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The competition between thermal decomposition and addition of linear and branched and(kdis) O2 (kO2
) C4 C5

alkanoyl (R- R\ alkyl) radicals has been studied in a photochemical reaction chamber made fromC(~)O,
stainless steel (v\ 12 L). RCO radicals were prepared by continuous photolysis of Br2ÈRC(O)HÈO2ÈNO2ÈN2
mixtures at wavelengths P420 nm. The products CO and were analyzed by long-path IRRC(O)O2NO2
absorption using an FT-IR spectrometer. Rate constant ratios were determined at 317 K for n-butyryl,kdis/kO2
n-pentanoyl, 3-methylbutyryl, 2-methylpropionyl and 2-methylbutyryl and at 6 temperatures between 293 and
317 K for 2,2-dimethylpropionyl (\pivaloyl, t-butyl-CO) radicals. Total pressures were 1 bar (M \N2] O2).
Adopting the literature value of for acetyl, unimolecular decomposition rate constants were derivedkO2

kdis
from the measured ratios at 298 K, 1 bar, increases by factors of 35, 54 and 24 forkdis/kO2

. kdis M \ O2 ] N2
each H atom in which is consecutively replaced by a methyl group (corresponding to increasingCH3CO
branching of R). For the unimolecular decomposition of 2,2-dimethylpropionyl radicals, the Arrhenius
expression exp([41.6 kJ mol~1/RT ) s~1 (2p) was derived for the temperaturekdis(t-butyl-CO) \ 6.0 ] 1012
range 293È317 K and a total pressure of 1 bar The results on show that even for the(M\N2 ] O2). kdis/kO2
thermally most unstable of the carbonyl radicals studied in this work, i.e. 2,2-dimethylpropionyl, only 1.8%
decompose rather than add at 298 K and 1 bar in dry air.O2

Introduction
Aldehydes are common atmospheric trace gases. They are
emitted from both biogenic and anthropogenic sources, and
they are formed as intermediates in the atmospheric degrada-
tion of volatile organic compounds (VOC) (see e.g. refs. 1È3).
A major loss process of aldehydes is abstraction by OH of the
aldehydic H atom, leading to carbonyl radicals R-CO. Gener-
ally, carbonyl radicals can undergo two di†erent loss pro-
cesses in the atmosphere :
thermal decomposition

kdisRCO] M ÈÈÈÕ R] CO] M (1)

recombination with O2
kO2RCO] O2 ] M ÈÈÈÕ RC(O)O2 ] M (2)

Depending on the chemical nature of R, the branching ratio
and thus the product distribution can bekdis/(kO2

] [O2])very di†erent. Whereas reaction (1) leads to the degradation of
the carbon chain by one unit, reaction (2) gives rise to the
formation of acyl peroxynitrates, which areRC(O)O2NO2 ,
typical constituents of photochemical smog and represent
temporary reservoirs of transporting from pollutedNO

x
, NO

yto remote areas.4h6
Up to now, data on the branching ratio kdis/(kO2

] [O2])under atmospheric conditions are very sparse. Depending
on the structure of R, either channel may dominate (kdis@for for R\kO2

] [O2] R \CH3 ,7 kdis A kO2
] [O2]8,9) or the contributions of both channels may be ofCH3CO

the same order of magnitude (for X \ F, Cl 10h12).R\ CX3 ,
Experimental data on exist only for andkO2

CH3CO
radicals,13h16 the IUPAC recommended value forC6H5CO

the rate constant of reaction (2a),

CH3CO] O2 ] M ] CH3C(O)O2 ] M, (2a)

is 3.2] 10~12 cm3 molecule~1 s~1 at 298 K and inÐnite pres-
sure.17 This value seems to be a reasonable estimate for ofkO2longer chain carbonyl radicals at a total pressure of 1 bar.

Data on are uncertain : the thermal lifetime ofkdis CH3CO
at 298 K is of the order of several seconds,18 whereas the
values for the thermal lifetime of at 298 K varyC2H5CO
between 10~2 and 5 ] 10~5 s.19h21 The only other published
experimental results on we are aware of are from Cadmankdisand coworkers,21,22 with thermal lifetimes in the order of
10~5È10~6 s at 298 K for several RCO radicals with four or
Ðve C atoms. If these latter Ðgures are correct, CO elimination
can be competitive with addition for highly branchedO2RCO radicals at 298 K in 1 bar of synthetic air. In the present
study, has been determined near room temperature forkdis/kO2several RCO radicals with four or Ðve C atoms (including the
ones studied by Tomas et al.,23 accompanying paper) where
the CO group is connected to primary, secondary or tertiary
C atoms, i.e. for RCO with R\ n-propyl, n-butyl, i-propyl,
i-butyl, 2-butyl, t-butyl.

Experimental
The experiments were performed in a temperature controlled
12 L reaction chamber made from stainless steel (Fig. 1). The
inner surface of the cell is electropolished to reduce adsorption
and reactions on the walls. It is equipped with two light paths
for absorption measurements in the IR and UV/VIS spectral
regions, with optical pathlengths of 2 m each. For the IR mea-
surements, light from the light source of an FT-IRever-glo}
spectrometer (Nicolet MAGNA 560) enters the absorption
cell, is reÑected by a gold-coated concave mirror
(diameter\ 50.8 mm, f \ 1016 mm), leaves the absorption

DOI: 10.1039/a909557h Phys. Chem. Chem. Phys., 2000, 2, 1175È1181 1175

This journal is The Owner Societies 2000(

Pu
bl

is
he

d 
on

 0
1 

M
ar

ch
 2

00
0.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
in

ds
or

 o
n 

26
/1

0/
20

14
 1

9:
36

:2
9.

 
View Article Online / Journal Homepage / Table of Contents for this issue

http://dx.doi.org/10.1039/a909557h
http://pubs.rsc.org/en/journals/journal/CP
http://pubs.rsc.org/en/journals/journal/CP?issueid=CP002006


Fig. 1 Schematic diagram of the reaction chamber.

cell, re-enters the FT-IR spectrometer, and is detected by an
MCT detector. The UV absorption light path was not applied
in the present work.

The temperature of the absorption cell is controlled via a
heating coil from copper surrounding the cell, using silicon oil
as a heating liquid. A quartz tube of internal diameter of 22.5
mm which is closed at one end extends into the cell. A pho-
tolysis lamp can be placed in this quartz tube thus allowing
gas mixtures in the photoreactor to be photolysed.

Carbonyl radicals RCO were generated by stationary pho-
tolysis of molecular bromine in the presence of the aldehyde
RC(O)H and oxygen :

Br2 ] hl] 2Br (3)

RC(O)H] Br ] RCO] HBr (4)

Light of j P 420 nm was used to photolyse in order toBr2avoid the photolysis of For this purpose, a halogenNO2 .
lamp (55 W) and a long-pass cut-o† Ðlter were placed at the
external end of the quartz tube rather than inserting the lamp
into the tube.

The loss of RCO occurs via reactions (1), (2) and (5) :

kdisRCO] M ÈÈÈÕ R] CO] M (1)

kO2RCO] O2 ] M ÈÈÈÕ RC(O)O2 ] M (2)

RC(O)O2] M ] RC(O)O2NO2] M (5)

The alkyl radicals formed in reaction (1) react in the same way
as the acyl radicals, i.e. by consecutive addition of andO2NO2 :

R] O2 ] M ] RO2 ] M (6)

RO2 ] NO2 ] M ] RO2NO2 ] M (7)

The ratio was determined at 317 K for n-butyryl,kdis/kO2n-pentanoyl, 3-methylbutyryl, 2-methylpropionyl, and 2-
methylbutyryl radicals and at six temperatures between 293
and 317 K for 2,2-dimethylpropionyl (\ pivaloyl, t-butyl-CO)
radicals according to the relationship

kdis/kO2
\ [O2]] *[CO]/*[RC(O)O2NO2]. (I)

Standard photolysis times were 2 min ; in several experiments
4 min of photolysis was applied. Conversion of the aldehydes
was 8È20% during this time. Typical initial concentrations
were : aldehydes\ (5.9È6.1)] 1014 molecules cm~3, Br2 \

cm~3, molecules cm~3.(2È4) ] 1015 NO2 \ (6È20) ] 1013
The concentrations of aldehydes, CO, NO and acyl per-NO2 ,
oxynitrates were determined from their IR absorptions.
Absorption coefficients of appropriate IR band maxima of
these gaseous compounds were determined in separate series
of calibration measurements, in most cases based on pressure
measurements of the pure compounds and BeerÏs law. The
analysis of CO and the acyl peroxynitrates will be discussed in
more detail in the following two sections.

Precise measurements of CO were essential to obtain reli-
able values of from eqn. (I) since the yield of channelkdis/kO2(1) was low at many experimental conditions. The average
absorbance of the P(5)ÈP(9) lines at 2124, 2120, 2116, 2112
and 2107 cm~1 was used for calibration of the CO concentra-
tion. The calibration curve for T \ 317 K and a total pressure
of 1 bar is shown in Fig. 2 ; it is linear within the whole con-
centration range of the present work ((1È9) ] 1013 molecules
cm~3). The absorption coefficients of CO at 298 K were
smaller by 1.5% as compared to 317 K; absorption coeffi-
cients at the other temperatures were derived from the values
at 317 and 298 K by linear inter- and extrapolation. The
detection limit of CO by this method was 7] 1012 molecules
cm~3.

Usually, the strongest IR bands of peroxynitrates are
related to the peroxynitrate group and appear close to 800,
1300 and 1740 cm~1. Since their positions can be very similar
for di†erent peroxynitrates, superposition of these product IR
bands can occur for the acyl and alkyl peroxynitrates formed
in reactions (5) and (7) and, eventually, for unidentiÐed per-
oxynitrates deriving from side products. Even though alkyl
peroxynitrates are thermally very short-lived s 24 at(1/kdisO 1
298 K and atmospheric pressure) as compared to acyl per-
oxynitrates about 40 min 25 at the same conditions) and(1/kdisthe time scale of the experiments, the actual lifetimes can be
considerably longer in the absence of NO and the presence of
excess due to the rapid recombination reactions (5) andNO2 ,
(7). Thus IR spectra of acyl and alkyl peroxynitrates can
overlap. It turned out, however, that the IR spectra of an acyl
peroxynitrate and the corresponding alkyl per-RC(O)O2NO2oxynitrate with the same R can be di†erentiated, inRO2NO2particular by the absence of the carbonyl band close to 1840
cm~1 in the alkyl peroxynitrate spectrum. Abstraction of the
aldehydic H atom by Br atoms (reaction (4)) which leads to
the formation of an acyl peroxynitrate is fast and selective.26
Abstraction of non-aldehydic H atoms, however, leads to the
formation of alkyl peroxynitrates of the structure

which also exhibit carbonyl bands.R@C(H)(O2NO2)RAC(O)H
In a few experiments with an excess of oxygen present, i.e.
with no measurable thermal decomposition of RCO, an excess
of NO (1 ] 1016 molecules cm~3) was added to the reaction

Fig. 2 Calibration of the IR absorbance of CO at 317 K based on
the average intensity of the P(5)ÈP(9) lines.
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mixture after the end of photolysis. Under these conditions,
the recombination of peroxy radicals with (reactions (5)NO2and (7)) cannot compete with their reaction with NO,

RC(O)O2 ] NO ] R] CO2 ] NO2 (8)

RO2 ] NO ] RO] NO2 , (9)

and the e†ective lifetime of the peroxynitrate is identical to its
thermal lifetime. In these experiments, a fast change of the
typical peroxynitrate bands in the photolysis product spectra
was not observed after the addition of NO, indicating the
absence of short-lived alkyl peroxynitrates and thus setting
an upper limit of about 10% for the initial abstraction of
non-aldehydic H atoms by Br. Consequently, the observed
carbonyl bands at 1840 cm~1 were assigned to the desired
acyl peroxynitrate product.

Pure samples of peroxynitrates are difficult to synthesize
due to their thermal instability. For the calibration experi-
ments, most of the acyl peroxynitrates were thus prepared in
situ by photolysis of in the presence of the correspondingBr2aldehyde, and an excess of (P200 mbar). Under theseNO2 O2conditions, thermal decomposition of RCO is negligible. A
halogen lamp and cut-o† Ðlter combination (j P 420 nm) was
used in these experiments in order to avoid photolysis of NO2and the complications induced by its photolysis products NO
and IR absorption coefficients of the peroxynitrates wereO3 .
then determined assuming a stoichiometric consumption of
the aldehyde according to

RC(O)H] Br ] O2 ] NO2 ] RC(O)O2NO2] HBr.

The validity of this assumption was supported by the absence
of any unidentiÐed product IR bands under these conditions.
Intensity ratios of strong and weak IR absorption bands were
independent of total absorbance thus suggesting that BeerÏs
law is valid. n-Butyryl peroxynitrate was synthesized both in
situ and by the wet chemical method described by Ga†ney et
al.27 which is based on the reaction of n-butyric acid anhy-
dride with and Di†erent from ref. 27, n-butyrylH2O2 HNO3 .
peroxynitrate was recondensed from its solution in n-tridecane
at liquid nitrogen temperature before transferring it to the
reaction cell. Attempts to prepare branched peroxynitrates by
this method were not successful. The IR absorption coeffi-
cients of n-butyryl peroxynitrate from samples prepared by
the wet chemical method were smaller by 15È20% as com-
pared to the in-situ mixtures, possibly due to saturation of the
IR bands since the mixing ratios were larger by a factor of
500 28 in this case. For the evaluation of the kinetic data,
absorption coefficients based on the stoichiometric conversion
of RC(O)H to were used.RC(O)O2NO2Reaction temperatures were measured in the gas phase with
two platinum resistance gauges. Silicon oil was used as a
heating liquid ; the temperature distribution of the reactor
walls including the end Ñanges was around the nominal value
within a range of ^0.5 K. At high temperatures, the accessible
temperature region of the kinetic experiments was limited by
the thermal instability of the acyl peroxynitrates.

The following chemicals were used as received from the
manufacturer : (Merck, 99.8%), CO (Messer Griesheim,Br299.997%), NO (Messer Griesheim, 99.5%), (MesserNO2Griesheim, 98%), n-butyraldehyde (Aldrich, 99%),
i-butyraldehyde (Aldrich, 98%), 2-methylbutyraldehyde
(Aldrich, 95%), 3-methylbutyraldehyde (Merck, 98%),
2,2-dimethylpropionaldehyde (Aldrich, 97%), n-pentanal
(Merck, 98%).

Results and discussion
Carbonyl radicals RCO were generated by stationary photoly-
sis of molecular bromine in the presence of the aldehyde

RC(H)O, and using nitrogen as a bu†er gas. TheO2 NO2 ,
RCO radicals formed in reaction (4) undergo reactions (1) and
(2) ; the peroxy radicals are scavenged by (reaction (5)).NO2In Fig. 3, IR spectra of a mixture of 0.025 mbar 2,2-
dimethylpropionaldehyde (\pivalaldehyde), 0.1 mbar Br2 ,
0.006 mbar 5.0 mbar and 995 mbar before andNO2 , O2 , N2after 4 min of photolysis at j P 420 nm are shown. The loss of
2,2-dimethylpropionaldehyde is accompanied by the forma-
tion of CO and 2,2-dimethylpropionyl peroxynitrate, in
accord with reactions (1), (2) and (5). The photolysis product
spectra of other mixtures wereRC(O)HÈBr2ÈO2ÈNO2ÈN2equivalent. IR spectra of the corresponding peroxynitrates are
shown in Fig. 4. The positions of the predominant absorption
bands are the following (in cm~1) : 2982, 1835, 1738, 1301,
1037, 796 (n-butyryl peroxynitrate) ; 2991, 1827, 1738, 1299,
1037, 797 (2-methylpropionyl peroxynitrate) ; 2975, 1832, 1736,
1301, 1049, 796 (n-pentanoyl peroxynitrate) ; 2975, 1831, 1736,
1302, 1048, 796 (3-methylbutyryl peroxynitrate) ; 2985, 1824,
1736, 1299, 1042, 1006, 796 (2-methylbutyryl peroxynitrate) ;
2989, 1820, 1737, 1301, 1058, 1011, 796 (2,2-dimethylpropionyl
peroxynitrate). The IR spectrum of n-butyryl peroxynitrate is
in good agreement with a spectrum published by Niki et al.29

The ratios were derived using eqn. (I). Since thekdis/kO2yields of CO and for the same carbonyl rad-RC(O)O2NO2icals strongly depend on the partial pressure of oxygen,
experiments at di†erent can be used to test the method[O2]and, eventually, to detect complications in the reaction
mechanism. According to eqn. (I), the expression [O2]should have an independent] *[CO]/*[RC(O)O2NO2] O2value which is equal to In Figs. 5 and 6, this quantitykdis/kO2

.
is plotted as a function of oxygen partial pressure at 317 K for
3-methylbutyryl, 2-methylpropionyl, and 2-methylbutyryl, and
at 317, 307 and 298 K for 2,2-dimethylpropionyl, demonstrat-
ing that is in fact indepen-[O2]] *[CO]/*[RC(O)O2NO2]dent of the concentration. For 3-methylbutyryl, the COO2yield was slightly above the detection limit, and for n-butyryl
and n-pentanoyl only upper limits could be derived for the
CO yields. In these cases, experiments were performed only at

Fig. 3 IR spectra of a mixture of 0.025 mbar 2,2-dimethyl-
propionaldehyde, 0.1 mbar 0.006 mbar 5.0 mbar andBr2 , NO2 , O2 ,
995 mbar before (top) and after (middle) 4 min of photolysis atN2j P 420 nm; the product spectrum consists of absorptions from CO,
2,2-dimethylpropionyl peroxynitrate, t-butyl peroxynitrate, and
residual 2,2-dimethylpropionaldehyde ; bottom: reference spectrum of
the product 2,2-dimethylpropionyl peroxynitrate.

Phys. Chem. Chem. Phys., 2000, 2, 1175È1181 1177
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Fig. 4 IR spectra of n-butyryl peroxynitrate, 2-methylpropionyl per-
oxynitrate, n-pentanoyl peroxynitrate, 3-methylbutyryl peroxynitrate,
2-methylbutyryl peroxynitrate, and 2,2-dimethylpropionyl per-
oxynitrate.

a single very low, yet well deÐned, partial pressure (0.25O2mbar).
The data evaluation relies on the assumption that the acyl-

peroxy radicals formed in reaction (2) are thermally stable
under the conditions of the present experiments. Although
there are no experimental data on the thermal decomposition
rate constants of and virtually no data on the ther-RC(O)O2mochemistry of there are several arguments inRC(O)O2 ,

Fig. 5 Determination of for 2-methylbutyryl and 2-kdis/kO2methylpropionyl radicals at 317 K, 1 bar (M\N2] O2).

Fig. 6 Determination of for 2,2-dimethylpropionyl radicalskdis/kO2at 317, 307 and 298 K, 1 bar (M\N2] O2).

favour of the absence of reaction ([2),

RC(O)O2 ] M ] RCO] O2 ] M : ([2)

(i) There is a recommendation for the heat of formation of
30 based on MNDO calculations which corre-CH3C(O)O2sponds to a bond energy of 147 kJ mol~1. ThisCH3C(O)ÈO2estimate must be wrong by about 90 kJ mol~1 in order that

reaction ([2) can compete with reaction (5).
(ii) Including reaction ([2) in the reaction mechanism, the

assumption of quasistationary concentrations of RC(O)O2leads to the expression

[O2]] *[CO]/*[RC(O)O2NO2]\ (kdis/kO2
)

] M1 ] [k~2/(k5] [NO2])]N4 (kdis/kO2
)eff .

Thus the e†ective rate constant ratio should(kdis/kO2
)effdepend on the concentration if the thermal decomposi-NO2tion of plays a role. However, varying byCH3C(O)O2 [NO2]a factor of 10 did not change within the error limits(kdis/kO2

)eff(10%).
(iii) Recent experiments of Tomas et al.23 on the com-

petition between reactions (1) and (2) for 2,2-dimethyl-
propionyl and i-butyryl radicals were performed at
considerably higher temperatures. An inÑuence of reaction
([2) would have introduced inconsistencies to their observed

ratios.[RO2]/[RC(O)O2]The results obtained for di†erent carbonyl radicals are col-
lected in Table 1. The stated error limits include (i) the sta-
tistical errors of (2p, weighted by the uncertaintieskdis/kO2introduced by the measurement of the IR absorptions) as
determined from the data in Figs. 5 and 6, equivalent data
which are not shown in Fig. 6 for clarity exist for 2,2-
dimethylpropionyl at 312, 303, and 293 K, (ii) the statistical
errors of the calibration curves for the IR absorptions of CO
and the peroxynitrates, and (iii) the estimated systematic
errors of these calibration curves ; they do not include the
error of Existing literature values for the rate constants ofkO2

.

Table 1 Experimental results on at 1 bar,kdis/kO2
M \O2] N2

kdis/kO2
/1015 molecule cm~3

R-CO 317 K 312 K 307 K 303 K 298 K 293 K

n-Butyryl (n-C3H7-CO) \0.7
n-Pentanoyl (n-C4H9-CO) \0.7
3-Methylbutyryl (i-C4H9-CO) 1.0 ^ 0.5
2-Methylpropionyl (i-C3H7-CO) 12.6 ^ 1.8
2-Methylbutyryl (2-C4H9-CO) 16.4~3.1`4.1
2,2-Dimethylpropionyl (t-C4H9-CO) 275~30`50 204 ^ 30 155 ^ 17 112^ 14 93.7~15`23 77.5^ 13

1178 Phys. Chem. Chem. Phys., 2000, 2, 1175È1181
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Table 2 Literature data on kO2

RCO k298 K(RCO] O2)/cm~3 molecule~1 s~1 Ref. Remarks

CH3CO (2.0 ^ 0.4)] 10~12 McDade et al.13 Total pressure 1.3È5 mbar
CH3CO (3.0^ 0.6)] 10~12 Kaiser and Wallington14 Total pressure 930 mbar
CH3CO (3.2^ 0.6)] 10~12 Tyndall et al.15 Total pressure 0.13È1460 mbar
CH3CO (4.4^ 0.7)] 10~12 Sehested et al.16 1 bar, M \ SF6CH3CO (3.2^ 2.0)] 10~12 Atkinson et al.17 Review
C6H5CO (5.7^ 1.4)] 10~12 McDade et al.13 Total pressure 2.6È5.2 mbar

reaction (2) (Table 2) suggest that there is no barrier (which
could be di†erent for di†erent R) for the recombination of acyl
radicals with Thus it is expected that does not strong-O2 . kO2ly depend on R and the large range of values observedkdis/kO2for RCO with varying R mainly reÑect the di†erent values of

i.e. the di†erent thermal stabilities of RCO. Usingkdis , kO2
\

molecule~1 cm3 s~1 as adopted from the liter-3.2] 10~12
ature data in Table 2, was calculated from the data inkdisTable 1 and listed in Table 3.

For 2,2-dimethylpropionyl (\pivaloyl) radicals, the tem-
perature dependence of was measured between 293kdis/kO2and 317 K. Using cm3 molecule~1 s~1,kO2

\ 3.2 ] 10~12
independent of temperature, the Arrhenius expression

kdis(t-butyl-CO) \

6.0] 1012 exp([41.6^ 5.9 kJ mol~1/RT ) s~1 (2p) (II)

resulted for this temperature range at a total pressure of 1 bar,
The Arrhenius plot is shown in Fig. 7. TheM \ N2] O2 .

error of at the mean temperature (306 K) is estimated tokdisbe ^20%, excluding the error of the reference rate constant
kO2

.
There are no experimental data on and only a fewkdis/kO2data on in the literature to compare with. The presentkdisupper limit of 7000 s~1 for the thermal decomposition rate

constant of n-butyryl at 298 K is very close to a thermochemi-
cal estimate by Forgeteg et al.31 Early data at elevated
temperatures depend on the thermal decomposition rate con-
stants of n-butyryl,21 2-methylpropionyl (\i-butyryl),21 3-
methylbutyryl,22 and n-pentanoyl22 by Cadman and
coworkers which, after extrapolation to room temperature,
exceed the present values by nearly two orders of magnitude
or more. In the work of Cadman et al., rates of thermal
decomposition of RCO were determined relative to the recom-

bination of RCO with the rate constant of which is notNF2 ,
well known and was assumed to be extremely high
(1.7] 10~10 cm3 molecule~1 s~1 21,22). In addition, their
experiments were performed at low pressures and elevated
temperatures, and extrapolation to atmospheric pressure and
room temperature may introduce considerable errors. In line
with this, the activation energy measured by Cadman et al.21
for i-butyryl was relatively small as compared to the results of
Tomas et al.23 and ab-initio calculations of the activation
barrier.32 Tomas et al.23 studied the competition between
reactions (1) and (2) for 2-methylpropionyl and 2,2-dimethyl-
propionyl by a completely di†erent method with pulsed for-
mation of RCO at higher temperatures and UV spectrometric
detection of and Their activation energy forRC(O)O2 RO2 .

Fig. 7 Arrhenius plot for the thermal decomposition rate constant of
2,2-dimethylpropionyl radicals ; barptot \ 1 (M \ N2] O2).

Table 3 Estimated data on total pressure 1 barkdis ,

kdis/s~1,a this work
kdis/s~1, literature

317 K 298 K 298 K

n-Butyryl \2300 \700b 329810c
n-Pentanoyl \2300 \700b 89722d,e
3-Methylbutyryl 3200 1000b 108041f
2-Methylpropionyl 40300 12100b 7574g

(\i-butyryl) 775511h
2-Methylbutyryl 52500 15800b
2,2-Dimethylpropionyl 880000 300000 89805i

a With cm3 molecule~1 s~1.17 b Converted from 317 K to 298 K using the activation energy kJ mol~1 of thekO2
\ 3.2] 10~12 Ea\ 49.6

reaction 2-methylpropionyl] i-propyl ] CO from Tomas et al.23 c Ref. 21, extrapolated from the experimental temperature range 353È423k= ,
K to 298 K with kJ mol~1. d Ref. 22, extrapolated from the experimental temperature range 373È448 K to 298 K with kJEa \ 39.8 k= , Ea\ 42.9
mol~1. e The pre-exponential factor given in the abstract of ref. 22 is di†erent from the value 1012.47 s~1 presented in Table 6 and the text of the
same paper, 1012.47 s~1 was adopted here. f Ref. 22, extrapolated from the experimental temperature range 353È423 K to 298 K with Ea \ 40.5
kJ mol~1. g Ref. 23, extrapolated from the experimental temperature range 413È503 K to 298 K with kJ mol~1. h Ref. 21, extrapolatedEa\ 49.6
from the experimental temperature range 353È423 K to 298 K with kJ mol~1. i Ref. 23, extrapolated from the experimental tem-Ea\ 40.8
perature range 323È453 K to 298 K with kJ mol~1.Ea \ 40.5
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of 2,2-dimethylpropionyl is close to the value of thekdispresent work (40.5 vs. 41.6 kJ mol~1) whereas their absolute
values of for 2-methylpropionyl and 2,2-dimethyl-kdispropionyl at 298 K, as obtained by extrapolation from the
higher experimental temperatures, are lower by factors of 1.6
and 3.3, respectively. The reason for this discrepancy is not
known at present.

Since data on the thermochemistry and on thermal decom-
position rate constants for carbonyl radicals are very sparse, it
may be useful to derive rough estimates of the activation ener-
gies for the thermal decomposition of RCO from the kinetic
data of Table 3. For the following discussion, it is assumed
that the pre-exponential factors for at 1 bar of the di†erentkdisRCO radicals studied in this work are identical to the value
measured for 2,2-dimethylpropionyl (see eqn. (II)).

According to this assumption, the di†erence in rate con-
stants in Table 3 was assigned to di†erences in the highkdispressure activation energies The resulting activation ener-Ea .
gies are included in Table 4, together with literature values.
Inspection of Table 4 suggests that the old values for fromEaCadman et al.21,22 are probably low, and that the more recent
results, both theoretical and experimental, are in quite good
agreement (within a range of 5 kJ mol~1).

In Table 5, the contributions of both pathways (1) and (2)
are shown for atmospheric conditions. It is inferred from
Table 5 that thermally distributed RCO radicals with
R\ alkyl, although becoming much more unstable with
increased branching of the a-C atom of R, nearly exclusively
add rather than decompose in the atmosphere. Only forO2heavily branched RCO radicals at elevated temperatures (e.g.
RCO radicals deriving from certain biogenic emissions at ca.
40 ¡C) can the fraction of thermal decomposition possibly

reach 5È10%.
The formation of RCO radicals in reaction (4) is close to

thermoneutral for Preliminary experiments usingR\CH3 .17
Cl rather than Br atoms for the abstraction of the aldehydic H
atom showed that there is an independent yield of COO2(about 20% of the total RCO yield) even in the presence of 1
bar of where thermal decomposition of RCO should beO2negligible according to eqn. (I). Reaction (10),

RC(O)H] Cl] RCO] HCl, (10)

is exothermic by about 60 kJ mol~1, and a large fraction of
the CO formed in these experiments can be the result of the
spontaneous decomposition of chemically activated RCO rad-
icals formed in reaction (10).

The reaction of aldehydes with OH radicals,

RC(O)H] OH] RCO] H2O, (11)

which is the most important bimolecular reaction to form
RCO radicals in the atmosphere, is also strongly exothermic

kJ mol~1 33,34), and the RCO radicals from(*r, 298H¡ B 125
reaction (11) can be chemically activated, giving rise to spon-
taneous (i.e. non-thermal) decomposition, thus increasing the
yields of CO as compared to the results from Table 5.

Conclusions

The thermal stability of RCO radicals strongly decreases with
increasing branching at the C atom connected to the carbonyl
group. Yet the thermal decomposition of RCO radicals is

Table 4 Experimental and theoretical activation energies of the reaction RCO] M ] R] CO] M (in kJ mol~1)

Reference

RCO Bencsura et al.18 Cadman et al.21,22 Tomas et al.23 Viscoltz32 This work

Acetyl 68.5a 71.8a,b
n-Propionyl 46.4a,c,d 64.9a,b
n-Butyryl 39.8a,c,d 66.8a,b P56.6e,f,g
n-Pentanoyl 42.9a,c,h P56.6e,f,g
3-Methylbutyryl 40.5a,c,h 55.7e,f,g
2-Methyl- 40.8a,c,d 59.4a,f 57.4a,b

propionyl 49.6e,f 49.5e,f,g
2-Methylbutyryl 48.9e,f,g
2,2-Dimethyl- 50.6a,f 46.2a,b
propionyl 40.5e,f 41.6e,f

a InÐnite total pressure. b Ab initio, G2(MP2,SVP) method. c Rate constants measured relative to d Ref. 21. e Total pressure 1 bar.RCO ] NF2 .
f Rate constants measured relative to g Activation energy based on rate constant measured at 317 K and the pre-exponential factorRCO ] O2 .
measured for h Ref. 22.t-C4H9CO.

Table 5 Experimental results on at 1 bar in synthetic airkdis/(kO2
] [O2])

kdis/(kO2
] [O2]) at % Decomposition of

298 K, 1 bar of RCO at 298 K, 1 bar
RCO synthetic air Ref. of synthetic air

Acetyl ca. 0.0000004a 18, 17 ca. 0.00004
n-Propionyl 0.000014b 19, 17 0.0014
n-Butyryl \0.00004 This work \0.004
n-Pentanoyl \0.00004 This work \0.004
3-Methylbutyryl 0.00006 This work 0.006
2-Methylpropionyl 0.0008 This work 0.08
2-Methylbutyryl 0.0011 This work 0.11
2,2-Dimethylpropionyl 0.018 This work 1.8

from Bencsura et al.18 and from Atkinson et al.17 from Kerr and Lloyd19 and from Atkinson et al.17a kdis kO2
b kdis kO2
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unimportant compared to addition for R \ alkyl at 298 K,O21 atm. However, a larger fraction could be formed in the
atmosphere provided that RCO is formed chemically activat-
ed in the reaction of aldehydes with OH radicals.
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