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Summary 

The steady state photolysis of iso-butyraldehyde (i-C&CHO) was 
studied in the presence of O2 at 263 and 294 K at several incident wave- 
lengths, The quantum yields of CO and C3Hs were measured. From them the 
primary quantum yield Q[C&18) of the molecular process to produce CO + 
C&H, and the primary quantum yield @(rad) of the free-radical process to 
produce i-C3H7 + HCO were deduced. Likewise the flash photolysis of i- 
C3H,CH0 was studied in the presence of air at 298 K. The transient absorp- 
tion of ROz radicals was monitored, and relative quantum yields were 
obtained with 284.0, 302.5, 311.7, 325.0 and 330.5 nm incident radiation. 
The quantum yields were not pressure quenched, except for very slightly at 
330.5 nm. They followed the same trends with incident wavelength as seen 
in the steady state photolysis. 

The mechanism describing the primary process is 
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where R represents i-C&, , A represents the aldehyde, the superscripts 1 and 
3 represent excited singlet and triplet states respectively, the subscripts ?z 
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and 0 represent excited and ground vibrational levels respectively and M 
represents O2 and Ns. k2Jk2 = 0.43 and k&k, = 0.31 at 253.7 nm 
and 280.3 nm respectively and k-/k? = 0 at 302.2 nm and longer wave- 
lengths. The quenching of 3A, by O2 or N2 is quite inefficient, the half- 
pressure for quenching increasing with temperature and incident energy. 
Under all conditions studied it is 1200 Torr or greater. However, quenching 
of 3A, by i-C,H,CHO is quite efficient with k,/k, = 32.1 f 10.0 Torr at 
312.8 nm and 294 K. The quenching of A, is insensitive to variations in 
temperature or incident energy. An approximate value for ks/kr) was esti- 
mated to be about 108 Ton-. From the mechanism, radical quantum yields 
could be estimated at atmospheric pressure at several wavelengths. These 
lead to atmospheric photodissociation coefficients for radical formation at 
298 K of 7.6 X 10e5 s-l and 5.9 X 1O-5 s-l for solar zenith angles of 30” and 
5 8” respectively. 

1. Introduction 

The photodissociation of aldehydes is important in the production of 
photochemical smog. The radical products are responsible for driving the 
chemical cycles which convert NO to NOz. Therefore a number of studies on 
the simple aliphatic aldehydes have been undertaken in recent years. These 
include studies on CHIO [I - 23], CHsCHO [l, 24 - 421 and C2H,CH0 
[43 - 501. 

From these studies, a general picture of the primary process has 
emerged. The mechanism is believed to be 
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where A represents the aldehyde, the superscripts 1 and 3 represent excited 
singlet and triplet states respectively, and the subscripts )2 and 0 represent 
excited and ground vibrational levels respectively. 
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The photolysis of iso-butyraldehyde (i-C&CHO) has been examined in 
a few studies. The early studies [51, 521 were devoted to determining the 
products and their quantum yields. The major products were found to be 
CO, C$ls and radical products expected from i-C& radicals, together with a 
small amount of Hz (a = 0.03 [52]). 

Borkowski and Ausloos [45] measured the relative fluorescence yields 
at 308, 342 and 392 K with 313.0 nm incident radiation and at 308 K with 
334.0 nm incident radiation. With 313.0 nm radiation, the fluorescence yield 
decreased by about 30% at 308 K, remained unaffected at 342 K and de- 
creased by 15% at 392 K as the i-C&CHO concentration was increased 
from 0.16 X 10m3 to 5.73 X 10m3 M. With 334.0 nm radiation at 308 K, the 
fluorescence yield was unchanged as the concentration was raised. For all 
practical purposes, we can assume the fluorescence yields to be independent 
of pressure in conformance with expectations from the mechanism presented 
above. 

Borkowski and Ausloos [45] also measured the phosphorescence of 
biacetyl induced by ground vibrational levels of triplet i-C3H,CH0. This 
yield increased with i-&H,CHO pressure (334.0 nm radiation; 306 K) in 
conformance with the above mechanism. The half-quenching pressure was 
about 40 Torr. 

Encina et ai. [53] measured the lifetime and self-quenching of the 
excited singlet state of i-C3H1CH0 in hexane solution. They found the zero- 
pressure lifetime to be 1.0 ns and the self-quenching rate coefficient to be 
2 .O X lo9 M-l s- ‘. Combination of these two values leads to a calculated 
half-quenching pressure of 4800 Torr. 

We have undertaken to obtain the product quantum yields as a function 
of pressure, wavelength and temperature for i-&H&HO. Those results are 
reported here. 

2. Experimental details 

2.1. Steady stute photolysis 
The steady state photolysis was performed as described by Heicklen 

et al. [ 541. The total pressure was brought to the desired value by adding dry 
O2 and, in some cases, N, . 

The experiments were performed at 253.7, 280.3, 302.2, 312.8, 326.1 
and 334.1 nm. A Hanovia medium pressure lamp (type SH) together with a 
Hanovia lamp stabilizer (type 30620) was used for the 280.3, 302.2, 312.8 
and 334.1 nm lines. The 312.8 nm line and the 334.1 nm line were isolated 
by using Corion SM 3130-2 and SM-3340-2 interference filters respectively. 
The bandwidth full width at half-maximum (FWHM) of these filters is ap- 
proximately 8 nm. The 280.3 nm line was isolated by using a P/N 35-2849- 
99 interference filter of diameter 1 in from the Ealing Corporation. Its peak 
emission is at 279.2 nm and it has a bandwidth (FWHM) of 11.3 nm. In 
addition to the 280 nm line, the mercury line at 275.3 nm, which is con- 
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siderably weaker, was also passed. There is also a weak mercury line at 260.3 
nm, but it contributes only 2% of the intensity of the 280.4 nm line. The 
302.2 nm line was isolated using a JarreWAsh 0.25 meter Ebert mono- 
chromator (model 82410). Both entrance and exit slits were 2 mm. The 
bandpass of the monochromator was 7.5 nm under these conditions. From 
the measured lamp intensities at 297 and 302 nm, it was determined that 
with the monochromator set at 302 nm, 14% of the light passing through 
the exit slit was from the 297 nm line. 

For the experiments at 253.7 nm, a low pressure U-shaped mercury 
lamp (model 687-A45) from Conrad Hanovia was used. The 184.9 nm line 
was removed by absorption in the air before striking the cell. 

The 326.1 nm line was isolated using a Philips cadmium resonance 
lamp (model CdO9A (931073)) with a Corning O-54 filter to remove the 
228 nm line. 

CO and C& were the products of interest and were determined by gas 
chromatography with a thermal conductivity detector. CO was separated on 
a stainless steel column (5 ft X l/4 in) packed with 5A molecular sieve. 
C&Is ‘was separated on a Teflon column (10 ft X l/4 in) packed with 
Chromosorb 101 (diatomaceous earth). The molecular-sieve column was 
operated at room temperature with a helium flow rate of 60 ml min-’ 
whereas the Chromosorb 101 column was operated at 363 K with a helium 
flow rate of about 40 ml min-‘. 

Azomethane was used as an actinometer at 312.8, 326.1 and 334.1 nm, 
and phosgene was used as an actinometer at 253.7 nm. Both actinometer 
procedures have been described by Heicklen et al. [54]. 

Since the quantum yield for CO production at low pressure (10 Torr 
each of O2 and aldehyde) at 253.7, 312.8, 334.1 and 326.1 nm was found 
to be unity, actinometry at 280.3 and 302.2 nm was performed by 
photolysis at a low pressure of aldehyde and 0,, and @(CO) was assumed to 
be 1.0. 

2.2. Flash photoiysis 
I-C&I&HO (15 - 30 Torr) was photolyzed with a frequency-doubled 

dye laser at 284.0, 302.5, 311.7, 325.0 and 330.5 nm (uncertainty in wave- 
length measurement, kO.3 nm) in the presence of 30 - 650 Torr of dry room 
air. The arrangement of the apparatus is essentially as described previously 

r411. 
Actinometry for quantum yield determinations was done by photolyz- 

ing Cl,-O,-C,Hs mixtures (4 - 8 Tom Cl, in about 45 Torr O2 which con- 
tained about 6.9 mol.% hydrocarbon). The absorption coefficients used for 
Cl2 were those measured in our laboratory, while those used for i-CsH,CHO 
were taken from the literature 1551. Table 1 lists these absorption coefficients 
together with literature values. The photolysis of the Clz--02-CsHs mixture 
generates both the n-CsH702 and the i-C&O2 radicals. The absorption cross 
sections of these radicals are not known. Thus absolute actinometry results 
cannot be obtained. Relative quantum yields were obtained by assuming tbe 
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TABLE 1 

Absorption cross sections u for i-CJHyCHO and Clz at 298 K 

A (nm) lOzoO * (cm2) 10% b (cm’) 

i-C3H7CH0 
284.0 
302.5 
311.7 
325.0 
330.5 

Cl2 

284.0 
302.5 
311.7 
325.0 
330.5 

5.70 
5.43 
3.76 
1.84 
0.89 

3.98 4.20 
12.9 13.1 
17.0 19.4 
25.0 25.1 
25.4 25.6 

Yhis work. 
bLiterature values: for i+H,CHO, from Calvert and Pitts [ 551; for Cl,, from NASA 

1561. 

same cross section for both radicals. Since in many cases these quantum 
yields significantly exceed 1.0, it is clear that this assumption is in error. 

2.3. Ma teriais 
i-CJH,CHO (Aldrich, Gold Label, 99.7%) was purified by trap-to-trap 

distillation from 212 K to 142 K. Cl, (Matheson, research grade) was passed 
over KOH to remove HCl and was degassed at 77 K. The CsHs (Matheson, 
ultrahigh purity) was used directly from the cylinder. Laboratory air was 
used after being dried by rapid passage through a trap at 77 K. The 
Matheson 02, N3, CO and CsHs were extra dry, prepurified, chemically pure 
and chemically pure grade respectively. All gases were handled in a conven- 
tional glass vacuum line containing Teflon stopcocks and Viton O-rings. The 
CIZ pressure was measured using an H,SO, manometer, the CzH&HO pres- 
sure using a Wallace and Tiernan model FA-160 O-50 Torr absolute pressure 
indicator and the air using a calibrated NRC 820 Alphatron gauge. 

3. Results 

3.1. Steady state photoiysis 
i-CsH&HO was photolyzed at several incident wavelengths in the 

presence of excess O2 and in some cases O2 and Nz. The products measured 
were CO and C&s since these products give a direct measure of two photo- 
decomposition pathways: 
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I’-C,H,CHO + hv - C3Hs + CO (0 
02 

+ CsH, + HCO - HOz + CO (ii) 

The quantum yield @(CJHs) of C3Hs formation is a direct measure of the 
yield of the molecular process, whereas the quantum yield @(CO) of CO 
formation is a direct measure of the sum of the molecular and free-radical 
processes. Thus the quantum yield @(rad) of the radical process is given by 
@(CO) - *(CsHs). 

First, studies were done to determine the effect of the extent of con- 
version on the product quantum yields. The data for @(C&Is) are given in 
Table 2 for three incident wavelengths. It can be seen that the extent of 
conversion at 253.7 nm has only a small effect (7%) on @(C&Is), for conver- 
sions of up to 51 mTorr C3Hs. Likewise at 280.0 nm a small fall-off (5%) in 
@(CsHs) occurs as the conversion increases from 6.5 to 28.5 mTon C&s. At 
312.8 nm the effect is more dramatic and a considerable fall-off in +(C$fs) 

TABLE 2 

Effect of conversion on CsHs quantum yields in steady state photolysis 

[W%I (mTo=) Irradiation time (min) 

X = 253.7 nm. T = 294 K, Ia = 1.70 x lO* photons min-1 per i-C3H,CH0 molecule, 
[ i-C3H7CHO ] = 10.1 * 0.1 Torr, [O,] = 90 Torr 
10.7 10.0 0.63 
20.8 20.0 0.61 
31.7 32.0 0.58 
40.0 40.0 0.58 
50.9 50.0 0.59 

x = 280.3 nm, T = 294 K, Ia = 6.6 x 10m5 photons min-’ per i-C3H7CH0 molecule, 
[i-C3HTCHO ] = 10.0 f 0.1 Torr. [O,] = 15 Torr 
6.5 15.0 0.65 

12.8 30.0 0.64 
16.6 40.0 0.63 
24.9 60.0 0.62 
28.5 70.0 0.62 

h = 312.8 nm. T = 294 K, Ia = 4.5 x lO+ photons min-i per i-C3H&HO molecule, 
[i-C3H&HO] = IO.1 + 0.15 Ton-, {O,] = 80 Torr 

6.0 20.0 0.066 
9.8 35.0 0.061 

13.8 50.0 0.061 
16.0 45,oa 0.054 
16.4 66.0 0.054 
19.5 110.0 0.039 
21.3 90.0a 0.034 
23.5 173.0 0.030 
26.1 169.0 0.034 

“I, = 6.6 x lo-* photons min-’ per i-CaH7CH0 molecule. 
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occurs as the conversion increases from 6.0 to 26.1 mTorr CaHs. However, 
for conversions below 13.8 mTorr C3Hs there is less than 10% fall-off. 
Comparable data for CO conversions at 312.8 nm are given in Table 3, 
where it can be seen that the extent of conversion has no effect even for 
very large conversions. 

The effect of pressure on the quantum yields was measured at six 
incident wavelengths and two temperatures for [r’-&H&HO] = 10.0 Torr. 
The results are shown for CsHs formation in Table 4 and for CO formation 
in Table 5. For the C& measurements, the extent of conversion was kept 

TABLE 3 

Effect of conversion on CO quantum yield in steady state photolysisa 

[CO] (mTorr) Irradiation time (min) @(CO) 

45.6 10.0 0.88 
71.1 15.0 0.92 

119.2 25.0 0.91 
186.4 40.0 0.89 
234.8 50.0 0.90 

aX = 312.8 nm, T = 294 K, I, = 4.5 X 10m4 photons min-’ per i-CaH7CHO molecule, 
[i-CaH&HO] = 10.1 k 0.1 Torr and [O,] = 135 Torr. 

TABLE 4 

Effect of 01 and Nz pressure on the C3Hs quantum yield in steady state photolysis for 
[i-CsH,CHO] = 10.0 f 0.02 Torr 

[021+ IN21 (Tom) [Nzl (To=) Irradiation time (min) WC, HFJ 

?t = 253.7 nm, T = 294 K, Ia = 1.12 x I 04phofons min-’ per i-CsH&HO molecule 

16 0 33.0 0.78 
22a 0 12.0 0.76 
22 0 31.0 0.73 
30 0 30.0 0.82 
55 0 31.0 0.67 
91 0 31.0 0.62 

110 0 30.0 0.59 
161 0 46.0 0.57 
180 0 35.0 0.57 
283 0 45.0 0.53 
350a 328 12.0 0.51 
351 0 50.0 0.53 
402 0 54.0 0.54 
500 0 30.0 0.50 
595 0 32.0 0.49 
570a 548 13.0 0.47 
735a 713 12.0 0.48 

(continued) 
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TABLE 4 (continued) 

[021+ W21 CTon) IN21 (T-1 Irradiation time (min) Ww38) 

X = 280.3 nm, T = 294 K, la = 9.6 x 1 fF5 photons n&z-1 per i-C3H7CH0 molecule 
15 0 16.0 0.68 
15b 0 31.0 0.62 
50 0 25.0 0.59 
85 0 25.0 0.54 

157 0 30.0 0.46 
240 0 32.0 0.44 
25fjb 240 31.0 0.43 
330 0 30.0 0.41 
430 0 40.0 0.38 
490b 475 31.0 0.38 
530 0 30.0 0.38 
680 68: 38.0 0.34 
695 25.0 0.38 
710b 695 31.0 0.38 

?I = 280.3 ram, T = 294 K, Ia = 7.4 x 1 O-’ photons min-g per i-C3H&HO molecule 
40 0 25.0 0.56 

131 0 30.0 0.46 
255 0 30.0 0.42 
298 0 30.0 0.40 
400 0 35.0 0.36 
496 0 42.0 0.42 
645 0 40.0 0.32 

A = 302.2 tam, T = 294 K, Ia = 1.56 x 10-sphotons min-’ per i-C3HyZHO molecule 
28 0 359.0 0.329 
80 390.0 0.152 

112 : 340.0 0.138 
190 0 455.0 0.079 
311 0 560.0 0.053 

x = 312.8 nm, T = 294 K, 1, = 5.9 X 1 O* photons min-' per i-C3H,CH0 molecule 
22 0 16.0 0.136 
46 0 30.0 0.081 
80= 0 45.0 0.054 
80 0 45.0 0.051 

187 0 60.0 0.027 
186 0 60.0 0.030 
279 0 60.0 0.019 
316 0 61.0 0.019 
441 0 82.0 0.014 
555 0 60.0 0.013 
560c 0 45.0 0.017 
695 0 45.0 0.017 

(continued) 
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TABLE4 (continued) 

[O,l+ [Nzl {Tom) [Nzl (‘I’-) Irradiation time (min) WC3W 

x = 312.8 nm, T= 294K, I,= 5.1 x JO4 photons min-‘per i-CaH&HO molecule 
25 0 31.0 0.112 
50 0 25.0 0.092 

160 0 30.0 0.051 
200 0 45.0 0.030 
302 0 70.0 0.024 
470 0 70.0 0.020 
685 0 111.0 0.015 

h = 326.1 nm. T = 294 K, I,, = 9.8 x 1 0m5 photons min-’ per i-C3H,CHO molecule 
22 0 35.0 0.263 
22 0 64.0 0.275 
70 0 50.0 0.152 
70 0 90.0 0.149 

140 0 120.0 0.050 
145 0 220.0 0.060 
150 120 180.0 0.064 
200 0 250.0 0.031 
252 0 228.0 0.027 
365 0 495.0 0.016 

i = 326.1 nm, T = 294 K, I, = 7.6 x 1 Oe5 photons min-l per i-CJH,CHO molecule 
17 0 55.0 0.315 
40 0 85.0 0.185 
90 0 120.0 0.142 

134 0 200.0 0.055 
190 0 211.0 0.032 
265 0 215.0 0.028 

x = 334.1 nm, T = 294 K, Ia = 1.95 x 1 OS5 photons min-1 per i-C3H7CH0 molecule 
38 0 480.0 0.264 
53 0 510.0 0.202 
62 0 440.0 0.162 

190 0 550.0 0.074 
293 0 642.0 0.058 
368 0 720.0 0.050 
505 0 754.0 0.039 

x = 280.3 nm, T = 263 K. Ia = 6.1 X 10e5 photons min-1 per i-C3H&H0 molecule 
15 0 86.0 0.57 
32 0 105.0 0.53 
58 0 76.0 0.49 
61 0 90.0 0.49 
95 0 90.0 0.46 

130 0 100.0 0.45 
210 0 104.0 0.42 
305 0 92.0 0.39 
405 0 90.0 0.35 
505 0 106.0 0.34 
640 0 75.0 0.32 
640 0 96.0 0.30 

(continued) 



146 

TABLE 4 (continued) 

If&l+ [NJ(Torr) EN21 (Tom) Irradiation time (min) wms) 

A = 3Z2.8 nrn, T = 263 K, la = 5.1 X 1 O* photons min-’ per i-C$Y#iO molecule 
20 0 35.0 0.112 
80 0 40.0 0.074 

165 0 51.0 0.043 
235 0 40.0 0.043 
305 0 55.0 0.041 
405 0 55.0 0.030 
540 0 61 .O 0.026 

x = 326.1 nm, T = 263 K, la = 7.8 x 1 Oe5 photons min-’ per I-C~H&FZO molecule 
12 0 70.0 0.170 
35 0 85.0 0.123 
57 0 110.0 0.103 

135 0 163.0 0.070 
185 0 190.0 0.053 
255 0 240.0 0.044 

“Ia = 1.74 X lo* photons min-* per i-CsH&HO molecule. 
bZ = 6.6 X 10m5 photons min-’ 
CZi = 

per i-CsH&HO molecule. 
6.6 x lo+’ photons min-r per i-CsH-CHO molecule. 

TABLE 5 

Effect of O2 and N2 pressure on the CO quantum yield in steady state photolysis for 
[i-CsH,CHO] = 10.0 f 0.2 Torr 

1021 (To=) Irradiation time { min) WCC) 

x = 253.7 ttm, T = 294 K, la = 1.Z2 x 1 Oe4 photons mine1 per i-C3H&H0 molecule 
18 90.0 0.93 
34 50.0 0.86 
36 95.0 0.38 
87 95.0 0.78 

113 100.0 0.76 
116 85.0 0.76 
182 91.0 0.72 
212 90.0 0.71 
260 85.0 0.72 
270 105.0 0.72 
282 95.0 0.71 
348 120.0 0.67 
372 100.0 0.64 
400 120.0 0.65 
462 102.0 0.65 
530 105.0 0.65 
660 175.0 0.65 

(continued) 
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TABLE 5 (continued) 

CO21 (Ton-1 Irradiation time (min) I 

h = 280.3 ram, T = 294 K, X, = (5.1 2 0.2) X 10e5 photons min-‘per i-C3H&HO molecule 
2.7fSa 245.0 l.Oob 
25 200.0 0.84 
42 180.0 0.78 
80 180.0 0.81 
175 190.0 0.79 
270 181.0 0.76 
385 235.0 0.76 
485 245.0 0.75 
640 185.0 0.76 

h = 302.2 nm, T = 294 K, I, = 1.56 X 10-5photons min-’ per i-C3H&HO molecule 
16 260.0 0.99b 
29.5= 240.0 0.87 
77d 348.0 0.80 
80 300.0 0.79 
115 362.0 0.72 
190 310.0 0.62 
245 432.0 0.62 
262 375.0 0.67 
313 426.0 0.58 
380 510.0 0.60 
390 540.0 0.54 
448 518.0 0.51 
615 540.0 0.53 

x=312.8 nm, T= 294K,I,= 5.9 x 1 @photons min-' per i-CaH,CHO molecule 
8.6 20.0 1.05 
26.3 21.0 1.04 
42 20.0 0.98 
80 20.0 0.96 

115 20.0 0.96 
126 20.0 0.98 
165d 20.0 0.94 
190 20.0 0.87 
277 20.0 0.92 
314 20.0 0.96 
438 20.0 0.91 
480d 20.0 0.89 
552 21.0 0.86 
637 20.0 0.88 

A= 326.1 nm, T = 294 K, I,= 6.7 X 1 0T5 photons min-' per i-CJH,CHO molecule 
22 205.0 0.98 
55 185.0 0.89 
95 180.0 0.86 

122 185.0 0.88 
178 212.0 0.91 
210 190.0 0.88 

(continued) 
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TABLE5 (continued) 

fozl (Tom) Irradiation time (min) @(CO) 

250 255.0 0.88 
292 210.0 0.79 
315 181.0 0.80 
405 195.0 0.85 
495 286.0 0.78 
565 220.0 0.78 
580 205.0 0.79 

x = 334.1 nm, T = 294 K, I, = 1.95 X IO+ photons min-‘per i-C3H7CH0 molecule 

20.8 360.0 1.08 
28.8 380.0 1.03 
50 479.0 0.95 
82 450.0 0.94 

117 430.0 0.91 
191 485.0 0.83 
292 480.0 0.75 
363 494.0 0.73 
502 490.0 0.71 

h = 280.3 nm, T= 263 K,I,= 7.0 x 10-5photonsmin-' per i-C3H&HO molecule 
15 86.0 0.92 
32 105.0 0.85 
58 76.0 0.92 
95 90.0 0.83 

130 100.0 0.92 
210 104.0 0.87 
305 92.0 0.91 
405 90.0 0.84 
505 106.0 0.87 

x=312.8 nm, T= 263 K,I,= 5.1 x lO+photons min-'peri-C~H,CHOmolecule 
17 15.0 0.99 
22 15.0 0.97 
39 15.0 0.98 
55 21.0 0.93 
77 18.0 0.91 

130 18.0 0.91 
210 28.0 0.84 
315 20.0 0.87 
412 20.0 0.83 
530 20.0 0.78 

h = 326.1 nm, T = 263 K, I, = 7.8 X 1 Om5 photons min-’ per i-C3H7CH0 molecuk 

10 159.0 0.77 
35 145.0 0.79 
55 196.0 0.71 
85 187.0 0.70 
90 170.0 0.69 

138 181.0 0.67 

(continued) 
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TABLE 5 (continued) 

1021 (T-1 Irradiation time (min) @(CC) 

205 188.0 0.66 
240 180.0 0.61 
320 217.0 0.53 
325 190.0 0.61 
400 230.0 0.51 
626 240.0 0.51 
642 245.0 0.48 

*[iCsH7CHO] = 6.34 Torr, I, = 6.5 X .10e5 photons mine1 per i-CaH7CHO molecule. 
bAssumed value. 
C[i-C3H7CHO] = 10.5 Torr. 
dDiluent is dry air rather than O.-J_ 

low (below 12 mTorr at all wavelengths except 253.7 nm) to be sure that 
initial quantum yields were being measured. At all wavelengths both @(CsHs) 
and @(CO) fall with increasing pressure, though @(CO) at all wavelengths 
and @(CaHs) at 253.7 and 280.3 nm reach lower limiting values. 

The effect of O2 pressure on @(C&-Is) at 312.8 nm, 294 K and 
[i-C&T&CHO] = 31.1 Torr is given in Table 6. As at lower i-C&I&HO pres- 
sure, @(C&) falls as [O,] increases_ However, at any O2 pressure @(CsHs) 
is larger at 31 Torr than at 10.0 Torr i-C&I&HO. This is shown more clearly 
in Table 7 which gives the results from a series of runs at constant O2 pres- 
sure, but with various i-C&CHO pressures at 294 K and 312.8 nm. @(C,H,) 
increases dramatically with increasing i-CsH,CHO pressure. In contrast, 
@(CO) is not affected at all, as shown in Table 8. 

TABLE 6 

Effect of 02 pressure on the C3Hs quantum yield in steady state photolysis for 
[i-CaH,CHO] = 31.1 f 0.1 Torr at 312.8 nm and 294 Ra 

1021 (Torrl Irradiation time (mm) WC3W 

29 3.00 0.54 
94 3.00 0.41 

184 3.00 0.40 
217 3.50 0.40 
274 4.00 0.35 
349 3.00 0.34 
381 3.00 0.32 
475 4.00 0.31 
567 4.00 0.24 
614b 4.00 0.26 

“I, = (2.72 -+ 0.02) x 10*4photons cm-3min-‘. 
b[O,J = 22 Torr; [Nz] = 592 Torr. 
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TABLE 7 

Effect of i-QH,CHO pressure on the CsHs quantum yield in steady state photolysis for 
[02] = 23 Torr at 312.8 nm and 294 K 

[ i-C3H,CH0 ] 

F-1 

LO21 (Tom) Irradiation 
time (min) 

I, x 10-14 
(photons cm -3 

min-‘) 

*‘(C3&J 

1.69 19 322.00 0.197 0.048 
2.70 23 280.00 0.31 0.064 
4.80 26 32.00 0.56 0.109 
5.08 23 55.00 0,59 0.105 

10.15 18 15.00 1.10 0.197 
19.83 10 8.00 1.95 0.28 
20.11 20 8.00 1.98 0.24 
23.61 22 4.50 2.18 0.35 
23.65 22 4.00 2.55 0.36 
33.88 22 3 -00 2.84 0.57 
36.99 22 3.00 2.95 0.61 
38.17 22 2.00 3.00 0.90 
38.20 23 2 .oo 3.00 0.92 
39.19 21 2.00 3.10 1.09 
39.86 23 2.00 3.08 0.79 

TABLE 8 

Effect of i-CsH&HO pressure on the CO quantum yield in steady state photolysis for 
[O,] = 23 Torr at 312.8 nm and 294 K 

[ i-C3H&HO] 

(Tom) 
1021 (To=) Irradiation 

time (min) 
Ia x lo-l4 
(photons cmm3 
min-‘) 

WCO) 

1.69 20 322.0 0.197 1.02 
5.00 20 85.0 0.58 1.09 

35.6 24 10.0 3.06 1.10 

The data for @p(C$Is) at constant i-&H&HO pressure are fitted to the 
Stern-Volmer function 

where @(CsHs)_ is the high pressure limiting value of rP(C$Is), CY and 6 are 
constant at any i-C&I,CHO pressure and [M] = [O,] + [NJ, The left-hand 
side of eqn. (I) was calculated using the extrapolated values @(C3H8)_ = 0.43 
at 253.7 nm, @(CsHs)- = 0.31 at 280.3 nm and (s(C&& = 0.0 at other 
wavelengths. Plots of this function versus [O,] + [NJ are given in Figs. 
1 - 3 at the various wavelengths and both temperatures. The data for the 
three wavelengths where data were obtained only at 294 K are shown in 
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64 

EO,l + IN,l, Torr 

Fig. 1. Plots of {@(C3Hs) - dp(CJHs)o}--’ vs. [O,] + [ Nz] at 294 K for [i-C3H,CHO] = 
10.0 Torr: 0, 253.7 nm; A, 302.2 nm; 0, 334.1 nm. The full symbols are for data where 
N2 is present; the open symbols are where Nz is absent. The plots at 302.2 and 334.1 nm 
are displaced upward by 20 and 30 units respectively, for clarity. 

Fig. 1. They all give reasonable straight-line plots. The least-squares values of 
their intercepts l/o and slopes p/o are given in Table 9. 

The data for 312.8 and 326.1 nm are plotted in Fig, 2. At 312.8 nm, 
the data at 263 K are the same as those at 294 K at low [O,] + [N,], but lie 
lower at higher [O,] + [NJ. However, there is so much scatter in the data 
that it is difficult to tell whether this difference is real. For simplicity, we 
fitted all the data to one straight-line plot whose least-squares intercept and 
slope are listed in Table 9. The low temperature data at 326.1 nm give a 
linear plot. However, the data at 294 K show curvature. We do not under- 
stand the reason for this curvature, so again, for simplicity, we have based 
the least-squares line on the low temperature data only. 
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Fig. 2. Plots of (@(CsHs) - *(CSH&)-~ us. [0,] + [N2] for [S&H,CHO] = 10.0 Torr: 
0, 312.8 nm; A, 326.1 nm. Open symbols, 294 K; full symbols, 263 K; half-full symbols, 
Nz present at 294 K. The plot at 326.1 nm is displaced upward by 60 units for clarity. 

The data at 280.3 nm at both temperatures lie on the same line, as 
shown in Fig. 3. Also shown in Fig. 3 are the data at 312.8 nm with 
[i-CsH&HO] = 31.1 Torr. They also give a good straight-line plot. 

From the data in Table 7, we see that 0(&H,) increases with i- 
C&&HO pressure. Therefore we have fitted it to an inverse Stem-Volmer 
plot and plotted +(&Hs)-’ vs. [i-&H&HO 1-l in Fig. 4. The data can be 
fitted by a straight line whose least-squares intercept and slope are 1.12 f 
0.32 and 35.8 f 1.6 Torr respectively, where the uncertainties are one 
standard deviation. 

As already stated, the radical quantum yield @(rad) is given by 

@@ad) = @(CO) - @(C&Is) (11) 
These are calculated using the experimentally measured values of @(CO) and 
the values for @(CL&J computed from the Stern-Volmer plots in Figs. 1 - 3. 
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16 
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CO,1 t CN$,Torr 

Fig. 3. Plots of (*(&Ha)- (P(C3H&}-1 us. [OJ + [Nz]: 0, 280.3 nm, [C3H&HO] = 
10.0 Torr; A, 312.8 nm, [C3H&HO] = 31.1 Torr. Open symbols, 294 K; full symbols, 
263 K; half-full symbols, N2 present at 294 K. 

TABLE 9 

Analysis of C3Hs data for [i-C3H7CHO] = 10.0 Terra 

h(nm) T(K) ‘WAIL 1/a lOqI/& Ly l/8 
(Torr-‘) (Torr ) 

253.7 294 0.43 2.84 f 0.38 2.24 f 0.12 0.35 f 0.05 127 + 22 
280.3 Both 0.31 3.43 f 0.31 2.28 * 0.13 0.29 10.03 150 f 21 
302.2 294 0.00 1.61 f 0.04 5.60 + 0.24 0.62 f. 0.01 29 * 9 
312.8 Both 0.00 10.8 f 3.4 8.65 + 0.98 0.093 + 0.029 125 k 51 
312.8 294b 0.00 1.87 f 0.12 0.34 f 0.03 0.53 f 0.03 550 * 82 
326.1 263 0.00 5.48 * 0.35 6.9 * 0.2 0.18 f 0.01 79 + 8 
334.1 294 0.00 2.78 + 0.65 4.7 + 0.2 0.36 f 0.08 59 * 16 

- 
aAIl uncertainties are one standard deviation. 
b[i-C3H,CHO] = 31-l Torr. 

The values of @(rad) are also fitted to the Stem-Volmer plots 

@(rad)-’ = 
1 + 6[M] 

Y 
WI) 

where 7 and 6 are constants at any i-&H&HO pressure and [M] = [O,] + 

W21- 
The @(rad) are essentially invariant to [M] at 253.7 and 280.3 nm, 

within the experimental uncertainty of the data. They are 0.15 + 0.02 at 
253.7 nm and 294 K, 0.34 f 0.05 at 280.3 nm and 294 K and 0.45 + 0.07 at 
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Fig. 4. Plot of @(CSH~)-~ us. [i-C3H7CH0 1-l for [ 021 = 23 Torr at 294 K and 312.8 nm. 

280.3 nm and 263 K. At the other wavelengths they are plotted uersus 
[O,] + [NJ in Fig. 5. All of the plots are linear. Their least-squares intercepts 
l/y and slopes S/y are listed in Table 10. At 312.8 and 326.1 nm, the data at 
low temperature lie above those at high temperature, though the effect is 
much greater at 326.1 nm than at 312.8 nm. 

3.2. Flash photolysis 
Flash photolysis of i-CjH,CHO-air, or C12-0,-C& mixtures, with the 

laser produces a transient absorption at 250 nm. A sample absorption trace is 
shown in Fig. 6. After the flash, the absorption remains constant for a con- 
siderable time. For the i-C&I&HO-air mixture, if we assume that the 
observed absorption is attributed solely to i-C3H,02, then we can compute 
the relative quantum yields a,,i(rad). These values are listed in Table 11 as 
a function of air pressure and incident wavelength. Pressure variations were 
made only at 311.7 and 330.5 nm. In accordance with the findings of the 
steady state photolysis, there is no pressure quench at 311.7 nm. However, 
at 330.5 nm a slight pressure quench exists. The Stern-Volmer plot of 
&.l(rad)- ’ versus total pressure [M] is shown in Fig. 7. The intercept is 
0.62 + 0.02 and the slope is (2.5 f 0.6) X 10m4 Torr-‘. The ratio of the slope 
to the intercept gives k6/k5 = (4.0 + 1.0) X 10m4 Torr-‘. The reported un- 
certainties are one standard deviation. 
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Fig. 5. Plots of @@ad)-’ as calculated from eqn. (II) us. [Oz] + [Nz] for [i-C3H7CHO] = 
10.0 Torr: A, 302.2 nm; 0, 312.8 nm; 0, 326.1 nm; 0, 334.1 nm. Open symbols, 294 K; 
full symbols, 263 K; half-full symbols, Nz present at 294 K. 

For the four incident wavelengths where the values of ap,,,(rad) can be 
compared they are 0.63 k 0.04 (284.0 nm), 1.20 f 0.04 (302.5 nm), 1.52 f 
0.15 (325.0 nm) and 1.62 f 0.06 (330.5 nm), where the value at 330.5 nm is 
the low-air-pressure limiting value. 

4. Discussion 

The results here are consistent with the mechanism given by reactions 
(1) - (6) with an important modification. i-&H&HO does not quench 
@(CO) and enlarges @(C&Is). This cannot be due to competition between 
i-C$-l,CHO and O2 for the i-C& radical, because replacing part of the O2 by 
Nz does not change @(C,H,). Thus i-C3H,CH0 must act to convert the 
radical-forming step to the molecular elimination step. Consequently we 
consider M to be only O2 and N, in reactions (4) and (6) and treat i- 
C&CHO separately. 

The quenching by i-C3H7CH0 must proceed as follows: 

A,+A- A + removal of A, 

3A,+A---+ A,+A 

-3A0+A 

(7) 

@a) 

(6b) 
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Fig. 6. Plot of light intensity at 250 nm us. time after the flash in the 330.5 nm photolysis 
of a mixture of i-CaH,CHO at 32.9 Torr and air at 14.6 Torr. The time scale runs from 
left to right with a sweep time of 2 w per channel. The fraction of light absorbed is 
0.0050. The plot is an average of 32 shots. 

TABLE 11 

Flash photolysis of i-&H,CHO in air: relative quantum yields or i-C3H702 formation at 
298 f 2 K 

Total pressure [ i-QH,CHO ] 

0’0~) (Torr) 

x = 284.0 f 0.3 nm 

44.2 
44.2 
44.2 
45.1 
45.1 
45.1 
45.8 
45.8 
45.8 

x = 302.5 f 0.3 nm 

44.3 
44.3 
44.3 
44.3 
44.6 
44.6 
44.6 
44.6 
46.4 
46.4 
46.4 
46.4 

X=311.7+0.3nmc 

43.2 
43.2 
43.8 
43.8 
44.9 
44.9 

15.0 0.168 32 0.65 
15.0 0.150 32 0.66 
15.0 0.140 32 0.65 
14.9 0.282 32 0.56 
14.9 0.202 32 0.58 
14.9 0.152 32 0.62 
14.9 0.165 16 0.62 
14.9 0.165 16 0.68 
14.9 0.120 32 0.67 

15.0 0.200 8 1.19 
15.0 0.211 8 1.22 
15.0 0.214 8 1.23 
15.0 0.230 8 1.18 
15.1 0.218 8 1.22 
15.1 0.230 8 1.26 
15.1 0.245 8 1.26 
15.1 0.243 8 1.15 
15.0 0.250 8 1.17 
15.0 0.263 8 1.17 
15.0 0.247 8 1.16 
15.0 0.257 8 1.17 

15.2 0.147 16 5.18 
15.2 0.135 16 5.50 
15.3 0.140 16 5.81 
15.3 0.158 16 5.62 
15.3 0.117 16 4.98 
15.3 0.105 16 5.38 

(continued) 
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TABLE 11 (continued) 

Total pressure [i-C3H7CHO] 

(To=) (To=) 

Ee Nb Qdrad) 

45.4 15.5 0.131 16 5.16 
45.4 15.5 0.115 16 5.16 

250 15.3 0.152 16 5.10 
250 15.3 0.140 16 5.24 
299 15.5 0.130 16 5.71 
299 15.5 0.139 16 5.65 
355 15.3 0.134 16 4.88 
445 15.2 0.137 16 4.90 
445 15.2 0.115 16 5.00 
584 15.2 0.129 16 4.83 
584 15.2 0.130 16 5.16 
598 15.5 0.131 16 5.35 
653 15.3 0.136 16 4.85 
653 15.3 0.139 16 5.21 

X = 325.0 f 0.3 nm 
46.3 
46.3 
47.9 
47.9 
49.5 
49.5 

25.4 0.121 32 1.62 
25.4 0.123 32 1.54 
24.6 0.141 32 1.72 
24.6 0.134 32 1.54 
25.1 0.128 32 1.37 
25.1 0.128 32 1.33 

X = 330.5 f 0.3 ram 

46.4 
46.4 
47.5 
99.4 
99.4 

271 
327 
667 
667 
674 

30.0 0.122 32 1.70 
30.0 0.124 32 1.78 
32.9 0.116 32 1.36 
30.4 0.105 32 1.62 
30.4 0.108 32 1.46 
30.0 0.117 32 1.52 
30.4 0.102 32 1.40 
31.8 0.250 32 1.32 
31.8 0.228 32 1.27 
32.9 0.113 32 1.22 

aAverage relative energy per shot. 
bNumber of laser shots. 
CThese relative quantum yields were obtained from the signal-to-power ratios. No ac- 
tinometry runs were done at this wavelength. Therefore they cannot be compared 
directly with data at other wavelengths. 

Under our conditions, @(CO) is not reduced by increasing the i-C3H,CH0 
pressure. Thus k, should be small and reaction (7) can be ignored. Reaction 
(8b) is necessary to account for the enhanced biacetyl phosphorescence seen 
by Borkowski and Ausloos [45] with increasing [i-C&I&HO]. However it 
must be very small compared with reaction (8a), since *(CO) is not reduced 
below 1.0 at high i-C&H&HO pressure. For the purpose of this discussion 
reaction (8b) can be neglected. 
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Fig. 7. Plot of @d(rad)-* us. total pressure at 330.5 nm. 

In principle, O2 and N2 might also quench 3A, to A,. However, quench- 
ing of 3An by O2 and Nz is so small under our conditions, i.e. *(rad) is not 
greatly affected by changing [O,] or [NJ, that we cannot tell whether this 
occurs. For simplicity in the analysis, we ignore the possibility. Also, the 
data in Table 7 indicate that 3(&I&J approaches 0.00 at low i-&H&HO 
pressure. This requires that reaction (2b) be negligible, at least at 312.8 nm. 
Again for simplicity, we shall ignore reaction (Zb) at all wavelengths. 

The mechanism then consists of reactions (l), (2a), (2c), (2d), (3) - (7) 
and (8a). This mechanism leads to the rate law 

k2a 
WXIs)- = k2 (IV) 

as well as to the rate laws given by eqns. (I) (omitting reactions (6) and (7)) 
and (III) with 

(xs 
Wzolkz)MAllk, 

1+ k,[Al/ks 

k&2 
Y= 

1 + kdAI/ks 

6= blks 
1 +kat-Al/k, 

From these definitions we can see that CY + 7 = k,/k2 and that 

?P(CO)4-J = (Y + y + ~,(c~& (V) 
where @(CO), is the limiting low pressure value of @(CO). Values of the 
right-hand side of eqn. (V) are listed in Table 10 and they do agree with 
@(CO), to within the experimental uncertainty. 



With reactions (6) and (7) omitted the rate law also gives 

{*GI%) - @(CBH~)+=~-~ = (1 + PWI W+/b,)(1+ Wb CA1 1 WI) 
For [M] = 23 Torr at 312.8 nm (data in Table 7), @[Ml < 1, so that a plot of 
the left-hand side of eqn. (VI) versus [i-&H&HO]-’ gives a straight line 
(Fig. 4) with an intercept k2/kzc = 1.12 f 0.32 and slope (kz/k,,)(ks/k8) = 
35.8 + 1.6 Torr. Thus at 312.8 nm k,,/k, = 0.89 and k,/ks = 32.1 f 10.0 
Torr. The latter value is in good agreement with the half-quenching pressure 
of about 40 Torr found by Borkowski and Ausloos [45] at 334.1 nm and 
306 K. 

The half-quenching pressure k5/k6 for O2 and N2 can be found from 6 
and k5/k8 = 32.1 Torr, which we assume to be independent of temperature 
and incident wavelength. Actually k,/k8 should be a function of incident 
wavelength, but for [A] = 10 Torr, 1 + k8 [Al/k, will not differ greatly from 
1.0. The computed values of k5 /k6 are listed in Table 10. There is no 
measurable quenching at 253.7 or 280.3 nm, and k,/k, is very large. It 
decreases as the radiation energy or temperature drops, as expected, except 
for the value at 302.2 nm which is anomalously low. 

In principle, k3/k4 can be found at 312.8 nm from 

I/P = k&4 IVII) 

The values of l/p are 125 Ton and 550 Torr at 10.0 Torr i-&H&HO and 
31.1 Torr i-CJH,CHO respectively, indicating that quenching by i-C&I&HO 
through reaction (7) plays some role. However, there is sufficient uncer- 
tainty in the values of l/p, especially at 10.0 Torr i-C&I&HO, that k7/k4 
cannot be reasonably estimated. An expected value of k,/k4 of about 5 - 10 
could be consistent with the data, within the experimental uncertainty. 
However, since increasing [A] does not reduce @(CO), any quenching by 
reaction (7) would have to be chemical in nature and lead to CO as a 
product. 

The values of l/p listed in Table 9 for [i-C3H,CHO] = 10.0 Torr show 
surprisingly little systematic variation with radiation energy. This suggests 
that the vibrational level of A, produced in reaction (8a) is insensitive to 
the incident energy input. 

The values for the radical quantum yield extrapolated to zero pressure 
of all gases, @(rad)O, can be obtained in three ways. From the steady state 
photolysis @(rad)O = cy + y if it is assumed that all the C3H8 comes from 
either ‘A, or from quenching of 3A, by i-C&I&HO. Alternatively, @(rad)o 
can be computed from 7 alone, assuming an i-C&I,CHO half-quenching 
pressure for 3A, of 32.1 Torr at all wavelengths. Relative values of cP(rad)O 
can be obtained from the flash photolysis results with the same assumption 
about the half-quenching pressure of i-&H&HO for 3A,. The values com- 
puted by all three methods are listed in Table 12. At thy higher wavelengths, 
all three methods are consistent with cP(rad)* = 1.0. At the lower wave- 
lengths the computation of @(rad)O = (Y + y gives the largest values. This 
suggests that there may be another path (reaction (2b)) to producing A,, 
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TABLE 12 

Values @{rad)o of cP(rad} extrapolated to zero pressure for all gases at 298 K 

1 (nm) @(rad)o a 

253.7 0.50 
280.3 0.63 

284.0 - 
302.2 1.23 

302.5 - 
312.8 1.02 

325.0 - 
326.1 1.01 

330.5 - 
334.1 1.17 

Q(rad)o b 

0.20 
0.45 

- 
0.80 

- 
1.22 

- 
1.09 

- 
1.06 

@(rad)o c 

- 
- 

0.36 
- 

0.68 
- 

1.04 
- 

1.20 
- 

aAbsolute quantum yields from steady state photolysis assuming cP(rad)o = (Y + 7. 
bAbsolute quantum yields from steady state photolysis extrapolated from 7 assuming an 
i-C3H,C!HO half-quenching pressure for 3An of 32.1 Torr at all wavelengths. 
CNormalized relative quantum yields from flash photolysis assuming an i+H,CHO half- 
quenching pressure for ‘A,, of 32.1 Torr at all wavelengths. @(rad)o was normalized to 
about 1.0 at 313 nm. 

which does not go through the triplet state,. The values computed from the 
flash photolysis results show the largest @(rad)o fall-off with decreasing 
pressure but otherwise fit the trend given by the steady state photolysis 
results. The discrepancy may reflect the fact that the aldehyde half- 
quenching pressure used in the calculation should not be the same at all 
wavelengths. 

5. Atmospheric implication 

One goal of this work was to calculate the photodissociation rate coeffi- 
cient for radical production under atmospheric conditions. This rate coeffi- 
cient krad is given by 

k rad = s &oa@(rad) dX (VIII) 

where 1, is the incident photon flux at each wavelength X and u is the reac- 
tion cross section at each wavelength. Values for @(rad) at atmospheric 
pressure at each wavelength examined in this study are listed in Table 13. 
The @{rad) at other wavelengths are estimated from a smooth curve through 
these data. 

Values of u, *(rad) and 1, at two zenith angles x over various wave- 
length intervals are given in Table 14. With these data krad is computed to be 
7.6 X 10Y5 s-l at x = 30” and 5.9 X 10S5 s-l at x = 58.18”. 
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TABLE 13 

@(rad) in air at 1 atm and 294 K for [i-C3H,CHO] + 0 

x t-j #(rad) a 

253.7 0.20 
280.3 0.45 
302.2 0.55 
312.8 0.88 
326.1 0.88 
334.1 0.69 

aCalculated at 1 atm 02 + Nz using values of ks/ks in Table 10 and @(rad),-, in Table 12 
computed by method b. 

TABLE 14 

Data for evaluating atmospheric photodissociation rate coefficients for i-&H&HO 

Qa 
(cm * molecule-‘) 

Ql(rad) b 10 c (photons cm-* s-l) 

x = 3o” x = 58.18” 

335.0 - 340.0 2.86 x lo-*’ 0.61 1.119 x lOl5 1.081 x lOI 
330.0 - 335.0 6.68 x 10-2’ 0.75 1.039 x lOi 9.883 x 1Ol4 
325.0 - 330.0 1.43 x 10-m 0.85 1.075 x 10’5 9.928 x 1014 
320.0 - 325.0 2.14 x 10-a 0.88 8.309 x lOI 7.289 x lOI 
315.0 - 320.0 2.96 x lO-2o 0.88 6.109 x 10’4 4.847 x 1014 
310.0 - 315.0 3.90 x 10-20 0.86 4.154 x 10’4 2.803 x 10L4 
307.7 - 310.0 4.43 x lo-” 0.78 2.327 x 1014 1.088 x 1014 
303.0 - 307.7 4.96 x lo+’ 0.66 7.330 x 10’3 1.771 x 1013 
298.5 - 303.0 5.54 x lo-20 0.56 9.368 x 1Ol2 7.001 x 10” 
294.1 - 298.5 5.88 x 10-20 0.52 4.315 x 101’ 4.273 x lo9 
i89.9 - 294.1 5 . 92 x 1O-2o 0.51 2.566 x lo9 8.83 x lo5 

‘From Calvert and Pitts [55 J. 
bFrom smooth curve of data in Table 13. 
cFrom Wuebbles [57]. 
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