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A B S T R A C T

The mechanism for the chlorine initiated oxidation reaction of n-butyl formate has been determined in the
presence and absence of NO2. Chlorine atoms initiate the oxidation at five different sites of the molecule, leading
to the formation of carbonylic and dicarbonilic species, nitrates, and a new peroxynitrate. The detailed list
includes HC(O)OH, CH3CH2C(O)H, CH3CH2CH2C(O)H, HC(O)CH2CH2CH2OC(O)H, CH3C(O)CH2CH2OC(O)H,
CH3CH2C(O)CH2OC(O)H, CH3CH2CH2C(O)OC(O)H, CH3CH2CH2CH2OC(O)OONO2, CH3CH2CH2CH2ONO2, and
CH3CH2CH2ONO2. The complete set of products is discussed and compared with those obtained from other
formates. A comparison between experimental results and those obtained using SAR (Structure-Activity
Relationship) methods was performed.

1. Introduction

The study of the photochemical degradation of volatile organic
compounds (VOCs) emitted to the atmosphere is important because it
allows us to understand the physicochemical processes that occur in the
atmosphere and bring information about their degradation products.
Esters are emitted from both antropogenic (flavorings and perfumes)
and biogenic (fruits and vegetables) sources, and also formed by the
degradation of alcohols and ethers.

Formates are volatile organic compounds, and due to their in-
secticidal, fungicidal, and pesticidal properties they are used for fumi-
gation of dried fruit. Ethyl formate (CH3CH2OC(O)H, EF) is used in the
fumigation of packages of dry fruits [1–4] and as potential disinfectant
treatment for eucalyptus weevil in apples [5]. EF also could be formed
in the photo-oxidation of diethyl ether with yields between 66 and 92%
[6,7]. In addition, n-propyl formate (CH3CH2CH2OC(O)H, nPF) is pro-
duced and emitted by many fruits and vegetables as a flavoring com-
ponent [8].

The tropospheric reactivity of formates is mainly controlled by their
reaction with OH radicals (the rate coefficient for reaction ranges from
1.8×10−13 to 3.7×10−12 cm3molec−1 s−1) since the reactions with
nitrate radicals (k around 0.3–6×10−17 cm3molec−1 s−1), ozone or
photolysis are slow processes [9–11].

Le Calvé et al. measured the temperature dependence for the rate
coefficients of hydroxyl radicals with methyl, ethyl, n-propyl, and n-
butyl formate; calculated their atmospheric lifetimes (66.9, 13.6, 6.4
and 3.3 days, respectively) and concluded that formates could be
transported over large distances from their emission location [12].

Since then, there have been other studies on formates, but the need
to determine the reaction mechanisms in gas phase is still of concern,
particularly their reaction products in both clean (pristine) and polluted
atmospheres. Notario et al. [13], Sellevág et al. [14], Wallington et al.
[15], Ide et al. [16] and Zhang et al. [17] determined the rate constant
of formates with chlorine atoms, while Wallington et al. [18], Malanca
et al. [19], and Vila et al. [20] extended the studies to the determina-
tion of mechanisms of methyl, ethyl, and propyl formates, respectively.
In an attempt to close the gap on the study of formates, we present in
this paper the results on the photo-oxidation of n-butyl formate (nBF)
(initiated by chlorine atoms) in the presence and absence of nitrogen
dioxide.

2. Experimental section

2.1. Materials

Commercially available samples of n-butyl formate (Sigma Aldrich)
and O2 (AGA) were used. NO2 was synthetized by thermal decom-
position of Pb(NO3)2. Cl2 was prepared by the reaction between HCl
and KMnO4, and was further distilled.

2.2. Procedure

Gases were manipulated in a glass vacuum line equipped with two
capacitance pressure gauges (0–760 Torr, MKS Baratron; 0–70mbar,
Bell and Howell). Photolyses of mixtures of nBF (5.0 mbar)/Cl2
(2.5 mbar)/NO2 (0 to 2.0 mbar)/O2 (1000mbar) were carried out in an
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infrared gas cell (optical path 23.0 cm; silicon windows) using three
black lamps (PHILIPS TL 8W BLB Model, 8W, λ > 360 nm, length
30.2 cm) and the temporal variation of reactants and products was
followed through infrared spectroscopy. Spectra were acquired in the
range 4000–400 cm−1 with a resolution of 2 cm−1 using a Fourier
Transform Infrared Spectrophotometer (FTIR, Bruker IFS28). This set-
up was also used to quantify the products formed.

Additionally, to identify some of the products, samples were pho-
tolyzed in a 5 L glass flask and the resulting mixtures were collected in a
cold trap to concentrate all products, which were then analyzed by gas
chromatography/mass spectrometry (GC/MS) on a Shimadzu GC–MS-
QP 5050 spectrometer equipped with a capillary column Zebron 2B-
5MS (30m×0.25mm×0.25 μm) using helium as eluent at a flow rate
of 1.1mL/min. Both injector and ion source temperatures were 280 °C,
the oven heating ramp was 15 °C/min from 25 °C up to 280 °C. The
pressure in the MS instrument was 10−5 Torr, precluding ion-molecule
reactions from taking place, and MS recordings were made in the
electron impact (EI) mode with an ionization energy of 70 eV.

The 1H NMR was used to identify the aldehydes formed as products
of the photo-oxidation. The 1H NMR (400.1 MHz) spectra were mea-
sured at 298 K on a Bruker Avance 400 spectrometer. The sample was
dissolved (bubbled) in CDCl3 in a 5mm NMR tube provided with a
PTFE valve.

To corroborate the identity of some products and to determine the
relative importance of the main reaction paths of oxy radicals (RO%),
theoretical calculations were performed using the Gaussian 09 program
suite [21]. Geometric optimizations and calculations of the vibrational
frequencies were carried out applying Density Functional Theory (DFT)
methods, using the B3LYP exchange functional with 6-311++ G(d,p)
basis in much the way used by other authors to calculate theoretical
spectra of similar molecules (e.g. 1-, 2-, 3-, and 4-oxobutylformates)
and to obtain thermodynamical data in order to compare the relative
importance of reaction path [22–24].

3. Results and discussion

3.1. Products identification and quantification in the presence and absence
of NO2

Fig. 1 shows the infrared spectra obtained in the photolysis of nBF/
Cl2/O2 mixtures. The first and second traces correspond to the spectra

obtained at t= 0 and t= 30min of irradiation. It is clear that carbon
dioxide (peak at 667 cm−1) and formic acid (peaks at 1105 and
1775 cm−1) are formed. The presence of formic acid could be corro-
borated by comparison to standard spectra like the one shown in the
third trace. The fourth trace, obtained from the subtraction of nBF and
formic acid to the second trace, shows the other photolysis products
whose identities will be discussed later because their identification re-
quired bulk quantities that, in turn, required special experiments. For
them, the photo-oxidation was generally performed in a 5 L photo-re-
actor and the resulting mixture was passed through cold traps in liquid
nitrogen. The condensable fraction was then allowed to reach room
temperature and was further analyzed by GC/MS. A typical chroma-
togram shows the following peaks (retention time, min): 2.08, 2.56,
4.33, 5.20, 5.60. The first three peaks correspond to formic acid, bu-
tanal, and nBF, respectively. The remnant peaks were assigned, based
on their fragmentation patterns, to CH3C(O)CH2CH2OC(O)H (m/e: 15,
CH3

+; 43, CH3CO+; 45, CHO2
+; 55, C3H3O+; 72, C2O3

+; 87,
C4H7O2

+;102, M- CH3; 115, M+) and CH3CH2C(O)CH2OC(O)H (m/e:
27, C2H3

+; 29, C2H5
+, CHO+; 45, CO2H+; 55, C3H3O+; 57,

CH3CH2C(O)+; 59, C3H7O+; 72, C4H8O+; 87, C4H7O2
+; 101, M–CH3;

115M+).
A further proof of their identity required the help of other techni-

ques. The GAUSSIAN 09 package was used to simulate the infrared
spectra of all possible dicarbonylic products, i.e. CH3CH2CH2C(O)
OC(O)H, CH3CH2C(O)CH2OC(O)H, CH3C(O)CH2CH2OC(O)H, and
HC(O)CH2CH2CH2OC(O)H, (one anhydride and three esters, respec-
tively) whose theoretical spectra are shown in Fig. 2.

Comparison of the last trace of Fig. 1 and first trace of Fig. 2 clearly
shows that neither signals around 1808, 1792 cm−1 (C]O stretchings)
nor signals at 1049 cm−1 (CeOeC stretchings) corresponding to the
anhydride [25] are present, in accordance with the GC/MS results. On
the other hand, the spectra of all the other dicarbonilyc species are
similar and, consequently, the overlapping of their peaks would result
in a complex spectrum similar to the one observed in the last trace of
Fig. 1.

An exhaustive analysis of the behavior of the products in darkness
afforded new insights about the evolution of the dicarbonylic species,
suggesting that the existence of all three species would be plausible.
After 30min of photolysis, periodic monitoring of the resulting mixture
was carried out during twenty-four hours. Fig. 3 shows some of the
infrared spectra. Trace “A” corresponds to the spectrum of the re-
maining reactants and products immediately after the lamps are turned
off, while traces “B” and “C,” which correspond to 30min and 24 h of

Fig. 1. Photo-oxidation of n-butyl formate in the absence of NO2. Traces from
top to bottom: before irradiation; after 30min photolysis; reference spectrum of
formic acid; result of subtracting n-butyl formate and formic acid from second
trace.

Fig. 2. From top to bottom, calculated infrared spectra of 1-, 2-, 3-, and 4-
oxobutylformate.
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darkness, undoubtedly show the increase in the concentration of formic
acid during the dark period. The monitoring continued for longer per-
iods without further variation in the concentration of formic acid.

Fig. 4 summarizes the temporal variation of formic acid. The pre-
sence of four different slopes accounting for its formation is clear, as is
the fact that, after 360min, the quantity of formic acid does not change.
This could be an indication that all the unstable products have already
degraded. The first slope, accounting for 19% of the reacted formate,
corresponds to the formation by photo-oxidation; the second was as-
signed to the decomposition of HC(O)CH2CH2CH2OC(O)H (accounting
for an additional 11%); the third and fourth slopes (which account for
additional 25 and 7%) would correspond to the slow decomposition of
the two experimentally measured esters, that is, CH3C(O)CH2CH2OC(O)
H and CH3CH2C(O)CH2OC(O)H. This assumption is based on the fol-
lowing facts: a) from the three dicarbonylic products, the last two
species were assessed as products in our GC–MS study; b)
HC(O)CH2CH2CH2OC(O)H should be less stable than the former ones;
c) each dicarbonylic species leads to the formation of one formic acid in
its own degradation path.

Fig. 5 shows the sequence of infrared spectra obtained in the pho-
tolysis of nBF/Cl2/NO2/O2 mixtures. The first and second traces cor-
respond to t= 0 and t= 30min of irradiation. The third trace shows
the products formed, which were obtained from the subtraction of

reactants from the second trace. The fourth and fifth traces show the
standard spectra of formic and nitric acids. The sixth trace, resulting
from the subtraction of HC(O)OH and nitric acid to the product’s trace,
shows the spectrum of remaining products formed; that is, it shows the
presence of signals corresponding to carbonyl bands similar to those
obtained in the photo-oxidation in the absence of NO2. Other signals
corresponding to nitrates (1650 and 850 cm−1) and peroxy acyl formyl
nitrates, CxH2x+1OC(O)OONO2, x= 1–3 (1831–1836, 1741–1748,
1219–1236 and 796–797 cm−1) [18,20,26] were also observed. From
the frequency of these signals and from the reaction mechanism (see
below), the identity of the new peroxynitrate was assigned to peroxy
butyl formyl nitrate (PBFN), C4H9OC(O)OONO2. Its quantity was esti-
mated assuming its cross-section similar to the average absorption
cross-section of peroxyacyl formyl nitrates (CxH2x+1OC(O)OONO2) re-
ported in the literature for the peak around 1830 cm−1 (1.8, 1.9,
1.3 cm2molecule−1; for x= 1, 2, 3 respectively) [18,20,26,27]. The
formation of PBFN accounts for about (4 ± 2) % of the reacted for-
mate.

To identify the nitrates, a photo-oxidation of a mixture of bulk
quantities of nBF, Cl2, NO2 and oxygen was performed. The con-
densable products were analyzed by GC–MS spectrometry, which
showed the formation of n-propyl and n-butyl nitrates. They were
quantified as a single species using the average integrated band for
alkyl nitrates (1635 and 1670 cm−1) available in bibliography
(2.5× 10−17 cm2molecule−1) [28] and account for (11 ± 1) % of the
formate reacted.

Aldehydes formation was certified by the 1H NMR spectra of the
mixtures of products. Propanal and butanal were identified, based on
the shift (δ eppme) for the hydrogen of the carbonyl group, at 9.79 and
9.76. An upper limit of propanal formation (15 ± 2%) was estimated
by the subtraction of a reference spectrum to the products spectra, until
no negative peaks were observed in the resulting traces.

3.2. Reaction mechanism

The rapid photo-oxidation of nBF initiated by chlorine atoms
(whose rate coefficients range from 1.4 to
1.1×10−10 cm3molec−1 s−1) [13,15] leads to the abstraction of hy-
drogen atoms in five different sites of the molecule to form radicals
(Reactions (1a)–(1e)):

Fig. 3. Progress in reaction products while in darkness. Traces from top to
bottom: “A”, immediately after lamps are turned off; “B” 30min later; “C” 24 h
later.

Fig. 4. Temporal variation of HC(O)OH.

Fig. 5. Photo-oxidation in the presence of NO2. From top to bottom: t= 0;
t= 30min photolysis; products; formic acid reference spectrum; nitric acid
reference spectrum; nitrates (arrows) and peroxynitrates (asterisks) obtained
from subtraction of HC(O)OH and HNO3 to third trace.
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CH3CH2CH2CH2OC(O)H+Cl%→ CH3CH2CH2CH2OC(O)%+HCl (1a)

CH3CH2CH2CH2OC(O)H+Cl%→ CH3CH2CH2CH%OC(O)H+HCl (1b)

CH3CH2CH2CH2OC(O)H+Cl%→ CH3CH2CH%CH2OC(O)H+HCl (1c)

CH3CH2CH2CH2OC(O)H+Cl%→ CH3CH%CH2CH2OC(O)H+HCl (1d)

CH3CH2CH2CH2OC(O)H+Cl%→ CH2%CH2CH2CH2OC(O)H+HCl (1e)

All these radicals react with molecular oxygen to form peroxy ra-
dicals (ROO%) that could either recombine, react with other peroxy
radicals or chlorine atoms to form RO% radicals or react with nitrogen
dioxide to form the corresponding peroxynitrate RC(O)OONO2.
According to the structure of the RO% radicals, different reaction paths
are opened that will be described in detail below.

3.2.1. Via 1a
The CH3CH2CH2CH2OC(O)% radical in the presence of O2 leads to

the formation of the peroxy radical CH3CH2CH2CH2OC(O)OO% which,
in the presence of NO2, forms the PBFN. This peroxynitrate should be
stable on account of the stability of the CxH2x+1OC(O)OONO2 family.
Members of this family have been observed in the photolysis of methyl
formate [18], ethyl formate [19,26,27] and propyl formate [20] and
have been fully characterized by infrared spectroscopy. However, the
thermal equilibrium that they establish provides peroxy radicals
CH3CH2CH2CH2OC(O)OO% which could react with nitrogen monoxide
(product of the photochemical rupture of NO2) to form
CH3CH2CH2CH2OC(O)O% radicals which, in turn, lead to the formation
of carbon dioxide and CH3CH2CH2CH2O% (Reaction (2)):

CH3CH2CH2CH2OC(O)O%→ CH3CH2CH2CH2O%+CO2 (2)

and subsequently continue to:

CH3CH2CH2CH2O%+O2→ CH3CH2CH2C(O)H+HO2% (3)

CH3CH2CH2CH2O%+NO2→ CH3CH2CH2CH2ONO2 (4)

Both CH3CH2CH2CH2ONO2 (butyl nitrate) and butanal were observed
as photolysis products given the fact that both reactions effectively
compete on account of their rate coefficients (k3= 9.5×10−12,
k4= 3.3×10−11 cm3molec−1 s−1) [29,30] and the pressures used
(pO2= 1000mbar; pNO2= 2mbar), giving a ratio v4/v3 of≈ 8.

3.2.2. Via 1b
The original radical formed in Reaction (1b) leads (via reaction with

O2 and NO or Cl atoms) to the radical CH3CH2CH2CHO%OC(O)H that
could, a priori, react either via α-ester rearrangement (Reaction (5)),
with molecular oxygen (Reaction (6)) or decompose (Reaction (7)):

CH3CH2CH2CHO%OC(O)H→ CH3CH2CH2C(O)%+HC(O)OH (5)

CH3CH2CH2CHO%OC(O)H+O2→ CH3CH2CH2C(O)OC(O)H+HO2%

(6)

CH3CH2CH2CHO%OC(O)H→ CH3CH2CH2C(O)H+HC(O)O% (7)

According to the reactions proposed for similar radicals,
CH3CH2CHO%OC(O)H [20], CH3C(O)OCHO%CH3, and CH3C(O)OCHO
%CH2CH3 [31], the main path should be the α-ester rearrangement
followed by a reaction with molecular oxygen. One way to prove it was
the calculation of the relative energies for Reactions (5)–(7) using
GAUSSIAN 09: the values obtained were 16, 92, and 60 kJ/mol, re-
spectively, showing that rearrangement is the only path available for
this radical. This is also accompanied (see mechanism) by the formation
of either propanal and carbon dioxide, or peroxy n-propyl nitrate
(CH3CH2CH2C(O)OONO2) and n-propyl nitrate CH3CH2CH2ONO2 when
nitrogen dioxide is present. Total nitrates (butyl- and propyl-) formed
by vias a and b account (11 ± 1) % of the formate reacted.

3.2.3. Via 1c
The radical resulting from Reaction (1c), CH3CH2CHO%CH2OC(O)H,

continues to give:

CH3CH2CHO%CH2OC(O)H+O2→ CH3CH2C(O)CH2OC(O)H (8)

CH3CH2CHO%CH2OC(O)H→ CH3CH2C(O)H+ %CH2OC(O)H (9a)

CH3CH2CHO%CH2OC(O)H→ CH3CH2%+HC(O)CH2OC(O)H (9b)

CH3CH2CHO%CH2OC(O)H→ CH3CH2CHOHCH2OC(O)% (10)

The formation of 2-oxobutil formate (CH3CH2C(O)CH2OC(O)H)
observed by GC–MS spectrometry corroborates the occurrence of
Reaction (8). However, decomposition could also be feasible for these
radicals, as was proposed for the CH3CHO%CH2OC(O)CH3 radical in the
photo-oxidation of n-propyl acetates [31]. Nevertheless, in our system,
there is no evidence that Reaction (9b) would occur (on account of the
absence of CH3C(O)H formation that should be expected if CH3CH2%

radicals were present). Besides, neither CO nor HC(O)OC(O)H forma-
tions from reactions subsequent to (9a) (Reactions (11)–(15)) were
observed within our experimental errors:

%CH2OC(O)H+O2→ %OOCH2OC(O)H (11)

%OOCH2OC(O)H+RO2%→ 2 %OCH2OC(O)H+O2 (12)

%OCH2OC(O)H+O2→HC(O)OC(O)H (13)

%OCH2OC(O)H→HC(O)%+HC(O)OH (14)

HC(O)%+O2→ CO+HO2% (15)

However, formic acid, which is a measured product, could have
appeared from Reaction (14), making difficult to conclusively discard
the occurrence of (9a). Indeed, we could neither assess its occurrence,
since formic acid is also formed by via (1b) – Reaction (5) – nor discard
it on account of the lack of CO and HC(O)OC(O)H. The total formation
of HC(O)OH, coming either from via (1b), or eventually via (1c), ac-
counts for about (19 ± 1) % of the reacted formate.

3.2.4. Via 1d
The radical resulting from Reaction (1d), CH3CHO%CH2CH2OC(O)

H, could react with oxygen (Reaction (16)) or decompose (Reactions
(17a) and (17b)):

CH3CHO%CH2CH2OC(O)H+O2→ CH3C(O)CH2CH2OC(O)H (16)

CH3CHO%CH2CH2OC(O)H→ CH3C(O)H+ %CH2CH2OC(O)H (17a)

CH3CHO%CH2CH2OC(O)H→ CH3%+HC(O)CH2CH2OC(O)H (17b)

The only product unambiguously identified was 3-oxobutil formate
(CH3C(O)CH2CH2OC(O)H). Therefore, Reaction (17a) was discarded
(acetaldehyde was not observed by GC/MS), as well as Reaction (17b)
(CH3% radicals should lead to formaldehyde or eventually carbon
monoxide, if further degraded during the experiment. Neither of them
were observed). The preceding discussion suggests that the main path
for the CH3CHO%CH2CH2OC(O)H radical is the reaction with molecular
oxygen. The formation of CH3C(O)CH2CH2OC(O)H (via 1c, Scheme 1)
and CH3CH2C(O)CH2OC(O)H (via 1d, Scheme 1) accounts for an extra
32% of reacted formate.

3.2.5. Via 1e
The last oxy radical, CH2O%CH2CH2CH2OC(O)H formed from

Reaction (1e), could result in (Reactions (18)–(20)):

CH2O%CH2CH2CH2OC(O)H+O2→HC(O)CH2CH2CH2OC(O)H (18)

CH2O%CH2CH2CH2OC(O)H→ CH2(OH)CH2CH2CH%OC(O)H (19)

CH2O%CH2CH2CH2OC(O)H→ CH2O+ %CH2CH2CH2OC(O)H (20)

The formation of 4-oxobutyl formate (HC(O)CH2CH2CH2OC(O)H)
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(Reaction (18)) is observed by GC/MS and accounts for about (6 ± 1)
% of the reacted formate. This result is in concordance with the ob-
servations of Picquet et al. [31] in the photo-oxidation of n-propyl
acetate, where the main path for CH3C(O)OCH2CH2CH2O% is the re-
action with O2 [32].

3.3. Some comments about SARs (structure-activity relationships)

In order to check the reliability of our experimental results with
regards to the relative amounts of products formed, the SAR method
was used. Three different approaches were performed to calculate the
relative weigh of the attack of chlorine atoms on every abstractable
hydrogen of the molecule, namely:

i Using the values reported by Notario et al. [13] for the substituents
bonded to the methyl, methylene, and methanetriyl groups: F
(eOC(O))= 0.05; F(eCH2eOeC(O))= 0.28.

ii Using the rate coefficients suggested by Calvert et al. [9] for n-
propyl-, isopropyl-, and tert-butyl formate, selected because of their
values (4,6; 1,76 and 1.45× 10−11 cm3molec−1 s−1, respectively)
and proposing a set of three equations with three variables. Within
this system, ka which corresponds to the attack at the hydrogen of
the carbonyl group, was assumed independent on the chain length
of the carbon skeleton. The parameters F(eOC(O)) and F
(eCH2eOeC(O)) obtained take the values listed in Table 1.

iii Taking the experimental data by Pimentel et al. [33] for isopropyl
(30, 50, and 20% for the hydrogen atom of the carbonyl, methyl,

and methanetriyl groups) and tert-butyl (49 and 51% for carbonyl
and methyl groups) formates. From these data ka, F(eOC(O)), F
(eCH2eOeC(O)), F( CeOeC(O)) were calculated.

Table 1 summarizes the results with these three approaches. In the
calculation, the values of kPRIM= 3.32×10−11, kSEC= 8.34× 10−11,
kTERT= 6.09×10−11 cm3molec−1 s−1 and F(eCH3)= 1.00, F
(eCH2e)= 0.79 taken from Aschmann et al. [34] were used. Factor
groups F(eCH2eOeC(O)), F(> CHeOeC(O)), F( CeOeC(O)) were
considered equal. As can be seen, the data obtained using methods II
and III for ka and F groups show an acceptable match. The calculation of
the mean value for these variables gives the following results:
ka= 5.7×10−12 cm3molec−1 s−1, F(eOC(O))= 0.12, F
(eCH2eOeC(O))= F(>CHeOeC(O))= F( CeOeC(O))= 0.075.
Although the values do not exactly coincide with those obtained by
Notario et al. [13] for the whole family of formates, they are not so
different either and are more in agreement with the experimental re-
sults. According to them, the rate coefficient of chlorine atoms with nBF
(knBF) gives 11.1×10−12 cm3molec−1 s−1, in excellent agreement
with the rate coefficient suggested by Calvert et al. [9]. From this value
and ka, the relative percentage of chlorine atom attack to the hydrogen
of the carbonylic carbon is around 5%, in excellent agreement with the
experimental percentage of CH3CH2CH2CH2OC(O)OONO2 (4 ± 2%)
formed via “a” in Scheme 1. In a similar way, the value of ka for n-
propyl formate gives a theoretical percentage (12%), in agreement with
the experimental one obtained by Vila et al. [20] for the formation of
CH3CH2CH2OC(O)OONO2 (around 10%). With our values determined

Scheme 1. Reaction mechanism of n-butyl formate. Subset “a” to “e” presents the sequence of reactions initiated by the attack of chlorine atoms to the different
hydrogen atoms. The compounds identified are enclosed in a box.
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for ka, F(eOC(O)) and F(eCH2eOeC(O)) and the values corresponding
to F(eCH2e)= 0.79 [34], the relative percentage of the attack of
chlorine atoms on the different carbons are 5.1, 7.1, 4.5, 59.7, and
23.4% respectively for vias a–e.

Unfortunately, experimental determination of the relative percen-
tage of each via is not simple since some products are formed in more
than one way and, consequently, a comparison with the data obtained
from SAR is not straightforward. Via a is, however, an exception be-
cause its contribution can be established from the amount of PBFN
(4%), in agreement with the percentage obtained from the SAR method
(5%). As can be seen in Scheme 1, formic acid (19 ± 2%) and propanal
(15 ± 2%) come both through vias “b” and “c” and having the same
(1:1) ratio. Nevertheless, both percentages (within experimental errors)
are in agreement with a mean value of 17%, representing the formation
of both products. Considering the fact that CH3CH2C(O)CH2OC(O)H is
also formed from via c (7 ± 2%), the total experimental percentage
(24%) does not match the SAR value (12%). However, that low relative
percentage speaks for the deactivating effect of the C(O)Oe group both
in α- and β- positions.

On the other hand, the formation of CH3C(O)CH2CH2OC(O)H
(25 ± 2) % and HC(O)CH2CH2CH2OC(O)H (11 ± 2) % (coming from
vias d and e, respectively) suggests that the attack on the methyl group
occurs to a minor extent as on the adjacent methylene group. The SAR
method gives 59 and 22% for the attack on these groups. However,
these values disagree considerably with the experimental ones, and
only the relative percentage of these vias are in concordance.

4. Conclusion

Our paper extends the study on the series of formates for the de-
termination of reaction mechanisms in the presence and absence of
nitrogen dioxide. Its photo-oxidation mainly leads to the formation of
aldehydes, formic acid, and dicarbonylic products. In the presence of
high NO2 concentrations, a new peroxynitrate (CH3CH2CH2CH2OC(O)
OONO2), as well as nitrates (CH3CH2CH2CH2ONO2, CH3CH2CH2ONO2)
are formed.

The comparison of the yield of CH3CH2CH2CH2OC(O)OONO2 (4%)
with the yield of CH3CH2CH2OC(O)OONO2 (∼10%) from the photo-
oxidation of n-propyl formate, shows that the attack on the hydrogen of
the carbonyl group for formates of relatively long carbonated chains is
lesser than the attack to other hydrogen atoms. Instead, our SAR values
agree with those experimental values.

The results also allow to draw conclusions on the deactivating effect
of the carbonyl group over the α- and β- positions. The attack of
chlorine atoms to form HC(O)OC%HR radicals in n-propyl formate is
around 15% while it is only 7% in n-butyl formate.
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