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Summary 

C,H,CHO vapor was photolyzed with 313 nm radiation at 22 “C in the 
presence of Oz and 0s -He, Os-Nz, O,-NO and Oz-cis-2-C4Hs mixtures. 
The contents of the reaction mixture were allowed to bleed through a 
pinhole into a quadrupole mass spectrometer providing for continuous 
monitoring of the CsHsOH and C2HsC(0)0,H produced. CO, CO=, C2Hd 
and CHsCHO concentrations were determined by gas chromatography. 
From CO quantum yield determinations we found that the only photolytic 
process of importance is the following: 

0, 
CsHr,CHO + hv (313 nm) - C2H5 + CO + HOz 

The CO quantum yields also indicate that the reactive state of CsH,CHO is 
pressure quenched, and the half-quenching pressures for the various reactant 
gases were measured. The primary quantum yield in 1 atm of air is 
0.30 + 0.05, The data suggest that the reacting state is a vibrationally excited 
triplet state which consists of levels which are quenched with different 
efficiencies by any quenching gas. The more rapidly quenched levels account 
for about 40% of the total, while the less rapidly quenched levels account 
for about 60% of the total. Large quantum yields were measured for COz, 
C2H50H and CzH,C(O)OsH indicating a chain reaction initiated by abstrac- 
tion of the aldehydic hydrogen of CsHsCHO by CzHsO radicals. The C2H4 
quantum yields are dependent on the total pressure, and we believe that 
CzHd is produced from the decomposition of vibrationally excited C&H,COs 
radic als : 

C,H,COs* + C&H4 + CO2 + OH 

The deactivated CzH,COs radicals will either react with HOz or CzHsCHO 
or at the walls to produce C,H,CO,H, or ultimately decompose to CO, + 
CzHs. We found that the following reactions are unimportant at 22 “C: 

C2J36 + 02 --* C2H* + HO2 

HO2 + C2H5CH0 --f adduct 

0047-2670/82/0000-0000/$02.76 @ Elsevier Sequoia/Printed in Switzerland 
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1, Introduction 

The lower molecular weight aliphatic aldehydes are intimately involved 
in the chemistry of the photochemical smog process because of their high 
photochemical reactivity and the fact that they are initial products in the 
photo-oxidation of hydrocarbons [ 11. Therefore a knowledge of the 
mechanism of the photo-oxidation of these aldehydes, of the relative rates of 
the free-radical reactions involve@ and of the fate of the aldehydes under 
atmospheric conditions is essential for the purposes of atmospheric modeling. 
The photochemistry of acetaldehyde and formaldehyde has been extensively 
studied [ 1 - 61. There have been few detailed studies, however, of the photo- 
oxidations of higher aldehydes. McDowell and Sharples [ ‘71 studied the 
photo-oxidation of propionaldehyde at 313 nm and found perpropionic 
acid to be the principal product at relatively large propionaldehyde pressures, 
with a quantum yield of the order of 50. Altshuller et al. [ 81 studied 
propionaldehyde photo-oxidation at much lower aldehyde pressures where 
the chain length is small and found ethyl hydroperoxide to be a major 
product. They also found acetaldehyde and ethanol to be present but 
concluded that they were produced via a decomposition of the ethyl 
hydroperoxide during the analysis. A smog chamber study of propion- 
aldehyde in the presence of nitrogen oxides has been done by Kopczynski 
et al. [l] . Their work demonstrates the high reactivity of propionaldehyde, 
compared with its lower molecular weight analogs, with regard to oxidant 
yields. 

In all these studies the mechanisms were still somewhat speculative 
regarding the nature of the intermediates involved, and no adequate explana- 
tion was provided for the relatively high reactivity of propionaldehyde. 
The purpose of this work, then, was to make a systematic study of the 
photo-oxidation of propionaldehyde as a function of a wide variety of 
reactant conditions. We paid particular attention to determining the photol- 
ysis yields as a function of reactant conditions in order to provide insight 
into the nature of the primary process. 

The photolysis of propionaldehyde at 313 nm has been studied by 
Blacet and Pitts [ 91 who found that the predominant primary process is 

C2H6CH0 + hv (313 nm) + C2HS + HCO 11) 

The absorption produces a vibrationally excited singlet state intermediate 
[lo] . In the presence of 02, formyl radicals react solely via 

HCO+02 + CO+H02 (2) 

to produce CO [ 5,111. Therefore, measurement of the CO quantum yields 
provides a direct measure of the quantum yield for process (1). 

It was also our goal to determine the ultimate fate of the peroxy- 
propionyl radical under the conditions of our experiments. 
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2. Experimental details 

The photolysis of propionaldehyde vapor was performed in a 500 cm3 
Pyrex bulb by irradiation from a Hanovia medium pressure mercury lamp. 
The 313 nm line was isolated with a Corion SM-3130-2 interference filter. 
All experiments were carried out at 23 f 1 “C. Gases were admitted to the 
reaction cell through a conventional grease-free vacuum line. The contents 
of the reaction cell were allowed to bleed continuously through a small 
pinhole into an Extranuclear type II quadrupole mass spectrometer providing 
for continuous product analysis. Mass spectrometry determinations were 
performed by measuring product ion current peaks relative to the m/e = 84 
peak from a small amount of krypton which was added to the reaction 
mixture before irradiation. The krypton pressure was measured with a 
McLeod gauge. 

The CO, COs, C2H4, CHsCHO and CsHSOH produced were all deter- 
mined by expansion to a gas chromatograph sample loop after irradiation. 
All but CO were then separated on a stainless steel column 6 ft long with an 
outside diameter of 0.25 in packed with Porapak QS and operated at 130 “C 
with a helium flow rate of 40 cm3 mine’. CsHsOH was also determined by 
mass spectrometry in several experiments; however, the analysis was more 
difficult. CO was separated from 0s and krypton on a stainless steel column 
‘7 ft long with an outside diameter of 0.25 in packed with molecular sieve 5A. 
Propionic acid was calibrated and determined by measuring the relative 
signals of the m/e = 74 and the m/e = 84 peaks of krypton. 

Propionaldehyde, obtained from Aldrich, was purified by trap-to-trap 
distillation from -63 to -161 “C. Matheson extra dry grade 0s was used. 
CO2 present as an impurity was removed by passing the O2 through a trap 
cooled to -161 “C. Matheson chemically pure NO was used and distilled 
trap to trap from -184 to -196 “C. The krypton, helium, Ns, CO, COs and 
C&I4 were Matheson research grade, high purity grade, prepurified grade, 
chemically pure grade, bone dry grade and chemically pure grade respectively. 
The c&3-2-C*Hs used was Matheson technical grade and was distilled trap to 
trap from -94 to -161 “C. CH3CH0, obtained from Aldrich, was distilled 
from -63 to -131 “C. Absolute C2H60H was used without purification. 
The CsHsCOOH used was Mallinckrodt analytical reagent grade. 

Mass spectra of all gases were obtained and compared with the EPA- 
NIH Mass Spectral Data Base. In all cases no extraneous peaks were present. 

Actinometry was performed by photolysis of azomethane and 
subsequent measurement of the N, produced by gas chromatographic 
separation on the molecular sieve column described earlier. The pressure of 
azomethane used was determined by matching absorbances with the pressure 
of propionaldehyde used in each experiment. The azomethane was prepared 
using a modified procedure reported by Renaud and Leitch [12]. It was 
purified by trap-to-trap distillation from -89 to -161 “C. 

IR experiments were carried out in a long path IR cell vertically 
mounted in a Beckman model 10 IR spectrophotometer. In these experi- 



172 

ments the 313 nm line of the mercury lamp was isolated as in the mass 
spectrometry experiments. 

3. Results 

The photolysis of CzHbCHO in the presence of 0s at 313 nm and 23 “C 
leads to the production of CO, COa , CzH4, CHsCHO, CaH60H and 
CaH~C!(O)OaH. We looked for, but could not find, mass spectral peaks 
corresponding to C2H,00H or (C2H50)a. We expect&the last two com- 
pounds to be formed, but they are not major products and probably are 
produced in amounts too small for us to detect mass spectrometrically. 

The CO, CO*, CzH4, CH&HO and CzHbOH were identified by their 
gas chromatographic retention time. COa, C&H&H and CH&HO could also 
be seen mass spectrometrically. The CaH,COaH was identified and monitored 
from the mass spectral peak at m/e = 74 which corresponds to CsH,COaH. 
However, this peak can be positively identified as originating from CsHbCOsH 
by two experiments described below which also show that no CaH,COsH 
is produced as an initial product. The fact that no parent mass spectral peak 
appears for CaH,COsH and only a peak corresponding to the mass of 
CzHbCOzH is exactly analogous to the situation for CH,C03H [ 21. It was 
assumed for calibration purposes that all the C2Hr,C03H was converted to 
CzHbCOzH before mass spectral analysis. 

Since C2H6COsH is expected to come from the precursor radical 
CaH,COs, experiments were done with NO added which converts this radical 
to C2HbC02 : 

CzH6C(0)02 + NO -+ CaHsCOa + NO3 

The addition of NO completely suppressed the formation of the mass spectral 
peak at m/e = 74. This cannot be attributed to the scavenging of CzHbCOz 
by NO, since the COa yields were unaffected by NO addition. (The COa 
comes from decomposition of CaH6C0a.) 

The second experiment to identify the product was done in a long path 
IR cell with 6.4 Torr of CaHSCHO and 6.6 Torr of 0,; the absorbed intensity 
I, was about 5.4 X 10’ photons cm- s s-l. During photolysis for 5 h the IR 
bands of CaHaCOaH at 1180 and 3280 cm-r were observed. The mixture 
was then allowed to remain in the dark for 2.75 h. The C2Hr,COsH bands 
became weaker, while the CzHbCOzH band at 3600 cm-l grew, as also did 
the 2330 cm-’ band of COa which is a decomposition product of C&HbCOsH 
1131. 

Product quantum yields are given in Tables 1 and 2. The quantum 
yields @(CO) of CO decrease with increasing pressure of either C&H&HO or 
0s from a value of about 1.0 at low pressures to values of about 0.2 at high 
pressures. For the CzHBCHO variation, it is difficult to see whether a limiting 
lower value for @(CO) is reached because the experiments are limited by the 
vapor pressure of CzH5CH0. However, with increasing Oa pressure, a lower 
limiting value of @(CO) = 0.3 + 0.1 is reached. 
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The difficulty experienced in attempts to achieve reproducibility of 
results has raised the possibility of secondary decay reactions, one of which 
has been previously alluded to in the case of C,H,C03H. Evidence of 
secondary decay comes from comparison of some of 
From mechanistic considerations (see Section 4) it is 
products from the carbonyl end of C2H5CH0 should 
from the CPHS end, i.e. 

the product yields. 
expected that the 
equal the products 

I= 
@(CO) + @(COz) 

= 1.0 
@(CH,CHO) + @(C2H50H) 

The values for I are listed in Tables 1 and 2, and in a few cases they greatly 
exceed 1 .O suggesting that CHaCHO and CaH50H have been further oxidized. 
I* is also possibIe that the secondary decay of C,H,COsH which produces 
COP does not yield C2H50H or CHsCHO, resulting in elevated values for 1. 
Gas chromatographic analysis of reacted mixtures which were allowed to 
remain in the dark for extended periods of time indicated excess COs 
production. It is also apparent that the extent of secondary CO production 
may be a function of the chain length as can be seen from the large time 
dependence of CO formation in the two experiments performed at 120 Torr 
of Cs HbCHO. From the observed decomposition of CzH6C0sH to CO2 in 
the IR experiment and the fact that the mass balance excess always lies on 
the CO and CO, side it is clear that the discrepancy is not the result of 
analysis error. 

To test for secondary decomposition, a series of runs was done for 
various reaction times. These results are given in Table 3. For small reaction 
times @(CO) approaches 1.0, but it increases as the irradiation time is 
lengthened. The results of these experiments and the two experiments in 
Table 1 at 120 Torr of CzHBCHO indicate that it is probably CHBCHO which 
is contributing to secondary CO formation. Thus the secondary decay will 
complicate an interpretation of the data. Therefore all runs were done for as 
short a reaction time as practical. The reported values of I are an indication 
of the extent of any secondary decay. 

The quantum yields of COa, C2H50H and C2H5C0sH often exceed 1.0 
indicating that the compounds are produced in a chain process. Repro- 
ducibility of these yields in different runs was not as good as for CO. This 
indicates that radical termination may occur on the reaction vessel walls, 
and the quantum yields of the chain products will be sensitive to wall condi- 
tions. This was confirmed by conditioning the cell walls with HI, Iz and 
C&H51 over a period of a few weeks. Runs done after this conditioning 
showed markedly reduced quantum yields for COa and CaH,COaH but 
*(CO) was unaffected (data not given). This indicates that the C2H6C03 
radical is terminated at the wall. 

Experiments with air added were done (before the walls were condi- 
tioned with I,) and the results are listed in Table 4. Added air reduces the 
product yields, and % (CO) = 0.34 at the highest air pressure (588 Torr). 
Whether or not this is a limiting value is difficult to tell from the data. 
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Experiments with added helium were also performed. At the time of 
these experiments the cell was not properly conditioned and the mass 
balance relation was erratic. In Table 5 we report the CzH4, CO2 and 
C2H5C03H quantum yields which are used to support reactions of the 
C2H,C03 radical which are independent of wall conditions. 

Results in the presence of NO were also done before the wall condition- 
ing with Is, and the results are given in Table 6. The main point of these 
experiments was to see whether the C2H5C02 radical had a sufficient life- 
time to be scavenged by NO. The failure of the NO to suppress the COz 
yield indicates that C,H,CO, was not scavenged. As mentioned before, 
+(C2H,C03H) was reduced to below our detection limit. 

Finally a series of runs was done with cis-2-CIHs present. These runs, 
listed in Table 7, were done after the Is-conditioning experiments, so only 
the CO yields are reported. Again, butene reduces @(CO) to a value of 0.2 
at the highest pressure used. It is difficult to say whether or not this is a 
lower limiting value for @(CO). 

Approximate half-quenching pressures for the various gases are given 
in Table 8. The reported value for C2H5CH0 could be considerably lower in 
view of the large uncertainty as a result of the vapor pressure constraints 
and the large degree of secondary decay in the experiments where the 
amount of CzH5CH0 was varied. 

TABLE 5 

Effect of helium on the photo+xidation of C2H5CHOa 

PI lo2 1 We1 @(CO2 I *‘(C2H4) WY%C%W 

(TO=) (TOnI (TO=) 

10.90 12.70 0 3.60 0.60 6.69 
10.54 12.22 4.7 2.49 0.35 6.61 
10.31 13.09 10.8 2.47 0.31 5.16 
10.93 14.24 26.4 2.03 0.21 6.37 
11.01 12.69 50.2 2.14 0.22 6.91 
10.32 13.63 100.4 1.84 0.141 7.40 
10.61 13.22 301.3 1.71 0.027 6.73 
10.74 12.65 573.6 1.37 0.024 6.44 

aIrradiation time, 60 min; Ia = 1.9 X 1011 phOtOn8 cme3 8-l. 

4. Discussion 

4.1. Primary process 
The CO quantum yield is a direct measure of the primary process. Since 

no C&Ha is formed, all the products are formed through free-radical 
precursors. 
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TABLE 7 

Photo-oxidation of CzHbCHO in the 
presence of ~is-2-C4H8~ 

[(34&s 1 LO2 1 Irradiation @GO) 
(Torr) (Torr) time (h) 

0 4.88 0.83 0.90 
5.3 6.33 2.00 0.80 

31.1 5.21 1.50 0.70 
49.9 5.29 6.00 0.61 
99.8 6.44 3.58 0.51 

122 5.27 3.00 0.36 
263 5.23 8.00 0.34 
395 5.30 5.00 0.26 
561 5.32 7.00 0.22 
673 5.39 7.00 0.19 
420 50.7 6.00 0.19 
455 183 7.25 0.17 
466 321 8.00 0.17 

“[PI = 10.5 f 0.6 Torr;I, = 5.0 x 1012 
photons cm-3 s-l. 

TABLE 8 

Half-quenching pressures 

Compound Half-quenching pressure 
(To=) 

C2H6CH0 160 * 30 
02 120 f 20 
Air 260 f 30 
Cis-2-C4Hg 113 f 10 

Figure 1 shows a Stem-Volmer plot of the reciprocal CO quantum 
yield versus total pressure. The various gases have been weighted so that the 
initial slope is the same for all the gases. Thus the total pressure [M J is taken 
to be [air] + 2[0,] + 1.5[P] + 2.2[cis-2-CqHs] where P represents propion- 
aldehyde. The data in Fig. 1 show that @(CO)-1 increases linearly with [M] 
at low [M] but that the rate of increase is diminished at higher [Ml. In fact 
with O2 as the major gas there may be a high pressure limiting value of 
about 3 - 4 for @(CO)-‘. A high pressure limiting value has been reported 
previously in the photolysis of butyraldehyde [ 141. 

The data suggest a two-state mechanism for CO formation. It is known 
that both singlet and triplet states exist [ 10,151. However, we rule out the 
singlet state since Borkowski and Ausloos [ 151 have shown that propion- 
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Fig. 1. Plot of the reciprocal CO quantum yield us. total pressure [M] where [M] = 
[air] + 2[0,] + l.S[P] + 2.21 cis-2-C4H8 ] for various quenching gases: o, air; q , cis-2- 
C,H, ; n , C&H,CHO; 0, O2 ; l , 02-cIs-2-C4Hs. 

aldehyde singlet state fluorescence is not pressure quenched. The ground 
level triplet state can also be ruled out because its concentration is enhanced 
by an increase in pressure [ 151. Furthermore, both O2 and cis-2-C&H8 
should quench the triplet much more efficiently than shown for either of 
the two reacting states. However, the quenching of the triplet state by O2 
might lead directly to product formation: 

3P+02 + CsH,+CO+HOs (3) 

where 3P represents triplet propionaldehyde. In this case there would be a 
competition between cis-2-C&H8 and 02, and increasing the [ 0, ] -to-[c&2- 
C4Hs] ratio should increase @(CO), contrary to the observations. 

We conclude that all the dissociation comes from the manifold of levels 
in the vibrationally excited triplet state and that these levels are quenched 
with different efficiencies. These states are formed directly by internal 
conversion from the initially formed singlet state. A simple two-level 
representation is given by 

P + hv --* ‘P 

lP + aPI 

lP -+ 3Pn 

rate, Ia 

(14 

(lb) 

3P1 + C&H5 + HCO 

‘PI + M + deactivation 

3PII --f CsH, + HCO 
. . 

3PrI + M + deactlvatlon 

(da) 

(4b) 

@a) 

(5b) 
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where IP, 3PI and 3Pn represent respectively the excited singlet state and the 
slowly and rapidly quenched levels of the vibrationally excited triplet state. 
This mechanism leads to the rate law 

L&r, 
@(‘O) = k4, + k,,[M] + 

‘#‘&~a 

ks,, + km [Ml 
At high pressures the last term is negligible and 

From Fig. 1, the data indicate that $la = 0.60 and that k4b/k4a is about 
1.6 X 10m3 Ton-’ for [M] = [O,] and about 3.7 X 10m3 Tom-’ for [M] = 
[&-Z-C4Hs]. At low pressures kdb[M] fkla is negligible and 

@(CO) -@la)-l = i&a1 1 + kb;]M’ 
( 5a 1 

From the data, k5JkSb - 70 Torr for [M] = [air] + Z[O,] + 1.5[P] + 
Z.Z[cis-2-C4Hs]. This value is similar to that of 105 Torr found for the 
quenching enhancement of triplet emission from the data of Borkowski and 
Ausloos [ 151. 

One point of interest in Fig. 1 is that the quenching in mixtures con- 
taining a large amount of both O2 and cis-2-C4HB is greater than expected 
from the sum of their individual contributions. This suggests that some levels 
slowly quenched by one gas may be rapidly quenched by the other gas and 
vice versa. 

4.2. Secondary prmess 
The expected secondary reactions are 

HCO + Oa + HOP+CO 

CzHb + O2 + C2H602 

C2H50s + ROz + CzH60 + RO f 0s 

CBHSO + CzH&HO --, CsH60H + CaH&O 

C&H&O + 0, + C,H,C(0)Oz 

C2H,C(0)02 + C&H&HO + CzH&OsH + CzH&O 

C2H&(0)03 + HO1, + CsH&OsH + OS 

CzH&(0)02 + ROz + C2H&(0)0 + RO + OS 

C2Hr,C(0)0 + C&H6 + COz 

RO2 + termination 

C2Hr,0 + termination 

HO2 + termination 

(2) 

(6) 

(7) 

(3) 

(9) 

(16) 

(11) 

(12) 

(13) 

(14) 

(15) 

(16) 
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where ROB represents either organic peroxy radical. The three radical 
termination steps may occur by radical-radical reactions in the gas phase 
or on the wall. The CHaCHO produced is formed in these termination steps 
(primarily reaction (15)) or from the secondary decay of CzHsC(0)02H 
when @(C,H,C(C)O,H) is very large. 

The above mechanism gives one CO molecule for each primary decom- 
position, and thus @(CO) gives the primary quantum yield. There is a chain 
process involving C2HS0 and C&HsC!(O)Oa radicals which gives COa, 
CzHBOH and CzHBCOsH. The data in the tables show that their quantum 
yields often exceed those of CO, confirming that they are products of a 
chain reaction. 

The CHsCHO is not produced in a chain step and therefore 
Q(CHsCHO)/@(CO) should be equal to unity or less. This quantity is given 
in the tables. Usually it is less than or close to 1.0. 

Su and coworkers [ 5, 163 have found that HOz adds to CHzO to 
produce HCOOH. We see no evidence for the analogous reaction between 
HOs and CsHsCHO, since CsHr,COzH is not produced at high values of the 
ratio [ Oz] / [ CsHsCHO] where the chain length approaches zero, yet HOz 
radicals must be present. From the dependence of the CzHsCOsH quantum 
yields on CsHsCHO pressure in the first set of experiments in Table 1 where 
the C2HSOH quantum yields remain constant, it is clear that reaction (10) 
is important. 

The mechanism outlined above does not account for C&H4 formation. 
The obvious reaction for CzHl formation is abstraction of a hydrogen atom 
from C2Hs by OZ. In a separate study [ 171 we have examined the photo- 
oxidation of CsHsI and have found such a reaction to be completely 
negligible at room temperature at pressures above 2 Torr. Thus the CzH4 
must come from elsewhere. 

Baldwin and coworkers [ 18,191 have postulated that in combustion 
reactions C&H, is produced from the reaction of CaH,CO with 0,: 

CaHsCO + Oa + CsH&(O)Os* (9a) 

CsHsC(O)Os* + C2H4 + HO + COs (9b) 

CzH,C(O)Os* + M --f C,H,C(O)Os (9c) 

Reaction (9b) could proceed through the six-membered ring intermediate 

which cleaves to give CzH4, CDs and HO. The HO radicals regenerate the 
chain via 
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HO + C&H&HO -, Hz0 + C2H,C0 (17) 

The mechanism including reactions (9a) - (SC) leads to the rate law 

~P(C,HSCO~H)+~~(CO~)--~(C~H~) = k9c [Ml 
WP4) k 9b 

Figure 2 is a log-log plot of the left-hand side of this equation versus [M] 
where [M] has been taken to be [P] + [O,] + 0.3[HeJ + 0.5[air]. The data 
are badly scattered, but a trend is obvious. The data points are fitted to a 
line of slope 1.0. The intercept gives ks,/kgb = 1.2 Torr-‘. 

I I 
IO loo 

CMl,TlXr 
bo 

Fig. 2. Log-log plot of {@(C2H6COsH) + a(CO2) - @(C2H4)}/@(C2H4) US. total 
pressure [Ml where [M J = [P] + [OS] * 0.3[He ] + O.S[air] for various quenching gases: 
q  , helium; 0, air; I, 0 2 ; 0, C2HbCHO; l , CzHbCHO with NO present. 
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