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ABSTRACT

The mechanism for the Cl-initiated oxidation of ethyl formate (EF) has been determined in the presence of
NO,. The Cl atom initiates the oxidation mainly at two different sites of the molecule; one corresponds to
the H-atom abstraction on the carbon atom in the a-position of the oxygenated carbonylic group (62 +7)%
and the second to the H-atom on the carbonylic group (44 4+ 5)%. The quantification of products, within
experimental uncertainties, accounts for the complete disappearance of EF. The attack of Cl atoms to the
methyl group, if occurring at all, should provide for less than (2 +1)%.

The progress of the reaction was followed by FTIR. The oxidation reaction carried out in the pres-
ence of NO; led to the formation of formic acid, peroxyacetyl nitrate (CH3C(O)OONO;), ethyl nitrate
(CH3CH;0NO,), acetic formic anhydride (CH3C(O)OC(O)H), 1-(nitrooxy) ethyl formate and the new per-
oxynitrate, peroxy ethoxyformyl nitrate (CH;CH,OC(O)OONO,, PEFN), whose thermal stability at room

temperature was also measured.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Esters are an important class of oxygenated volatile organic com-
pounds present in almost any plant and are emitted naturally to the
atmosphere. Esters are also formed in the atmosphere as products
of the oxidation of alcohols and ethers and some of the new biofuels
may represent potential emission sources of precursors. Esters are
also used as food flavorings and in perfumes.

Ethyl formate (EF, CH3CH,OC(O)H) is produced by many fruit
and vegetables being an important flavoring component. It occurs
naturally in a variety of products, including essential oils of grasses,
beer, rice, beef and cheese and volatile components of grapes and
wine [1,2]. It has shown insecticidal, fungicidal, larvicidal and pes-
ticidal properties [3-5]. Due to its intrinsic advantage of being
volatile, EF has been used for fumigation of commodities and for
pests associated with dried fruit [3-5]. Even a commercial prod-
uct containing EF has been registered as a grain fumigant for farm
storages [6]. Besides, it has been found to be formed in the photo-
oxidation of diethyl ether with yields between 66 and 92% [7,8].

Therefore, the knowledge of the oxidation mechanisms of
formates in the atmosphere is of relevance. Atmospheric degrada-
tion of methyl formate has been already reported. The oxidation
mechanism in the presence and in the absence of NOy at room tem-
perature, was investigated by Wallington et al. [9] using a smog
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chamber. Within that study, the authors determined that chlo-
rine atoms (the laboratory surrogate for the OH radical) react with
methyl formate via attack at both groups in the molecule; the
methyl group (45%) and the formate group (55%). tert-Butyl for-
mate studies were also reported, though in that case, the main
goal beyond the oxidation itself, was the investigation of new per-
oxinitrates formed through the degradation of fuel additives [10].
Other formates have been studied. The determination of the abso-
lute rate constant for the reaction of chlorine atoms, that initiates
the oxidation mechanism has been reported for ethyl, n-propyl and
n-butyl [11,12]. For ethyl formate, previous reports on the overall
rate constant for the gas phase reaction with chlorine atoms:

CH3-CH,-0-C(O)H + CI* — products @)

come from Notario et al.[11], Sellevag and Nielsen [13] and Walling-
ton et al. [12]. Their reported values were: 1.34 x 10~11, 1.10 x 10~ 11
and 9.57 x 1012 cm3 molec~! s~1, respectively. Though the rate
constant for this reaction has been exhaustively measured and
deserved three papers, there was neither indication about the Cl
atom attack’s site nor quantification of the different channels.
Reaction kinetics of the oxidation of EF in the presence and in the
absence of NO, at 298K is presented in this paper using chlorine
atoms to initiate the oxidation. Reaction (1) provides the precursors
that in the atmosphere react with O, and lead to the formation of
peroxy radicals which, by analogy to some other peroxy radicals,
can react with atmospheric trace components such as NO and NO,.
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There are three possible paths for the initiation reaction:
CH3-CH,-0-C(O)H + Cl* — CH3-CH*-0O-C(O)H + HCl (1a)
CH3-CH,-0-C(O)H + CI* — CH3-CH,-0-CO* + HCl (1b)
CH3-CH,-0-C(O)H + CI* — °CH,-CH,-0-C(O)H + HCI (1c)

In this work we analyzed these three paths, and quantified their
yields through the products formed in the degradation reactions
carried out in the presence of NO; added. This study will also show
the formation of nitrates, in particular a new peroxy nitrate, ethyl
carbonic nitric peroxy anhydride (CH3CH,;OC(O)OONO, ) according
to the IUPAC nomenclature, that we will refer as peroxy ethoxy-
formyl nitrate (PEFN) whose thermal stability is studied.

2. Experimental
2.1. Chemicals

Commercially available samples of ethyl formate (Riedel-de
Haén), NO (AGA) and O, (AGA) were used. Oxygen was condensed
while flowing at atmospheric pressure through a trap immersed
in liquid air. It was then pumped under vacuum several times and
transferred to a glass bulb whilst the trap was still immersed in lig-
uid air. NO; was prepared adding O, to NO and further purification.
Cl, was synthesized by direct reaction between HCl and KMnOy4 in
a nitrogen flow and collected in a trap immersed in liquid air and
further distillation.

2.2. Methods

In order to identify and quantify the products formed in the oxi-
dation of EF, a standard IR gas cell (22.0 cm in length) in the optical
path of a FTIR was employed. In all the cases, the assays were carried
out at room temperature (298 K).

Photolyses of mixtures of EF (3.0-5.0)/Cl, (0.5-2.0)/NO,
(0.5-2.0)/0, (1000) mbar were carried out in the IR gas cell using
black lamps, that provide wavelengths longer than 330 nm.

In order to quantify both, the disappearance of EF and the
appearance of products at any time, the following sequence
was performed. First, a calibrated reference spectrum of pure
EF was used for subtraction of any particular spectrum (ana-
lyzing simultaneously all the IR bands and not a particular
feature). The same procedure was repeated for NO,. The resulting
spectrum contains therefore only the products at that partic-
ular time. Then, formic acid, peroxyacetyl nitrate, and PEFN
were quantified by subtraction, in that order, of calibrated ref-
erence spectra analyzing the peaks at 637, 1163 and 1223 cm™!,
respectively. Ethyl nitrate and acetic formic anhydride were quan-
tified using the values of integrated absorption bands reported
previously: 1.09 x 10~ cm molec~! (between 800 and 900 cm™!
for the nitrate) and 5.99 x 10~ cm molec~! (between 1005 and
1095 cm~! for the anhydride) [14,15]. The yields informed in the
mechanism correspond to the average for all the points collected at
the different times. The standard deviations associated with these
mean values are also reported.

Since the photo-oxidation reactions in the presence of NO, lead
to the formation of peroxynitrates, and since we identified a new
one, a special run was carried out to obtain substantial quantities
of this product using a 5L glass round flask. The progress of this
reaction was followed by IR analysis taking small samples from the
reactor and bringing them into the IR cell connected on-line. The
photolysis was stopped when the infrared absorption bands char-
acteristic of NO, (1602 cm~!) were no longer present. The mixture
obtained was subsequently distilled to obtain a fraction containing
high-peroxynitrate concentration which was condensed in liquid

air and pumped off to eliminate the non-condensable fraction (0;).
The excess of reactant and the other products formed (CINO, CO5,
PAN, and HC(O)OH) were eliminated by fractional distillation. The
remaining sample contained finally PEFN and formic acid and was
no longer manipulated.

3. Results and discussion
3.1. Mechanism of photo-oxidation initiated by Cl-atoms

Fig. 1 shows the infrared spectra obtained in the photolysis of
a mixture containing EF (3.0 mbar), Cl; (0.5 mbar), NO, (0.5 mbar)
and O, (1000 mbar). The first and the second traces were obtained
before and after 40 min of photolysis, respectively. The next trace
shows the products, where some of their characteristic peaks have
been marked for identification, and was obtained subtracting to
the second trace EF and NO,, scaled to appropriate factors. The
subtraction of reference spectra of formic acid HC(O)OH (1105 and
637cm~1) and peroxy acetyl nitrate (PAN) (1163 and 1302cm™1)
to the third trace leads to the fourth one, where it is possible
to identify other products such as nitrosyl chloride, CINO (1789
and 1809cm~!) and nitric acid, HNO3; (1325cm™!). The peaks
observed at 1223 and 790cm~! were assigned to PEFN, whose
reference spectrum, obtained as will be discussed later, is shown
in the fifth trace. The subtraction of this peroxynitrate as well
as HNO3; and CINO to the fourth trace leads to the sixth one,
where it is observed the formation of acetic formic anhydride
(CH3C(0)OC(0O)H), 1045cm™1, and ethyl nitrate (CH3CH,ONO,),
1659 cm™! (reference spectrum shown in the seventh trace). The
subtraction of both products leads to the last trace showing clearly
the presence of another substance. As it can be seen, the residual
absorbance (peaks at 1758, 1686, 1295, 1162, 1098 and 833 cm™!)
is not negligible. Possible candidates for these absorptions derive
from the following: indication of infrared bands near 600cm™!,
corresponding to C-Cl bonds, is absent leading to the assumption
that no other chlorinated (aside from CINO) product is formed.
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Fig. 1. Photo-oxidation of ethyl formate in the presence of NO,. From top
to bottom: before irradiation; after 40min of photolysis; reaction products
(“a™); “b”=*“a"-HC(O)OH-PAN; PEFN reference spectrum (see text for details);

“b"-CINO-HNO3-PEFN; ethyl nitrate (CH3CH,ONO,) reference spectrum,;
“c"-CH3C(0)OC(0)H-CH;3CH,0ONO5.
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Table 1
Relative yield for H-atom abstraction.

Comparison of the branching ratios for H-abstraction from selected volatile organic compounds (VOCs)

VOoC Radical Relative rate of H-atom abstraction Ref.
CH350CH*CH,CH3 80%
CH30CH,CH*CH3 9.5%
CH3 OCH, CH, CH3 CH,*0CH,CH,CHj 9.6%
CH30CH;CH;CH,* 1.4%
CH5CH,OCH*CH,CH,CH3 47.3%
CH3CH*OCH;,CH,CH;CH3 38.5%
CH5CH,0CH,CH*CH, CH3 6.9%
4582 A0 8 eb{8se{EleE(0 CHsCH,0CH,CH, CH*CH3 5.6%
CH3CH,0CH;CH, CH,CH,® 0.8%
CH,* CH,0CH,CH;CH;CHj 0.8% 18]
CH30CH*CH(OH)CH3 59%
CH30CH,C(OH)*CHs 35%
SLERCECL(CEICLE CH,*OCH,CH(OH)CH3 4.9%
CH30CH,CH(OH)CH,* 0.8%
(OH)CH,CH*OCH, CH,CH,CHs 57%
(OH)CH,CH, OCH* CH, CH, CH; 21%
(OH)CH* CH,0CH, CH, CH,CHs 13%
(OH)CH, CH, OCH, CH CH CHs (OH)CH,CH,0CH, CH® CH,CH3 4.4%
(OH)CH,CH,0CH, CH, CH*CH3 3.5%
(OH)CH,CH;0CH, CH,CH;CH»* 0.9%
CH5C(0)CH,CH*CH; 76%
CH5C(0)CH®CH,CH; 18%
CH3C(0)CH2CH,CH3 CH3C(0)CH>CH5CHa* 3.5% =
CH>*C(0)CH>CH,CHs 2%
CH30C(0)* 55%
SEOC(OH CH,*0C(0)H 45% (9]
CH;CH*OC(O)H (62+8)% Thi
CH;CH,0C(0)H CH;CH,0C(0) (45+5)% ‘Sk
CH,*CH,0C(0)H (2+1)% LUOT

The italicized species denote primary radicals; the bold moieties correspond to those appearing in the ethyl formate.

The absorbance at 1758 cm~! indicates a C=0 and the band at
1686cm~! could be ascribed to the characteristic band of the
asymmetric NO, stretch in nitrates [16,17]. We are thus led to
the conclusion that possibly an acyl nitrate could be present. This
assumption is consistent with our proposed mechanism and will
be proved later.

The formation of the products presented in Fig. 1 could be
explained with the sequence of reactions initiated by the hydrogen
abstraction by Cl atoms from EF, followed by reaction of the radical
formed with O, to give peroxy radicals (RO,*) (e.g. Ref. [18]) and
their subsequent reactions with NO,. A detailed reaction mecha-
nism (comprising all the possible products) is shown in Schemes 1a
and b. The presence of NO in the reaction schemes is a consequence
of NO, photolysis, simultaneous to that of Cl,, because of irradiation
with black lamps.

The hydrogen abstraction of EF by chlorine atoms could, a priori,
occur at three different sites of this molecule (reactions (1a)-(1c)).
Nevertheless, the quantification carried out for all the products
formed, accounts for the total EF reacted if only channels “a”
and “b” are considered. Should channel “c” occur, its contribution
would be limited to less than 1-3% of the EF reacted, according
to our experimental errors. Table 1 shows the relative importance
of H-atom abstraction for volatile organic compounds, [9,18,19]
where it can be seen that for terminal carbon atoms, abstraction
is around 1%; much lower than abstraction from carbonylic or
methylenic groups. These results agree with ours, as we will discuss
later.

The radicals formed, in the presence of O, could lead to the
formation of CH3CH(O-0°)OC(O)H (R,), CH3CH,0C(0)0,* (R,) and
HC(O)OCH,CH;0,°* (R¢), which should react mainly with NO, to
form peroxynitrates (RO,NO>):

RO,* + NO, = RO,;NO, (2)

or with NO [20]
RO,* + NO — RO* + NO, (3a)
RO,* + NO — RONO, (3b)

Peroxynitrates exist in equilibrium with NO, and RO,* radicals
(reaction (2)). The structure of the RO,* radicals determine the
stability of the peroxy nitrate, being peroxyacyl nitrates relatively
stable [21,22] and consequently liable to be observed in our system.

On the other hand, reaction (3) proceeds mainly through the
formation of alkoxy radicals (reaction (3a)) being reaction (3b) only
a minor channel according to Wallington et al. [20].

The path “a” in Scheme 1 shows the reactions following the
formation of CH3CH(O-0°*)OC(O)H radicals. As stated, this radical
could react with NO, or NO; however, the rate constants for these
reactions have not been reported so far. We could expect them to
be similar to the rate constants for reactions of peroxy radicals
having similar structure (for example, iso-propyl peroxy radical,
(CH3)2CHO,*):

(CH3),CHO,* + NO, — (CH3),CHO;NO, (4)
(CH3)2CH02' + NO — (CH3)2CHO' + NO, (53)
(CH3),CHO3* + NO — (CH3);CHONO, (5b)

whose rate at 298K are ks=5.65x10"12, ks,=9.0x 10~12
ks, =5.0 x 10~ 1% cm3 molec~1s~1 [23-25].

Within this assumption reaction (5b) is negligible com-
pared with reactions (4) and (5a) [20]. Consequently,
CH3CH(O-0°)OC(O)H could react with NO, to form the per-
oxynitrate (CH3CH(O-0-NO,)OC(O)H) or with NO to form the
alkoxy radical CH3CH(O®)OC(O)H. The structure of the peroxyni-
trate is that of an alkyl peroxynitrate (is not an acyl peroxynitrate),
which are quite unstable and have thermal lifetimes of the order of
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Scheme 1. Oxidation mechanism of EF in presence of NO,. Only the major paths are
represented as branches “a” and “b”.

seconds at room temperature and atmospheric pressure [21], and
therefore it could decompose to re-form NO, and peroxy radicals
(reaction (2)). Therefore, the major channel to reaction for these
peroxy radicals (CH3CH(O-0°*)OC(O)H) is

CH3CH(0-0*)0C(0)H + NO — CH3CH(O*)OC(O)H + NO,  (6)

There are several reaction paths for alkoxy radicals; reaction
with O, NO,, rearrangement and/or decomposition. In general,
unimolecular decomposition leads to a breakdown of the carbon
chain with generation of more reactive short-chain carbonyl com-
pounds. On the other hand, reaction with O, or NO, lead to a
preservation of the carbon chain and the production of less reactive
and more highly substituted oxygenated species [26].

Rearrangement and decomposition seems to be the major chan-
nel for this alkoxy radical, as can be seen from the products

Table 2
Relative yields for a-ester rearrangement for alkoxy radicals.

Comparison of the a-ester rearrangement, pathway relative importance for
alkoxy radicals

Radical Relative rate Ref.
CH3C(0)OCH,0* 65% [27]
HC(0)OCH,0* 33% [9]
CH5C(0)OCH(0O*)CH3 75% [28]
CH3C(0)OCH(0O*)CH,CH3 10-15% [28]
C,H5C(0)OCH,0* 60% [29]
CH3;CH(O*)OC(O)H (29+3)% This work

obtained, 29% formic acid and 28% PAN (Scheme 1a). The difference
between the yields for both products is within the experimental
error. This kind of rearrangement, a-ester rearrangement, appears
to be specific to this class of substituted oxy radicals. As other papers
already expose (Ref. [26] and references cited therein) the reaction
involves transfer of a hydrogen atom in a five-membered transition
state from the alkyl chain of an ester to the carbonyl group in the
acid function, and many studies indicate that this should occur in
any ester that has hydrogen atoms available on the a-carbon of the
alkyl chain [26]. Table 2 summarizes the relative yields for a-ester
rearrangements for a number of selected radicals [9,27-29]. It can
be seen that, irrespective of the radical considered, the rearrange-
ment is important in all cases acquiring very broad limits.

The reaction of CH3CH(O*)OC(O)H with O, leads to acetic formic
anhydride formation and explains 7% of the EF disappearance.
Within the assumption that CH3CH(O®*)OC(O)H could be consid-
ered similar to 2-propoxy radical ((CH3),CHO®), reactions (7) and
(8) provide rate constants for the reactivity of this radical towards
0, and NO; of

(CH3),CHO® + O, — (CH3),C=0 + HO,* (7)
(CH3),CHO®* + NO, — (CHs3),CHONO, (8)

k7=6.9 x 10-1> and kg=3.5 x 10~ cm3 molec~!s~1, respectively
[24,30]. Being the NO, concentration around (5-0.6)x 106
and [0] equal to 2.5x10¥moleccm™3, and considering
the ratio vg/v;=(kg x [NO3])/(k7 x[02]) as a test indicative
of the relative importance of reaction (8), we can obtain
vg/v7=(17 —2) x 105/1.7 x 105~ (10— 1). These numbers reflect
what it can be seen in Scheme 1; that is, on the one hand, both
reactions are running in the system and on the other hand, the
yield of acetic formic anhydride is lower than the yield of nitrate. In
turn, the presence of the nitrate is consistent with the observation
of the last IR spectrum in Fig. 1, which was quantified using the
average integrated absorption cross-section for the asymmetric
NO, stretch, reported by Tuazon et al. [17] and Atkinson et al. [31]
of (2.54+0.2) x 10~17 cm molec~! for many organic nitrates.

Finally, other possible reactions for CH3CH(O®)OC(O)H radicals
are the direct decomposition without rearrangement, which could
occur through three possible paths:

CH3-CH(0*)-0-C(O)H — CH3C(O)H + HC(0)0* (9a)
CH3-CH(0*)-0-C(O)H — CH3* + HC(0)OC(O)H (9b)
CH3-CH(0*)-0-C(O)H — CH3* + CO, +HC(O)H (9¢)

Fig. 1 does not show evidence of peaks corresponding to either
acetaldehyde (CH3C(O)H), formic anhydride (HC(O)OC(O)H) or
formaldehyde (HC(O)H) (expected at 1353 and 2724; 1829 and
1775; 1505 and 2801 cm™1, respectively). Besides the mass balance
derived for all the stable products (see below) fully accounts for
the total EF reacted. Consequently, the decomposition, if it occurs
at all, is a minor path in this system. A similar comparison to that
presented in the analysis of the relative importance of reactions
(7) and (8) (always within the assumption that CH3CH(O®)OC(O)H
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and 2-propoxy radicals share common properties) could be carried
out to compare vg and v;. Meunier et al. [32] determined the ratio
Kdecomposition/Kreaction @s equal to (2.9+0.3) x 1016 cm=3 molecule.
Using this value for kg/k;, the ratio vg/v; =kg/(k7 x [02]) gives
1.2 x 103 thus providing a good indication for the non-observation
of direct decomposition products. This is, in turn, entirely consis-
tent with the results reported by Meunier et al., [32] who observed
that the major path for 2-propoxy radicals is the reaction with O,
and those obtained by Cavalli et al. [29] in the study of oxidation
of dibasic esters, who determined that, for dimetyl succinate oxi-
dation in the presence of NO, the decomposition channel of alkoxy
radicals is negligible.

Summarizing, the quantification of products obtained from the
hydrogen abstraction of the methylene group gives an overall yield
for the EF reacted equal to (62 4+ 7)% (see Scheme 1a).

Scheme 1b shows the mechanism resulting from the abstrac-
tion of the carbonylic H-atom. Two products could be formed in
the reaction sequence; PEFN and ethyl nitrate (CH3CH,ONO,;). As
mentioned previously, peroxyacyl nitrates are relatively stable, and
consequently it should be expected the formation and detection
of this type of compounds. The quantification of both products
accounts for about (44 £+ 5)% of the EF disappearance.

The identification and quantification of PEFN required sample
quantities substantially higher than those used in the kinetic mea-
surements. We proceeded to its bulk synthesis using the 5L glass
round flask and putting in there EF (9.3)/Cl, (2.1)/NO, (4.0)/0,
(1000) mbar. Once filled, soft UV radiation was allowed and the
progress in the synthesis was followed by taking small fractions
at specific times that were analyzed by IR spectroscopy. The pho-
tolysis was stopped when the infrared absorption bands of NO,
were negligible. The sample was distilled under vacuum separating
the highly volatiles first (—80°C). The remnant fraction contained
only PAN, PEFN and formic acid. PAN was eliminated by further dis-
tillation and formic acid was subtracted from calibrated spectra.
The resulting spectrum is the reference spectrum of PEFN shown in
Fig. 1. Calculations were also carried out to obtain the IR spectrum
of the PEFN with the Gaussian 03 package. The results are shown
in Fig. 2 where a very good correspondence is observed with the
experimental spectrum not only regarding the bands position but
also the relative intensities. The frequency of the carbonylic stretch
was used as base for the scaling. Though this calculated spectrum
does not definitely prove that the experimental spectrum corre-
sponds to a unique species, the set of arguments put forward along
this paper speak for only PEFN.

In order to verify that formic acid is formed from the rearrange-
ment of alkoxy radicals, photolysis of EF/Cl, /0, was carried out (i.e.
in the absence of NO;).

o
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Fig. 2. Experimental (solid) and calculated (dotted) IR spectra of PEFN.
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Fig. 3. Photo-oxidation of ethyl formate in the absence of NO,. From top to
bottom: before irradiation; after 40 min of photolysis; reaction products (“a”);
“b” =*“a”"-HC(0)OH-CH3C(0)OC(O)H.

Fig. 3 shows the infrared spectra collected in the photoly-
sis of a mixture containing EF (3.0 mbar), Cl, (0.5 mbar), and O,
(1013 mbar). First and second traces correspond to the spectra
of the mixture before and after 40 min photolysis. The product’s
spectrum, shown in the third trace, was obtained by subtracting
the second to the first trace, appropriately scaled. The following
trace shows the residual spectrum, which was obtained through
subtraction of formic acid and acetic formic anhydride, respec-
tively. The remaining signals observed in the residual spectrum
show minor absorbances that could be consequence of successive
subtractions. A broad comparison with the residual spectrum of
Fig. 1, where we clearly identified the presence of a substance, indi-
cates that in this case, we can reasonably speak of aleatory noise
only.

The quantification of formic acid leads to a yield of (27 +2)%,
which is coincident, within our uncertainties, with the results
obtained in the photolysis with NO,. This can be rationalized tak-
ing into account that formic acid is formed, in both cases, through
a rearrangement of the CH3CH(O®)OC(O)H radical, i.e. this process
is not dependent on the addition of any gases to the system. The
yield of acetic formic anhydride (13 + 2)%, higher than the observed
in the presence of NO, (7 42)%, is a consequence of the fact that
the reaction of the radical with NO, is faster than with O,. There-
fore, when the photolysis is carried out in the absence of NO,, the
product formed through reaction with O, (acetic formic anhydride)
increases.

There are other possible reactions that could take place with
the radicals involved in the formation of PEFN; but given the high
concentration of NO,, the equilibrium is strongly shifted so as to
lower the radical concentration. Besides, if some of these radicals
had the chance to react and generate their subsequent products,
these could in turn react with Cl atoms and some of them with
rate constants even higher that those of the parent molecules (for
instance, formaldehyde reacts with Cl atoms with a rate constant of
7.5 x 10~ cm3 molec~! s~1 [33] as compared toreaction (1)). These
possible molecules have therefore been explicitly deleted from the
mechanism shown in Scheme 1.
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Table 3
Selected infrared absorption bands of different hydrogenated peroxy acyl nitrates.

R R-C(0)OONO; Ref.

Wavenumber (cm~)

CH3 1842 1741 1302 1163 930 792 [35]

CH30 1835 1748 1308 1237 928 799 [10]

CHs 1834 1739 1300 1043 990 793  [21,31]
CHs0 1831 1744 1308 1224 973 796  This work
CgHs 1805 1739 1300 1229 1185 989 790  [34]
CeHsO 1844 1746 1310 1216 982 798  [21]

4. Thermal decomposition of PEFN

The study of the thermal decomposition of peroxynitrates has
been usually carried out “on the fly”; that is, adding NO to the mix-
ture obtained in the photolysis (i.e. the mixture comprising all the
products and reactants), especially by authors that use big cham-
bers (e.g. Refs. [10,21,34]). Therefore, the purity of the compound,
whose thermal decomposition is studied, is not a limiting con-
straint as long as no side reactions are present. The sample that
we obtained after the synthetic method used, contained PEFN and
formic acid. The concentration of the latter did not change with
time proving that there was no reaction among them. The reference
spectrum of pure PEFN plotted in Fig. 1 comes from the subtraction
of formic acid as impurity. The characteristic IR bands correspond-
ing to the molecule strongly suggest that we are in the presence of
a peroxynitrate. Table 3 summarizes the infrared absorption bands
of a series of peroxynitrates [10,21,31,34,35]. As it can be seen, it
is clear the similarity between the corresponding bands. Another
proof of the identity of PEFN derives from the observation of the
rate of disappearance of all the peaks assigned to it, when NO in
excess is added to the sample. NO sequesters irreversibly the radi-
cals [24] formed in the decomposition (as Scheme 2 shows) and all
the IR bands (with the exception of the band at 796 cm~!, which is
a superposition of the decrease caused by PEFN decomposition and
the increase of its decomposition product —ethyl nitrite-) decrease
with the same rate thus definitely proving that all peaks correspond
to the same compound. In Fig. 4 we have included the IR spec-
tra of the mixture containing PEFN before it decomposes and that
corresponding to complete decomposition. The third trace in the
figure corresponds to their ratio, rather than the difference between
the first two traces, that clearly shows as positive peaks the sub-
stances that were consumed and as negative ones, the substances
that were formed through decomposition. According to Scheme 2,
CH3CH,ONO is expected to be the main product of the decompo-
sition and this is confirmed by comparing the negative bands with
the reference spectrum of ethyl nitrite shown in the last trace.

il P

o)

~S0" o7 No, =" o

PFEN
NO[ 5

A~
-0 + €O,
NOl

0—0 + NOy

Ethyl nitrite

Scheme 2. Sequence of reactions for the thermal decomposition of PEFN in the
presence of NO.
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Fig. 4. Thermal decomposition of PEFN. From top to bottom: before; after complete
PEFN decomposition; direct subtraction (the bands pointing upwards correspond
to the decomposed substance, and the bands pointing downward correspond to the
products generated); last trace corresponds to the reference spectrum of ethyl nitrite
(CH3CH,ONO) which is a product of PEFN decomposition. The insert shows the first
order decay of PEFN at room temperature. The pseudo-first order rate constant was
obtained through the fitting to the experimental points.

The insert in Fig. 4 shows the first order decay curve for the
thermal decomposition of PEFN in the presence of NO (4.0 mbar)
at 298 K. The slope obtained by linear regression corresponds to a
rate constant of 1.2 x 10~3s~1. A comparison between this value,
and those corresponding to other acyl peroxynitrates (PAN among
them)is shownin Table 4[10,21,36]. A brief analysis reveals that the
value reported for PEFN is within the expected for other peroxya-
cyl nitrates. Another comparison suggests that the rate constant
increases by the inclusion of oxygen into the alkyl group of the
molecule (compare rows 1-2; 3-4; and 5-6 of the table).

5. Atmospheric implications

As mentioned, ethyl formate has extensive uses as fumigant,
pesticide, larvicide, among others, and could even be formed in
the atmospheric degradation of some alcohols and ethers exten-
sively used besides its possible formation as reaction product of
biodiesels. Therefore, it could be present in the atmosphere, and
the knowledge of its degradation mechanism is relevant. EF could
react with OH radicals leading, in the presence of atmospheric
components (especially O, and NO,), to the formation of nitrates
(CH3CH,0NO, and CH3CH(ONO, )OC(O)H) and peroxynitrates (PAN
and PEFN).

The stability of nitrates is high, and peroxyacyl nitrates are
relatively stable at low temperatures. Consequently, PEFN which
has a rate constant of the order of other peroxynitrates could
also be formed and transported in the atmosphere, especially if
it reaches the regions of the free troposphere where lower tem-
peratures further stabilize this molecule. Though the motivation of
the present study was to improve the knowledge of peroxynitrates,

Table 4

Thermal rate constants of peroxyacyl nitrates R-C(O)OONO,.

R kosk) (x10%s1) Ref.

CHs; 0.40 [36]

CH;0 0.84 [10]

CyHs 0.35 [21]
C2H50 1.3 This work
CeHs 0.31 [21]
CsHsO 0.53 (21]
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further studies on stability and temperature dependence should be
done in order to better understand the chemistry of this particular
molecule.
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