by the
 

light, but continued on extinguishing the light. They showed-that the
 

polymerization was due to the formic acid which was produced in the
 

photolysis.
 

Their observations correlate very well with-the observations just
 

described from this study. The induction period was necessary to allow
 

enough formic acid to be produced to cause the polymerization, and the
 

polymerization was seen to continue in the dark in both studies.,
 

It is necessary to know the formaldehyde pressure during a ,run to
 

calculate Ia and thus quantum yields. The average formaldehyde pressure
 

was obtained in the following way. At the end of -arun the gases were
 

passed through a spiral trap immersed in liquid nitrogen. The noncon­

densables were analyzed for H2 and CO, after which the line was evacu­

ated. The liquid nitrogen was replaced with an acetone slush and the
 

H2C0, C02, and H202 were distilled off.
 

The pressure of these gases was then measured with the silicone
 

oil manometer in a portion of the line whose volume relative to the
 

cell was known. From this the final.H2CO pressure in the cell was cal­

culated, assuming.that the H202 pressure was negligible. This gas
 

sample was then condensed in the gas chromatograph loop -and analyzed
 

for 002, which was always found to be negligible compared to the amount
 

of formaldehyde left. The sample condensed in the acetone slush was
 

transferred to the ir cell and analyzed for formic acid.
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The assumption that the H202 pressure was-negligible is reasonable
 

according to the mechanism. The'assumption that-the formaldehyde didn't
 

farther polymerize on condensation is showed to be fairly good by the
 

following consideration.
 

The average formaldehyde pressure, calculated as (initial pressure
 

+ final pressure)/2 was usually about 70% of the, initial formaldehyde
 

pressure. Since it is known that some of the formaldehyde polymerized
 

in the cell, the maximum average error must be less than 30%.
 

The average formaldehyde pressures reported in Tables 21 to 26
 

were obtained in this way, and they were used to calculate Ia As
. 


stated earlier, no correction was made for any formaldehyde polymeriza­

tion that may have occurred in the study done in the mercury line.
 

The incident light intensity, I., from which Ia was calculated,
 

decreased during a run due to the-polymer deposition. The light trans­

mitted through the cell at 0C decreased by as much as 50%. Thus the
 

cell was usually flamed between runs.
 

It was decided to try some runs without flaming the cell. -It was
 

thought that CO might be produced'at "active sites" on the cell wall
 

and that the polymer might "deactivate"- these "active sites". It was
 

hoped that the CO quantum yield would thus fall to 1.0 or below as
 

required by the mechanism. The results-are presented in Table 21.
 

There is no significant difference between the runs done in the flamed
 

or unflamed cell.
 

The amount of light attenuated during runs done at room tempera­

ture and above (usually less than 10%): was, much less than at 00C. Also
 

the polymer that was formed usually pumped-away, and flaming the cell
 

was unnecessary.
 



112
 

The 4C01 values listed in Table.21 and the VP{Col values listed 

in Tables 22 to 26 are significantly greater than 1.0 and most 0{HCOOH1 

are significantly greater than 5 ± I.- This indicates that there is a 

source of radicals in this system not yet accounted for in the mechan­

ism. Possible sources of radicals will be discussed and where possible
 

an estimation will be made of their probable importance.
 

One possible source of radicals is the photolysis of the polymer
 

deposited on the cell wall. The average value of {CO (=3.11) from
 

Table 21, under conditions of heavy polymer formation, is comparable
 

to the average value of 0'{CO} from Table 22 (=3.60) and Table 25
 

(=3.15) which were obtained under conditions of light polymer formation.
 

This, and the similarity of the 4CO}'s in the flamed and unflamed cell
 

in Table 21, indicates that the formation of radicals from the photol­

ysis of the polymer is not important. Also, the polymer alone and in
 

the presence of air was photolized and no H2 , CO, or HCOOH was formed.
 

The photolysis of HCOOH and H202 was considered. HCOOH has no
 

absorption band at 3130 A (Herzberg, 1966, p. 624) and can be disre­

garded. H202 photolizes to produce two OH radicals (Calvert and Pitts,
 

1966, p. 202). Two runs were done in which the N2 was replaced by CO,
 

so that any OH radicals produced in the system would react with C0 to
 

form C02. If it is assumed that only OH reacts with CO to form C02,
 

there was enough OH in one run to increase 5'{CO1 by 0.36 and in
 

another to increae it by 0.32. These numbers are significant when
 

compared to V'{Co values of 1.84 from similar runs with N2 listed in
 

Table 25. This correction is not enough however, to reduce 5'{0}1 to
 

1.0. It must also be remembered that this correction is too large if
 

http:Table.21
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anything else, HCO3 for example, oxidizes CO. Thus the production of OH
 

may be significant, but not enough to account completely for the high
 

values of '{COJ. It is doubtful that the hydrogen peroxide's pressure
 

and extinction coefficient are large enough to account for a significant
 

amount of OH radicals. If OH radicals are indeed present, they probably
 

originate in some other way.
 

It is not known what the ultraviolet absorption spectrum of per­

formic acid is, but the primary processes are probably reactions 85
 

and/or 86.
 

HCOOOH + hv HCO + HO2 85
 

HCOOOH + hv R 86
1C02 + OH 


Either of these processes could account for the high CO yields.
 

The influence of surface has been recognized as being important
 

in the oxidation of formaldehyde (Horner and Style, 1954: Norrish, 1966;
 

Purcell and Cohen, 1967), the amount of H202 measured in a run being
 

dependent on the nature of the surface. Perhaps H202 reacts with the
 

polymer or HCOOOH on the wall to produce radicals (HO2 , OH, or HCO)
 

which diffuse from the surface to react in the gas phase.
 

Nalbandyan, Oganessyan, Vardanyan, and Griffiths (1975), have
 

recently shown that peracetic acid decomposes on surfaces to produce
 

radicals. This suggests that performic acid might decompose on the
 

cell surface.
 

HCOOCH - HCO + HO2 on the wall 87
 

HCOOOH HCO 2 + OH on the wall 88
 

The fact that this complication didn't occur in the study in
 

Chapter II (at least at room temperature) does not eliminate any of the
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last-four possibilities. The photolysis of H202 and/or HCOOOH might
 

occur at 3130 A but not at 3660 A.
 

Different cells were used in these two studies. Thus the surfaces
 

might have been different even though both cells were made of quartz.
 

Also, the chlorine used in the first study might have altered the sur­

face in some way. The time difference between the two studies might
 

also be a factor. The time scale of the chlorine study was minutes,
 

while the time scale of the present study was hours. There might have
 

not been enough time for surface reactions to make a significant con­

tribution in the chlorine work at room temperature.
 

Radical scavenging experiments were attempted twice, once using
 

HBr and once using diethylhydroxylamine. Both attempts failed because
 

the radical scavengers rapidly polymerized the formaldehyde.
 

There are several possible sources of radicals. Without a complete
 

understanding of the mechanism the amount of information that can be
 

obtained from this study is limited.
 

The values of ([GO'] - [H2 ])/[CO'] obtained in the mercury free line 

don't equal a/(a + 0), and great doubtis placed on the results obtain­

ed in the mercury line. 

Figure 16 shows plots of o'{CO} vs. [M] from Tables 22 and 25.
 

The intercepts, slopes, and correlation coefficients are 4.3, -0.0020,
 

-0.60 and 4.2, -0.0035, and -0.67 respectively.
 

Figure 17 shows plots of '{Hz} vs. [M] from Tables 22 and 25.
 

The intercepts, slopes, and corrleation coefficients are 1.5, -0.00078,
 

-0.50, and 0.87, -00010, and -0.87 respectively. (The method of least
 

squares was used to obtain the lines in Figures 16 and 17).
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Figure 16. 	 Plot of '{CaI vs. [M] in the photolysis of
 
H2 C0 in the presence of N2 and 02.
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Figure 17. 	Plot of {H2 } vs. [M]-in-the photolysis of 
H2CO in the.presence of N2 and 02. 
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It is impossible to tell if these trends of reduction of 4I"CO}
 

and C{H 21 are due to pressure dependencies of reactions 75 and 76 or
 

not. 

If it is assumed that hydrogen is produced only from reaction 76
 

(an assumption that is contradicted by the fact that the hydrogen quan­

tum yields listed in-Table 22 are greater than 1.0. However, even if
 

this is not true, the error introduced will not be over 30% because the
 

average [H2 ]/[CO] ratio is 0.3.) and CO is produced only from reactions
 

76 and 33b, equation XXIII can be obtained. (See DISCUSSION OF RESULTS
 

AT ROOM TEMPERATURE AND -7 ± 10C of Chapter II for a complete discussion
 

of the pressure dependence of reaction 33a).
 

[CO] - [H2] k33bk3sR, + k33b XXIII
 
[HCOOH] k33a~k33al[N] k33al
 

Figure 18 shows a least squares plot of equation XXIII for the
 

data from Table 22, except for two points which are clearly out of line
 

with the rest. The line has a correlation coefficient of 0.98, an
 

intercept of 0.17, and a slope of 15 Torr. The intercept gives a "high
 

pressure" value of 5.9 for k33a/k33b, which agrees well with the value
 

of 5 ± 1 reported in Chapter II. The slope to intercept ratio gives
 

k33a21k33a3 = 88 Torr, which is the half quenching pressure for reaction
 

33a. This suggests that the change in k33 = k33a' + k33b measured by
 

Washida, Martinez, and Bayes (1974) would be even smaller than suggest­

ed in Chapter II.
 

The average "high pressure" values for k33a/k33b (= [HCOOH]/([CO] ­

[H2])) from Tables 21, 23, and 25 are 4.8, 3.7, and 4.0 respectively.
 

Again these values are in good agreement with-the value 5 ± 1 reported
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Figure 18. 	Plot of ([C0] - [H2])/[HCOOH] vs. 1/[X] in the 

photolysis of H2C0 in the presence of N2 and 
0 2. 
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earlier. The values at 400C reported in Table 26 are much lower, the
 

average being 1.4. This result is surprising because the earlier study
 

showed this ratio had little or no temperature dependence.
 

The values of {021 were usually small, which agrees with the
 

earlier work.
 

The average values of ({H21 can be placed in three groups. 
Those
 

around 0.55 (0.54, 0.60, 0.61, 0.42, and 0.50 from Tables 21, 23, 25,
 

26, and 26 respectively), those around 0.30 (0.31 and 0.27 from Tables
 

24 and 18 respectively), and at 1.27 from Table 22. 
These differences
 

might be due, at least in part, to the pressure dependence suggested by
 

Figure 17, However, if it is assumed that 4{H 2} = 
*76 the values of
 

(){H2} at about 0.55 are in good agreement with the value of 0.52 ob­

tained by DeGraff and Calvert (1967) when they photolized H2CO and D2CO
 

in the presence of added olefin and with the value of 0.50 obtained by
 

McQuigg and Calvert (1969) when they flashed H2CO, D2CO, HDCO, and
 

mixtures of H2CO and D2CO. The values at about 0.30 are in fair agree­

ment with the value of 0 20 obtained by Sperling and Toby (1973) when
 

they photolized H2CO.
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CONCLUSION
 

The rate constant ratios (k14 + kl4 a)/k 1 2a (= 0.56 ± 0.10), k,2 /
 

kl2a (= 2.2 ± 0.4), and kll/ki5 (= 0.63 ± 0.10 at 250C and 0.98 ± 0.20
 

at 720C) were measured.
 

OH + CH30H- H20 + R 11
 

O(1D) + CH30H --OH + R 12a
 

> products 12
 

0(1 D) + N20 N2 + 02 14a
 

+ 2NO 14b 

OH + CO C02 + H 15 

When this value for k1 l/k1 5 is combined with the value of 0.0235
 

for koH + N2 /k1 5 (Sie, Simonaitis, and Heicklen, 1976a), and ki + H2=
 

13
7.1 x 10- 15 cm.3/seco (Garvin and Hampson, 1974) a value of 'v1.9 x 10 
­

cm. 3/sec. is obtained for k1l at 25C.
 

A value of 1.5.9 x 10-10 cm.3/sec. is obtained for k12a from (k1 4 +
 

-
kla) = 3.3 x 10 10 cm.3/sec. (Garvin and Hampson, 1974) and(ky4 + kl4a)/
 

- 9
ki2a = 0.56. Thus, k 12 is fobnd to be ru 1.3 x 10 cm.3/sec.
 

These rate coefficients can be used to better estimate the impor­

tance of these reactions in the atmosphere.
 

Formyl radical chemistry was also studied,
 

HO + 02 (tM) HCO 3 (+M) 33a 

HCO + 02 CO + H02 33b 

HCO + 02 C02 + OH 33c 

HG0 + C12 HC10 + C1 - HU + CO + Cl 40a 

HC0 + C12 COC12 - termination 40b 
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and the following rate constant ratios were found to be k4 0b/k 3 3b = 

6 (+7, -2), k3 3a/k33b = 5 ± 1, k 3 3c/k3 3b < 0.19, and k40a/k40b 'V7.5. 

The value obtained for ks3a/k3b (= 5 ± 1) represents the high pressure
 

value. A half quenching pressure of 88 Torr was found for reaction 33a.
 

In light of these results the chemistry of the ECO3 radical must be
 

studied so that the role it plays in atmospheric chemistry can be deter­

mined.
 

The photolysis'of H2CO is important not only in polluted city air,
 

but also in the stratosphere. The production of k, OR and HO2 in the
 

stratosphere depends on A, (Nicolet, 1975) where
 

A = 1 - X XXIV
 

and
 

2J{H - CO}
 
J{H - HC00 + J{H 2 - CO-1 + k4 5[OH]
 

OH + H2CO +H20 + HCO 45
 

Since X is compared to 1, it can be seen-that the values of
 

H2CO + hw +0HCO + H 75
 

H2 + CO 76
 

75 and 76, from which the J's are determined, must be knokn with-much
 

more accuracy than was obtained in this study.
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APPENDIX I.
 

TABLE OF NOMENCLATURE
 

A - Angstrom = 10- 8 cm.
 

Chain reaction - A cycle of reactions which continues to form product
 
and regenerate reactant.
 

la - Absorbed light intensity.
 

ir - Infrared
 

I. - Luminous intensity before the light passes through an absorbing
 
species.
 

o. d. - Outside diameter. 

s{X1 - Quantum yield of X. 

Photochemical oxidation - Oxidation under the influence of radiant 
energy, especially light. 

Photolysis - Chemical decomposition by the action of radiant energy, 
especially light, 

Propogation reaction o A reaction that produces as many reactive species 
as it removes. 

Quantum yield - (Molecules of B formed per unit volume per unit time)/ 
(quanta of light absorbed by A per unit volume per unit time) where 
A + hv - B. 

k{Xl - Rate of production of X. 

Termination reaction - A reaction that removes more reactive species 
than it produces.
 

TMP - 2-trifluorometbylpropene.
 

Volume mixing ratio - In a homogeneous mixture or solution of gases the
 
mols of a component divided by the sum of the mols of all compon­
ents.
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APPENDIX II.
 

DATA ON "UNKNOWN" 

The infrared spectrum of the "unknowcn" which was discussed in
 

Chapter II is presented in Figure 19. This spectrum was taken on a
 

Perkin-Elmer 521 Grating Infrared Spectrophotometer. The absorbance at
 

1
1180 cm. (as measured on a Beckman Microspec Spectrometer) is listed
 

in Table 27, along with the reactant pressures, Ia, irradiation time,
 

and product quantum yields. The amount of "unknown" produced should be
 

directly proportional to the absorbance.
 

A run was performed by adding the reactants, cooling the cell and
 

irradiating the chlorine. Cooling was stopped and the cell allowed to
 

warm for q,25 minutes after the irradiation was stopped. The contents
 

of the cell were then passed through a spiral trap immersed in liquid
 

nitrogen. After the noncondensables were removed, the liquid nitrogen
 

was replaced by a -130 0 C or a -950C slush. The sample was pumped on
 

for 'v 30 minutes when the -130C slush was used and for 1 1.5 minutes 

when the -95°C slush was used. The contents left in the spiral trap
 

were then transferred to another cell for infrared analysis.
 



A 

B
 

A FORMIC ACID
 

B FORMIC ACID + "UNKNOWN"
 

3000 2500 1209 1000
 

WAVENUMBER (CM*)
 

Figure 19. Inftared spectrum of "unknown".
 



Table 27. Yield of "unknown". Runs done at -7 ± 10C, pressures reported at room temperature. 

a [C1 2], [02], [H2CO], [He], Ia, Irradiation 

A Tort Torr Tort Tort mTorr/min. time, min. {O] 4{HCOOH} {C09} 

.293 1.49 2.13 2.84 329 9.40 2.0 8.83 - 0.16 

.253 1Q46 625 3.07 0 8.66 8.0 2.37 8.25 0.13 

.245 1.43 645 3.37 0 8.85 8.0 2.30 - 0.21 

.232 4.41 52.2 3.11 286 27.3 1.0 - - 0.33 

.199 4.38 56.5 3.07 282 27.8 1.0 - - ­

.192b 4.41 48.4 3.05 299 0 0 - - ­

.135b 1,32 14.2 5.46 314 7.90 11.25 6.22 8.95 ­

.118b 1.46 29.3 4.90 309 8.86 8.0 4.18 9.90 ­

.118b 1.40 14.6 4.54 321 8.95 7.0 6.20 11.8 0.02
 

.117 1.45 628 2.94 0 9.28 8.0 2.84 9.33 0.11 

.112 1.33 609 9.80 0 8.33 8.0 3.27 11.5 ­

.079 1.50 7.44 9.96 326 9.50 3.0 9.37 - 0o14 

.074 1.37 67.6 9.50 350 9.37 5.0 4.12 13.7 0.06 

.039 1051 16.2 9.18 314 9.90 3.0 6.30 - 0.17 

.039 4.25 55.9 9.28 282 27.9 1.0 - - ­



Table 27 (Continued)
 

a [C12], [02], [H2CO], [He, la, Irradiation 

Aa Torr Torr Torr Tort imTorr/mino time, min. ${CO} D{HCOOH} D{CO,2} 

.037 1.39 1.53 8.70 3231 9.06 2.0 15.1 - 0.11 

.030 1.34 1.84 8.87 324 9.04 1.5 13.4 - 0.37 

0010 1.45 6.99 7.72 324 9.50 3.0 9.46 9.12 0.27 

6 1.46 570 10.5 0 0 0 - - -

0b 447 340 9.88 0 0 0 - - -

0 1.54 52.0 9.45 297 0 0 - - -

0 1.49 594 2.98 0 0 0 - - -

0 1.47 619 9.74 0 0 0 - - -

0 4.69 45.8 8.04 281 30.6 1.0 - - 0.06 

0 4.59 49.1 9.30 288 30.0 3.0 - 13.4 -

0 4.57 47.2 10.3 280 29.3 1.0 - - 0.10 

0b 4.24 330 10.1 0 26.5 ­ 3.0 - 11.2 0.03 

0b 1.51 66.2 9.72 262 9.69 16.0 3.94 11,2 0.07 

0 1.48 662 3.18 0 9.64 8.0 2.82 9.71 0.08 

0 1.41 603 9.80 0 9.37 8.0 3.46 8.66 0.03 

0b 1.42 558 3.46 0 8.24 12.0 2.22 - -



Table 27 (Concluded)
 

[C12], [02], [H2CO], [He], Ia, Irradiation
 

a 

_ Tort Torr Torr Tore mTorr/mino time, min. {CO} ${HCOOHI 400q}
 

0b 
 .32 65.4 6.17 276 8.35 17.1 3.75 10.8 0.08
 

0b 
 1,16 338 7.65 0 7.19 16.0 3.48 11.8 0.04
 

0 1.13 65.2 6.94 275 7.18 60.0 3.17 6.77 0.15
 

a) Absorbance at 1180 cm.- I as measured on a Beckman Microspec Spectrometer.
 
b) A -95oC bath was used. A -130C bath was used in unmarked runs.
 

F' 
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THE REACTIONS OF O(1D) AND OH WITH C OH THE REACTIONS OF O(0D) AND OW WITH 0N OhoN O was photolyted at 2139 A In2 the presne of CH3OH on CO. The i20 was photolyzed at 2139 A in the presence of CH3OH aoz CO. The

O(ID) produced in the photolysli could react with CH 3 OH to produce O radicals. O(ID) produced In the photolysis could react with CIH OH to produce 01 radicals,and thus the reactions of both O(D) and O could be studied. The reaction of 3and thus the reactions of both O(ID) and OH could be studied. The reaction of3< 5 oI the , O D) with CH OH was found to give OH 46+ 10% of the time and O( P) 4 5% of the
OilD) with CH30H was found to give O 46 + 10-h of the time and Of?) 
time. Presumably the remainder of the rea ion produced CH 3 0 Nor HCO pIus 3

time Presumaby he remainder of the reaction produced CH 091 or HCO plusH2O. The relative rate coefficient for 0(1D) reaction with CHO compared to 30 H20. The relative rate coefficint fbr O(iD) reaction with CH7 compared toN12 was found to be 5.5 + Z. 0 at both 25 and 72 C. The relat ve rate coefficient 3NZO was found to be 5.5 4 2. 0 at both 25 and 72oc. The relat ve rate coefficientfor OH reacting with CH3-H compared to CO is 0.63 + 0. 10 at Z50C and 0.98 _ for OR reacting with CH3"bH compared to CO is 0.63 + 0. 10 at 25°C and 0. 98 +0. 20 at 7zC. 0. 20 at 7Z-C.
OXIDATION OF THE HCO RADICAL OXIDATION OF THE 10 RADICAL


Mixares of Cl 2, 02, HCO. and sometime, N, or He Were irradiated at 
 Miatures of CI. O.HCO, and sometimes NZ or He were Irradiated at02,3660 A at s...*,,I temperatures to pholdbeompse the Off. The chlorineaeo... 3660 A at several temperatures to photodecompose the C i. The chlorine atoms
abstract a hydrogen atom from HZCO to produce WO radicals which can react * abstract a hydrogen atom from 1ZCO to produce NCO rad cals which can react
with 02. with 02.

O0 (4M)- HC03 (M) 33a0 2 1CO + O (+M)- MO (+M) 33a

1o + 02 - G0Ob 1 + + 

3 

- GO + N0 3 b

10 + O GO, + 33a02z - NCO+ 0 -- COZ + OR 33c
 
Tho HO 3 radical ultimately becomes HCOOH, so that HOOH, CO, and COZ The CO03 radical ultimately becomes HOOH, so that HOOH, CO, ad CO
become measures of the relative importance of the three reaction paths. It was 
 become measures of the relative importance of the three reaction paths. It wasufoudthat k33sak 4 s 5 + I and k3c/k e 0.19 . 23c3 (total pressure = 62 found that k33a/k34 a 5+ I and k c/k 0.19 at Z3C (total pressure = 62to 704 Torr and .9C (total pressures.344 688 Torr}. Values could not be 3 3to 704 Torr) and .7 C (total pressure - Hk a 680 Torr). Values could not beobtained at .37 or .50oc because of changes in the mechanism. obtained at -37 or .500C b...t, o f changes in the mechanism.At the upper two temperatures k40/k40b ' 7.5 and k0b/k = 6 (+7, .2). At the upper two lemperatures k40,/k40 ' 7.5 and o/k e (+7 .2).THE P0OTOCIMICAL OXIDATION b4 OF FORMALDEHYDE THE PHOTOCHEMICAL OXIdATION OF FORMOADE ISEFormaldehyde in the presence of N and/or O (usually dry air) wasi2 Z Formaldehyde in the presence of NZ and/or 02 (usually dry air) was
photolyzed with a medium pressure Hg lamp used in conjunchon with various photo yzed with a medium pressure Hg lamp used in conjunction with variousfilters which tranemit different relative amounts of Hg lines from 2894 A to 3660 A. filters which transmit different relative amounts of Hg linee from 2894 A to 3660 AIt was hoped to measure the following branching ratios as functions of total pres ft weas hoped to reasure the following branching ratios as functions of total pros­
cure, tcmperature. I , and wavelength, ure, I 


H1CO ++ - NCO+ Rates e1I 75I 

a iesmperatlr. nd wavalength, 

HCO + hs NCO + H Rate .la 75
HZCO + hv O+ Rate IN, 7 11200+ ht- H2 + CO Rates plaH CO 76 
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THE REACTIONS OF o(D) AND O WITH Oi 19.2 THE REACTIONS OF O(W0) AND OH WITH 01Ch" Chemical Aronoy 
NaO was photoyzed at 2839 A'in the presence of 011ON a CO. The N 2 0 was photo yd if 00 Theat 2139 A in the presence CH30H 

G(OD) produced in the phetolycis could react with CH30H to produce O radicals O(ID) produced In the ploolyis could react with CH30H to produce O radicals,and thus the reactions of both O(ID) and OH could be studied. The reaction of 1and thus the reactions of both O(ID) and OH could be studied. Th. reaction of3O(D) with CH30H was found to give O 46 4 10% of the time and 0(3P) < 5% of the O(ID) with CH OH w-as found to glee 01 46 + 10% of the tme and O( p) . 5% of the3time. Presumably the remainder of the reaction produced CH30F or H2CO pins time. Presumably the remainder of th rerc on produced CH30 Nor*1 CO plus
H20. The relative rate coefficient for OID) reacton with CH30R compared toHI Th, relative ,a oelau 'or OIID) rc with Co30o conp
NO was f'ound to be 5. 5 + 2. 0 at both 25 and 7Z°C. The relative coeiient N O was found to be 5.5 4 2.0 at both 25 and 72 0.The elattv rate coefficientfor O reacting with CH3-OH compared to 0O5 0.63 + 0.10 at 250C and 0. 90 2for OW reacting with CHj"6H compared to CO is 0.63 ± 0.10 at 250C and 0.98 +0.20 at 72.C. 0. 20 at 720C.

OXIDATION OF THE 10O RADICAL OXIDATION OF THE MCO RADICAL
Mixtures of C2, 02. 112CO. and sometimes NZ or He were Irradiated at M e ohrecirriae at

3660 Aat several temperatures to photodecompose the Cl . The chlorine atoms 3660 Ast several temperatures to photodecompose the Cl The chlorine atomsabstract a hydrogen atom from HZCO to produce CO rad cals which can react abstract a hydrogen atom from 10ZCO to produce HO rad cals which can reactwith 02 with 02.
 
HCO + 02 (4M) -- Hoe (+Mf 33. HCo 02 (MS - 103 (+M) 33
1o0 0 4 O + O 3 33b HCO + 02 - CO +We 33bCO 02 - COa + O 33c h O + 0 - CO, + O 33cThe HCO3 radical ultimately becomes HOOH, as that HOOH. CO. and CO2 The HCO radical ultimately been HCOOH,00 so that HOOH, CO. and CO2become measures of the relative importance of the three reaction paths. 3It was become measures of the relative importance of the three reaction paths, It wasfound thatk3ak -5+ I andk3i/k _ 9 at 'a Z30C (total pro. ssure62 .1.k/k

to704Torw ad- C(total Irs...ur.e. be 688 Torr). Values cotld not be to 704 Torr and - C (total pressure - fl4 To 688 Torr). Values could not beobtained at -3? or .500C because of changes In the mechanism. obtained at -37 or .500c because of changes In the mechanism./k4 At the upper two temperaturesOkIts 75 d 6R7.l-EZ)At the upper two temperatures ' 7.5 and ko k . 6 (+7, .2)
THE PleOTOCHEMICAL 01ATN OF FORMAL E INStTHE PHOTOCHEMICAL 0 AIo bOF F A p

Formaldehyde In the presence of NZ and/or 02 (usually dry air) was Formaldehyde in the presence of N2 and/or 02 (usually dry air) wasphololy ed with a medium pressure Hg lamp used in onj.unct.on With various photolyzod with a medium pressure Hg lamp used In conjunction with variousfilters which transmit different relative amounts of Hg lines from 2894 A to 3660 A. filters which transmit different relative amounts of Hg lines from 2894 A to 3660 A.
It was hoped to measure the following branching ratios a functions of total pres- It was hoped to meaere the following branching ratios as functions of total pros.

aut, temperature I , and wavelength I sure, temperature, I , and wavelength.
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but lack of a complete nderstanding of the mechanslm prohibits an u amblguou, but lack of a complete understanding of the mechanism prohibits an unambiguous
interpretti.on of Ite result* Interpretation of the results. 

The result. suggest that rca&tion 75 and76 might decreasOwith increasing The re suits suggest that reaction 75 and 76 might decrease with increasing
total pressura. The aplication of very reasonable assumptlons leads to a high total pressure The application of very reasonable ssOmptons leads to a high3r pre or kpresure value Of 5 atpressure value of 5.9 o Ia/k3 &ada half quenching pressure of 88 Tore for 9 for ,ka3b ad hal quenchlng pr.s ur of 88 Tor.ae c. 
reaction l33. This contra cis h results presented abovethat k33l was pressure reaction 33a This contrac et. aresult. presented above that k3 3 a was pressure
independent for total preasurea downto 6 Torr. However, in that study only one independent for total pressure s down to 62 Toe. However, in that study only one 
run was done at 62 Toer. Th half quenching pr.esre of 88 Torr obtained in ihis run was done at 62 Torr. The half quenching pressure of 8 Torr obtained in this 

b 3b 

study Is based on several experiments done over a total pressure range of 646 to stdy is based on several experiments done over a total pressure range of 646 to 
35 Torr. Thus, this result is believed to be more reliable. 35 Torr. The,, this result is believed to be more reliable. 

The average value. obtained for ,7 from eight earate stadie, were 1.27 The average vlues obtained for * %from eight eparate eto.dis were 1.27 
one study). 0.55 (five studies), and a 0. 0 (two studies . The value of 0.55 (one.ateady 10.55 (five studies), and , 0 (twostudies . The value of 0.55 ,is envery good agreement and the value of 0. 30 Is in fair agreement with values is in very good agreement and the value of 0.30 Is in fair agreement with valuesfounedby ocher, in the photolysis of formaldehyde i the abseonce of 02f~ound by others in the photolysls of formaldehyde In the absence of 02. 

but lack of a complete understanding of the mechanism prohibits an unambiguous but lack of a complete understanding of the mechanism prohibits an nambiguous 
interpretation of the result.* interpretation of theresult. 

The results suggest that reaction 75 and 76 might decrease with inrteasing The results suggest that reaction 75 and76 might decrease with increasing
tot.rs ue The apication of very reasonable assumptions lends to a high total pressure. The appliatiso of very reasonable assumptions leads to a high 
pressure value o r la lb pressure value of 5. 9 'or k3a/k3b and a half quenching pressure of 88 Torr for
reaction 3la. The, contradicts the results presented aboveindependent for totalpressuresdr. that k33a was pressure reaction 33a. This contra iets te results presented above that k33a was presureo 62 However, inTorr. e rinlownthatsdy only one independent for total pressures down to 62Torr. However, in that study only one 
run was done at 62 Tore. The hal quenching presaure of 8i Torr obtaine_in this run was done at 6z Tore. The half quenching pressure of 88 Torr obtained in thisstudy is based on several experiments done overa total pressure rang of 646 to study is based on several experiments done over a total pressure range of 646 to35 Torr. Thus, this result is believed gobe nore reliable. 35 Torr. Thus, this result is believed to be m re reliable. 

The average values obtained for trom eight separate studies were I. Z? The average values obtained for 7 from eight separates tudies were 1.27 
fne stady , 0.55 (five studies), and a 0.10 (two studies . The value of 1 0. 55 one tudy), ,0.55 (five studia), and 1 0.0 (two stuodies) The value of , 0.55
is in very goodlagreement and the value of l0 . 30 is in fair agreement with values i lover good agreement and the value of D.30 is in fair agreement with values 
found otherstby in the photolysis of formaldehyde the absence of 02. in f yo. 
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THE REACTIONS OF O(D)AND OH WITH CH OH 1.9.2 Chemical Aeronomy THE REACTIONS OF O{ID)AND O WITH CH OH 
N2 0 was photoly.ed at 2139 A in the pretence of OH3 OH and CO. The I N 0 was photolyted at 2139 A in the presence of CH3OH an CO. TheD(10) in the photolysis could react with CH OH radicals 	 2produced 

3 CH to produce 0(D) produced in the photolysis could react with CH30H to produce OH radicals. 
ant thus the reactions of both O)D)and ON could be studied. The reaction of III thus the reaction. of both 0( D) and 01 could be studied. The reaction of 
O( D) with C OHwa Iqndo givc OH 46 + 10%,of the time and03p c 5, If iteh CH30Hws found to give OH 46 + 

3
 

time. 	 10% of the time and 0 P) < 57,of thePresumably the remainder of the reE'tionproduced CH30 I or H 
2CO plus 	 time. Presumably the remainder of the rpicton produced CH O H or l(CO plusH20. The relative rate coefficient 	 relative coeffiient for O(D) 3 tofor O(ID)reactionwith CH compared to 20. ho rate reation with CH30 compared 

N2 0 was found to be 5.5 + 2.0 at both 25 and 72OC. The relattve rate coefficient NzO was found to be 1.8 + 2.0 at both 25 and 72C. T h coefficient 
for ON reacting with CH3"H compared to CO is 0. 63 + 0.10 at 250C and 0.10 at ZS°C And 0.98 + 
0.20 at 72C00. 0oZO at 7 gOs0

OXIDATION OF THE HCO RADICAL OXIDATION OF TH& HCO RADICAL 
Mixtures of 012. 0 , 1H2O. and someites 10 or He were Irradiated at Mhiteres of Clz 02, H2CO, and eometreo R, or He were irradiated at3660 A at several tempertures to photodeconpose the Cl , The chlorine atoms 	 660 A at several temperatures to photedecompose the Cl The clorine sto.s

abstract a hydrogen atom from H2CO to produce 1CO radicals which can react 	 abstrac a hydrogen atom from 120O to produce H1O radrcala whih tan react 
with 02. with 02. 

HCO + 02 (+M)- HCO	 (HM)
3 33. 	 NCO + 0z (+M)( HC03 (+M) 33a0CO +0 CO+H5b 
 HCO + 02 - CO + H A 	 3$b33 

NCO + 02 -- CO, I O NCO + O,-- COZ + Oi33" 

The HCO3 radical ultimately becomes HCOOH, so that HCOOH, CO, and CO2 
 The 1CO3 radical ultimately becomes HCOO, so that HCOOH, CO, and CO2
become measures of the relative importance of the three reaction paths. It was 	 become measures of the relative importance of the three reaction paths. It wasfound that kI3a/k34ba 5 1 and k3 c/k3 _C 0. 19 a 
to 704 Terr3and . C(total prosure nZf to 608 Tort). Values could not be 	 to 704 Torr 

3 23OC (total pressure s 62 found that k /k = 5+ I and k3 3 c/k e 0. 9 at I Z30C (total pressure 1 62 
and .0C (total pressure s M to 6i8 Torr) Values could not be 

1 3 5 3 

obtained at 	 he meais. 6 	 obtained at -37 or 5000 because of changes in the mechanism.At the upper two temperatures k40 / ii a 7-5Ind (dt /.s (+7, -Z). At the upper two temperatures baa /k 4 1 a 7.5 and 40b/kc1 = 6 (H7, -2).
THEPHOTOCHEMHICAL OXIIIATION OF FORMAAtE E THE PH4OTOCHEMICAL CXI ATIO OF FORMALD8EHDFormaldehyde in the presence of N, and/or 02 (usually dry rir)was Formaldehyde in the preece of N2 and/or 0, (usually dry air) wasphotolyned with a medium pressure Hg lamp used In con~unchon with various I photolyzed with aa ediun pressure Hg lamp used in conjunction with various

filterswhich transmit different relative amounts of Noglines from 2894 A to3660 A. filters which transmit different relative amounts of Hg lines from 2894 A to 3660 A.It was hoped to measure the following branching ratios as functions of total pres-	 It was hoped to measure the following branching ratios as functions of total pros. 
sure, temperature,0 + K' Wf l O + nH2 Andwavelength,Rate e la 75 	 I sure bh r f 00 + H a 75s temperature,00+ Rte s 1H2 I ,and wavelength, 

H CO + in - H + CO Rates IIa 762 2 	 CO + hv- H + CO Rate IR 762 2 A 
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THE REACTIONS OF O)D)AND O WITH CH OH 1.9.2 Chemical Aeronomy THE REACTIONS OF O(1D)AND OH WITH OH O 
NZO was photolyced at 2139 A'inthe presence of CH30H atn CO. Thee d 	 I N O was photolyzed at 2139 A In the presenbe of CH3OH an3CO. The

produs in the photolysis could react with CH3OH to produce ON radtals, 	 2
O(ID)produced in the photolysis could react with CH3OH to produce O radicals,an thus the reactions of bothOD) andOH could be studied. The reaction of 

3 Andthus the reac o both 01D) ad OH could ho studied. The reatin of 
O( D) withCH3 OH was found to give OH 46 + 10%of the time and 0( p) c 5% of the 3 

ctlime Presumably the remainder 	 O(ID)with CH OH ws found to ive 0146 + 10% of the time and o1 p 5% of theof the rection produced CH 0 H or HCO plus 	 time. 33	 Presumably the remainder of the r ton produced CH3 0 H or H2CO plus
H20. The relative rate coefficient for O(ID) reaction with CHO tom pared forO 


2

N 2O was found to be S. 5 + 2. 0 at both 25 and72-C. rate coefientIati 	 The retail--t *efficient e2)reactionwith C 0 compared tof Ah 	 05 The relttve Ad . rate coeffocOentiR.Tr stya.o 	 20.v wasfundto e0 +20a oh2 n 20 h eaiert ofiinSmpard tcCO 0.6 + 0.10at25C 0 98+ 	 n Hfor 0O0reacting with CHt copae tot COHi ±010 	 0.6 at 250 0a 2C cdmpared toCO is0.63 0.at2Cand.98+ and 0. 98 	 +0.20 	at 7ZC. 0.20at72oc.
 

OXIDATION OF THE HCO RADICAL 
r 	 OXIDATION OF THE 1CO RADICALMtutres of Cla 0'M60 and sometimes CIlHo hoin 	 of Ct,3 tsvrltmea H z toO.photodaco...... the or wereh irradiatedtmat 	 MixtursC N2 	 0,, HNCO, and sontimnes N or He were ireadiated at3660 A at severalh 	 2The chlorine Ato 	 3660 A at several temperatures to photodecoenpose the Cli. The chlorine atomsabstract a hydrogen atom from HZCQ to produce HCO rad eals which can react 	 abstract a hydrogen atom from H2CO to produce CO radcals which can react 
with 0'. (1)100f+(3awith 02 C+O ~ 

C OZ2 ( M)' HCH 33a OM)C + O (+X)-C HC03 (+M) 3HCO ++ O - CO + Ne 	 331,bO+0
O 3 	 w O 33aCO + O 	 O 2
HCO + 0	 33e2 	 HC+ "0+ HltIHCO HCO + 0 CO + ON 33.

2 +0O22 ' COa+ Oa . S3t 

The HCO3 radical ultimately becomes HCOOH, so that HCOOH. CO, and CO2 The HCO 3 radical ultimately becomes HCOOH, so that HCOOH,CO, rd CO2become measures of the relative importance of the three reaction paths. It was 	 become measures of the relative importance of the three reaction paths. It wasfound that k a/k , 5 + I and k,c/kc3a 0. 19 at a 2)00 (total pressure a 623	 found that k33//k3 R 5 + Iand k33c/k C 0.19 at a 23°0 (total pressuret 62to 704 Torr and .ltC (total pressure - to688 Tort). Values could not be 	 to 704 Torr) and .7C(total pressure Ik to688Torr). Values couldnot be
obtained at -37 or .500C because of changes in the snethantam. 1 6 	 obtained at -37 or =500c because of changes in the mechanismAt the upper two temperatures Ito /e 4 h a 7.5 and k / bE (+7, -2). Attheupper twotemperatur 4/k.bAta 7.5and k4b/k = 6 (+7. -2).THE PHOTOCHEMICAL OXIATIN OF FORMA LDERhE 

Z Formaldehyde in the presence of N2 and/or 0 (usually dry air) wasFormaldehyde in the presence of NZ and/or O (usually dry air)wasphotolyaed with a medium pressure Hi lamp used i.conjunction with various photolyzed with a medium pressure Hg lamp used in conjunction with variousfilters which transmit different relatlive amounts of Hg lines from 2894 A to 3660 A. filters which transmit different relative amounts of Hg tines from 2894 A to 3660 A. 
It was hopedto measure the following branching ratio. as functions of total pro- Itwas hoped to measure the following branching ratios as functions of total pros­
sure. temperature, W and wavelength, sure, temperature, I , and wavelength.
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but tack of a emplete understa1dlng o the mocharnern prohibits an unambiguous 
interpre tatoo of tharetull. 

The results sgest that ractioc 75 and 76 might decrease with lacre ing 
to.l presure. Tifaliatot of very reasonable assumptions leado. in.a high 
pressure value of S. 9 fr k 7 /k snd a hall quenching pressure of St Torr forr~ehrouacepro 

realtion 33. Tht Cona, a.jAboN e Catn'tt,.3 3 
i dens t tat .tr. donatm 6Z Trr. Is caa nforomr,enttotal pressureso 	 r do. However, to bar u l 


ea a.a .... Torr obtainedoltthis
run worn done at or Tare. 	 The d poeant r eos .a ofC 
study I. based on.everal eepratner.ta dkr over a total preseute rai o of 64 to 
p3 Tor. Thu., t. iesult 1. believed to be or.e reliabls. 

Th aversgo value, obtained for 4gc from eight parotee Indies were 1.27 
(toe tdl 1 0.$5 (f1iveeotdesia d . o t (1-.r diea.. The value of ) 55 
Sotonvery good agreement the . with valueseand vtaue of 1 0. 30 is in fair .re.enl 
fend by rthrs in r formaldehyde Inhe phosioysn h 

but lack o a complete understanding of the mechanism prohibit an nearbigeous 
interpretation of the reauts. 

The reeclt suggest that reaction 75 and 76 might decrease withtIncreastti 
total pressure. The applicatio of very rentonable a.s.oripelon leads to a highWthoateo 

pressure value 5. 9lor Ie& km/la and a halfl quenching pressure of 88 Tare fi 


T a
reaction 1a. I enta fiesan result, preesuted above that lela was pressure 
idep denrtor total pressures do. . 62 Torr. However, in Cha studyonly .ne 


ato wap dee or 62 Tore. The hall ochiog pressure of S Tarr obtained to the 

study 1. bused several.1experiments done over a total pressure range of 646 o 

S Tor. Thus, let t Is holtvd to ho tutrs reliable,. 


The averae values orainedIor ' f.rom eight septrai studies were 1.7 

ont. (ave sds u n eod 


is In very good ageee.t nd he value of 1 0.30 is in fair agreement with uivalue 
foteudby oher. in the photlysis of formaldehyde 1n theabsene of 0,. 

but lack tof" a complete undecrtta.ing of the sechenmea prohibuts an unambiguoush 
iuterr eet of tae results. 

The results suggest that reaction 75 and 76 might decrease ule increasing 
ttal p oure. The plieton of very rean.ablea p n lead. is e high 
preseureeanoive valide oftheootes5.9 for l }a/etstl3b er and a half quaechingabovepressurettu k of 8 Toarr for31,. otts paesoeaed 3 was pressure 
tee1-.s--depenen fur tota I, . Howvera1p.eures r. that. aty oly one 

62 Tore. However. Independent N Wst nl 

rue -ea dose or by Ite The hlf quarris, pessuce of 88 Tore obtined. gohis 
study I. based on several rmep meutes dine over a toal pressure range or 646 to 
35 Tore. Thu). lhis result to bWlieved Sobe n-ne reliable. 

The averagell ice, obtained for Lenn eight sTe ,ate tudais were 1.27 
onetudyt 0.55 (five studlesh. and 0. 0 "(e atdles. The value of 0. 55 

. 
value . is fair agreement with vOrues 

th hto absence o 02. 
is In very good agreement ard the of 30 a 

but lack of a comptete understarding of the muchoulon, prohibits an unambiguousn
interpratio o the result. 

Tngeresults suggest teat raction 75 and 76 m.ght decrease ' .itincreasIng
of ve a.eapien high 

presure value of 5. 9 'a3eaekenb and a halt queltbin$ pressure of it tore for 
retationa la. This -etra tle 1oee . I e sreeted ahove thot k3 3 

a ra pressure 
indepedatde for totmal presure. do- W062 Tarr However. nthat study only 00. 
rs was 

total poessr. The rraonhble s lead ro 

done .i 62 Tor. The halratena ite pressure . 8 Tore obtained In this 
sltudyin based on several experis ente done over a total pressure ran go of 646 to 
35 Torr. Thus, this result to believed to be more rel able. 

The average molres rodeo for # from eight sencaeTheudis were 1 21 
. nverl a.he¢ of . a ) areemen withvalue Cateagerchnen 1 0.. u, s a.5 

Iound by others in the photelysis of formaldehyde in the absence of 0, 

http:eepratner.ta

