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Abstract

The rate coefficient for the gas-phase reaction of acetic anhydride (Ac.O) with
chlorine atoms at 298 K and atmospheric pressure was experimentally determined
(kacoo+c1 = (1.3 £ 0.4) x 102 cm3 molec s-1), while the rate coefficient for the reaction
with the hydroxyl radical was estimated (kac0+on = 1.9 X 1073 cm3 molec s*). For the
Structure-Activity Relationship method, a value of 0.02 was determined for the -
C(0O)OC(0) group. The mechanism of photo-oxidation of acetic anhydride initiated by
chlorine atoms was determined and CO, CO, CH;C(O)OH (32 %),
CH3C(0O)OC(0O)C(O)H, and 3-hydroxy-1,4-dioxane-2,6-dione (20 %) were identified as
products by infrared spectroscopy. Here we determined for the first time the relative
energies of the primary reaction pathways for the CH;C(O)OC(O)CH-O- radical using
computational methods, which confirmed our experimental data. Finally, the
environmental implications of acetic anhydride emissions were calculated, showing an
atmospheric lifetime between 31 and 220 days for the reaction with atmospheric

radicals, while its wet deposition lifetime is 1.5 years.

Keywords

Rate coefficient, photo-oxidation, infrared spectroscopy, atmospheric lifetimes,

Structure-Activity Relationship.
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1 Introduction

Chemical reactions in the gas phase, more specifically the photo-oxidation
reactions of volatile compounds in the environment lead to the formation of ozone and
secondary organic aerosols, showing the importance of studying them. Although
present in small concentrations, chlorine atoms play a significant role on tropospheric
oxidation and can affect ozone production in urban environments. It is extremely
reactive towards volatile organic compounds, with rate coefficients that are, with few
exceptions, at least an order of magnitude greater than those of hydroxyl radicals
(HO:), the key oxidant in the global atmosphere.(Calvert et al., 2011) In addition, Cl
reacts rapidly with some compounds, with which HO- is relatively unreactive.
Historically, Cl was thought to occur mainly in coastal areas and, consequently, the
importance of Cl in atmospheric photo-oxidation processes was thought to be limited to
the marine boundary layer.(Chang et al., 2004) However, other anthropogenic
photolabile Cl precursors such as CINO. and Cl. show the occurrence of different
mechanisms for anthropogenic pollution to contribute to the photochemical production
of Cl atoms in the atmosphere.(Young et al., 2014) Since these species can be found in
continental areas, the potential impact of Cl on the tropospheric photo-oxidation

chemistry of volatile organic compounds has been expanded.

Acetic anhydride (Ac.O, CH3C(O)OC(O)CHj3) is the simplest anhydride of a
carboxylic acid. It is a colorless liquid with a characteristic pungent odor.(Cook, 1993)
It is the largest commercially produced carboxylic acid anhydride with an approximate
demand of 2,1 million tons in 2022 and with a view to grow.(Chemanalyst, 2023;
Chemical Economics Handbook. S&P Global, 2023) It is widely used as a synthetic
intermediate in organic synthesis, and as a solvent in certain analytical processes.
However, its main industrial use is as an acetylating agent which reacts with
nucleophiles to form acetic esters. Its major uses are in the manufacture of cellulose
acetate fibers in the textile industry, or in the synthesis of aspirin and paracetamol in
the pharmaceutical industry.(Wagner, 2014) It is also used in the plastics
manufacturing and in the production of dyes, fragrances and even explosives. Its
massive use on an industrial scale and its high volatility (4 mm Hg at 20°C) result in a

considerable emission to the atmosphere that must be considered.(Lewis, 1997)

It is well known that anhydrides react rapidly in aqueous solution to form the
two corresponding carbonyl acid compounds. In this sense, the degradation of Ac.O in
aqueous systems has been studied by several authors, as well its thermal
decomposition.(Akao et al., 1996; Fritzler et al., 2014; Hirota et al., 2010; Knopp et al.,

1962; Mai et al., 2017; Park and Lee, 2009) This fact may leave in the background the
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study of the reactions of these compounds in the gas phase, assuming that they degrade
easily in humid atmospheres, which is not the case, as will be shown in this work. That
is why the study of its degradation in the gas phase has not been reported. Once Ac.O is
emitted to the atmosphere, its degradation mechanism could be initiated by HO-
radicals or chlorine atoms, as shown in reactions 1 and 2, similar to other volatile

organic compounds (Atkinson, 2007, 1997):
CH,;C(0)OC(0O)CH; + HO- — CH,C(O)OC(O)CH.- + H.O (1)
CH,C(0)OC(0)CH; + Cl- — CH,C(0)OC(0)CH.- + HCl (2)

According to the symmetry of Ac.O molecule, only CH;C(O)OC(O)CH.,- radical
could be formed. The presence of atmospheric oxygen leads to the formation of
CH;C(O)OC(O)CH,00- (reaction 3), which can subsequently react with another
peroxy-radical or chlorine atom to give the corresponding oxy radical
CH;C(0O)OC(O)CH.O- (reaction 4 and 5).

CH5C(0O)OC(O)CH.- + O, — CH3C(0)OC(O)CH-OO0- (3)
2 CH3C(0)OC(0O)CH-00: — 2 CH3;C(0)OC(O)CH:0- + O, (4)
CH,C(0O)OC(O)CH-00- + Cl- - CH3C(O)OC(O)CH-0- + ClO- (5)

Considering that the CH3;C(O)OC(O)CH,O- radical is the only primary oxy
radical formed by abstraction of a hydrogen from the molecule, Ac,O is a good molecule
to study the reaction pathways involving this radical, which is one of the objectives of
this work. In addition, other aims of this work are the study of the rate coefficients of
the reaction between Ac.O and chlorine atoms, the determination of the atmospheric
photooxidation products of Ac.O and the postulation of the general reaction
mechanism in the gas phase. Finally, the atmospheric lifetime resulting from the attack
of the chlorine atom on the anhydride molecule was compared with that corresponding
to wet deposition and an evaluation of the possible environmental consequences of

Ac,0 emissions was presented.

2 Materials and methodology

Commercially available samples of Ac,O (> 99%, Sigma), N, (5.5, Linde), O,
(4.8, Praxair) acetone (HPLC, Sintorgan), ethyl acetate (HPLC, Sintorgan), formic acid
(90%, Dorwil), and acetic acid (> 99%, Sigma Aldrich) were used as purchased. Cl, was
obtained from the reaction between HCl and KMnO, and further distilled and stored in

darkness.
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The manipulation of gases was carried out in a passivated-glass vacuum line
equipped with an absolute pressure transducer (0 to 760 Torr, MKS Baratron). All
experiments were performed in a glass photo-reactor (volume =3.6 L; optical
path = 23 cm) equipped with KBr windows, which was placed in the Fourier Transform
Infrared (FTIR) spectrometer (Bruker IFS-28) path and connected to the vacuum line.
The temporal variation on the concentration of samples was monitored using infrared
spectroscopy. Spectra were acquired every 40 seconds in the range 3000 - 500 cm™!

with a resolution of 2 ecm-.

Ac.0 (10 pL) was injected in the photo-reactor through a Teflon septum. For the
determination of the rate coefficients, 1.2 mbar of Cl. and 1013 mbar N, were added,
while for the photooxidation experiments nitrogen were replaced O.. All experiments
were carried out at 298 K and atmospheric pressure. Photolysis of chlorine molecule
was performed using by two black lamps (Phillips, 8 W, 350 nm < A < 400 nm). To
check the absence of heterogeneous reactions that may occur in the dark, similar
experiments were carried out using the same gas mixture (Ac.0O, Cl,, and N, or O.) in

the absence of irradiation.

The relative method (Atkinson, 1986) was used to determine the rate coefficient
of the reaction between Ac.O and chlorine atoms, kac:0+c1 (reaction 2), comparing the
time variation of its concentration with two reference compounds whose rate
coefficients with chlorine atoms are well known: acetone and ethyl acetate (reactions 6

and 7, respectively).
CH,C(O)CH; + CI- — Products (6)
CH;C(O)OCH.CH, + Cl- — Products )]

From the analysis of the results, Equation 1 is derived and was used to

determine the rate coefficient of the reaction between Ac.O and chlorine atoms:

In ([ACZO]O) _ kac0+ a1 ([Ref]o)

[Ac,0]¢ Krerect | \IRefl; (Equation 1)

where, [Ac.O]o, [Ref]o, [Ac.Ol:, and [Ref]; correspond to the acetic anhydride
and reference compounds concentrations before and at different irradiation times,
respectively; kaczo+c1 and kgref:c1 are the rate coefficients corresponding to the acetic

anhydride and the reference compound with chlorine atom, respectively.

To estimate a rate coefficient of the reaction between Ac.O and OH radicals, a
correlation between the rate coefficients values (kretrom and kgef+c1) reported in the
literature for a series of carbo-oxygenated compounds (ketones and esters) was used to

estimate the value of kac0-0u. From the free energy graph and the linear regression, the
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kac20+0on value was extrapolated from the experimental kac.0+c1 value.

Quantum chemical calculations using the DFT level of theory (B3LYP/6-
311+G(d,p) functional, Gaussian16 Program system)(Frisch et al., 2009) have been
carried out in order to investigate the primary paths for the reaction of alkoxy radical
CH;C(O)OC(O)CH-0O-. To determine the energies of the stable stationary points in the
potential energy surfaces, harmonic frequency calculations for the different possibles
intermediaries were calculated, similarly to recent works.(Rimondino et al., 2023,

2021, 2020)

Theoretical infrared spectra were calculated to perform the identification of the
unknown products formed during photooxidation. First, the conformational study of
the possible expected products was performed, from which their theoretical infrared
spectra were obtained using the Gaussian16 Program, and the frequency corresponding

to each peak was corrected according to equation 2 (Yoshida et al., 2002):

2P — 1,00 — 0.0000105 * v g, (Equation 2)

Vcalc

were Vexp and veale correspond to the experimental and theoretical wavenumbers,

respectively.

3 Results and discussion
3.1 Kinetic studies

Kinetic studies of the reaction between Ac.O and chlorine atoms (reaction 2)
were determined from the relative method (Atkinson, 1986) using acetone and ethyl
acetate as reference compounds. The experiments were performed during irradiation
periods of less than 15 minutes. During this period, the decomposition of acetic
anhydride as consequence of heterogeneous or non-photolytic reactions was negligible
(less than 1.0 %). From each data set, In([Ac.0]o/[Ac.O]s) vs. In([Ref]o/[Ref]y) was
plotted and the values of the corresponding slopes, which correspond to kaco+c1/kref+ci,
were obtained. From the values reported in the literature and least squares fits, values
of the rate constant for the reaction of Ac.O with chlorine atoms were derived. Figure 1
shows the kinetics results using two references compounds: acetone and ethyl acetate.

Table 1 summarizes the values obtained in each experiment.
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Figure 1. Plot of kinetic data obtained using acetone (open, filled, and dotted

red circles) and ethyl acetate (open and filled blue squares) as reference compounds at

298 K and 1 atm total pressure. The black lines correspond to the linear fit of the

experimental points for each of the reference compounds.

Reference kret+al kace0+c1
compound | (x 102 cm3 molec*s) Slopes Mean value slopes (x 102 ¢cm3 molec-t 1)
0.57
Acetone (2.1+0.3) 0.67 0.62 + 0.05 1.3+ 0.3
0.61
Ethyl 0.081
acetate (18.5 £ 3.5) 0.065 0.073 + 0.011 1.4 £ 0.5

Table 1. Experimental parameters for the reaction of Ac.O with chlorine atoms using

acetone and ethyl acetate as reference compounds. The error associated with the

mean value of kac=0+c1 corresponds to a standard deviation.

The rate coefficient for the reaction of Cl atoms with each reference presented in

Table 1 were taken from bibliography (Notario et al., 1998). As can be seeing, the rate

coefficient values obtained for the reaction of Ac.O with Cl atoms using both reference

compounds show good agreement with each other, validating the results. From those,

and considering that the error was calculated as 20, a mean value of kaco+c1 = (1.3 +
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The rate coefficient of the reaction of Ac.O with OH radicals, kac-0+0n, were also
evaluated. In this case, the irradiation times required to reach significant conversion
percentages were higher than 40 minutes, resulting in the occurrence of heterogeneous
reactions for Ac.O in a percentage higher than 8 %, which introduces a considerable
error. For this reason, it was obtained an estimated value for kac.0+0n from a correlation
between the reported values of kon and kg, as is used by other authors.(Scollard et al.,
1993; Straccia C et al.,, 2023) Given the presence of carbonyl groups in the Ac.O
structure, other carbo-oxygenated molecules such as ketones and esters were used to
construct the graph. Figure 2 shows the plot of -log(kon) vs. -log(ka) for the following
species: acetone, 2-butanone, 2-pentanone, 3-pentanone, 3-methylbutanone, 2-
hexanone, 3-hexanone, cyclopentanone, cyclohexanone, methyl formate, ethyl formate,
n-propyl formate, n-butyl formate, t-butyl formate, methyl acetate, ethyl acetate, n-
propyl acetate, n-butyl acetate, isobutyl acetate, methyl propionate, methyl n-butyrate,
and methyl n-pentanoate. Kinetics values for all these molecules were obtained from

those recommended by Calvert et al. (2011).

13.0 ——
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xO E
9 +
(@)
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Figure 2. Free-energy plot for a series of carbo-oxygenated molecules at
298 K. The magenta circle corresponds to the relationship obtained graphically for
Ac:0.



217
218
219
220
221
222

223

224

225
226
227
228
229
230

231

232
233
234
235
236

237

238

239
240
241
242
243
244
245
246
247
248
249
250

As can be seen in the plot, there is an excellent correlation between the kinetic
parameters obtained for the reactions of these species with chlorine atoms and the
reactions with OH radicals. From this, and employing the linear regression parameters
of these data, the kac.0+0n value was extrapolated from the experimentally obtained rate
coefficient with chlorine atoms presented above. From here, a value of (1.90 + 0.3) x

10713 ¢cm3 molec-! s—! was derived.

3.2 SAR (Structure-Activity Relationship)

The SAR method allows estimating a value of the rate coefficient from the
structure of the molecule, considering the abstraction of a hydrogen atom from each of
the alkyl groups it contains, taking into account that its reactivity is modified by the
substituents attached to each of these alkyl groups.(Atkinson, 1987; Kwok and
Atkinson, 1995) According to this method, the estimation for Ac,O was calculated as

follows:
kacoo = 2 x [kprim x F(-C(O)OC(0))] (Equation 3)

Using the value for kprim = 3.32 x 107* cm3 molec s—* determined by (Atkinson,
1987; Kwok and Atkinson, 1995), a value of F(-C(O)OC(O)) = 0.020 was determined.
This value is lower than the determined for F(-C(O)) = 0.04 (Notario et al., 1998),
suggesting a deactivating effect of the anhydride group on the adjacent alkyl group, that

is almost twice as great as if only the carbonyl were considered.

3.3 Photo-oxidation studies

To analyze the evolution of photo-oxidation products, mixtures containing Ac,O
(10 pL), Cl, (1.2 mbar) and O, (1013 mbar) were photolyzed at 298 K. Figure 3 shows
the experimental infrared spectra obtained after two irradiation times and reference
spectra, which were used for the analysis of the products generated. The first and
second traces (traces A and B, respectively) correspond to the spectra obtained at
photolysis times of 0 and 10 minutes, respectively. The third trace (trace C) was
obtained from the digital subtraction of the signals corresponding to unreacted Ac.O
from trace B (focusing on the disappearance of the band around 1136 cm). Trace C,
thus, contains the infrared pattern of to the photo-oxidation products of Ac,O. At the
glance, the characteristic bands corresponding to the presence of HCI, CO, CO, are
observed. Further, the comparison of trace C also shows signals at around 1800 and

1180 cm™, which correspond to the presence of acetic acid (CH;C(O)OH) as a
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degradation product of Ac.O. For comparison purposes, the reference spectrum of
CH;C(O)OH is shown on trace D.

A

Cco,

c

5 . :

Absorbance (a. u.)

3000 2500 2000 1500 1000

Wavenumbers (cm™)

Figure 3. Spectra obtained during the photo-oxidation of Ac-O. Trace A
corresponds to the mixture of reactants, trace B shows the spectrum obtained after
10 min of photolysis, trace C shows the photolysis products, and trace D show the
reference spectrum of CH;C(O)OH.

Figure 4 presents the identification of the remaining products. The upper trace
corresponds to the infrared spectrum obtained after subtraction of CO, CO., HCI, and
CH3;C(O)OH from trace "C" in Figure 4 and reveals the formation of additional
products. To assign these identities, the theoretical spectra of the possible
photooxidation products (as will be described in the reaction mechanism) were
calculated by DFT methods. According to the possible reaction pathways that could be
carried out, theoretical spectra were calculated for the proposed products. In particular,
it can be observed that the spectra obtained for products 3-hydroxy-1,4-dioxane-2,6-
dione (hereafter named as “cyclic anhydride”) and acetic 2-oxoacetic anhydride
(CH;C(O)OC(O)C(O)H, hereafter referred as “tricarboxylic aldehyde”) (second and
third traces, respectively) show a good correspondence both in band position and their
relative intensities with the obtained experimental spectra. Therefore, the formation of

these compounds is established as products of photo-oxidative degradation.
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Figure 4. Comparison of the residual spectrum of photooxidation products of
Ac-0 (upper trace) with theoretical spectra of the cyclic anhydride (middle trace) and

the tricarboxylic aldehyde (lower trace).

Once the identity of the products was determined, they were quantified to
establish the incidence of each Ac,O degradation pathway. The temporal variation of
CO., CO and CH;C(O)OH during the irradiation period (720 s) was performed using
calibration curves obtained under the same experimental conditions. Once these
products were quantified, the relative percentage of each product was calculated as a
function of the amount of Ac,O consumed at each time. In this way, the percentage
ratio of each product as a function of the reaction time was obtained, as shown in

Figure 5.
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Figure 5. a) Temporal variation of the amount (pressure) of the photo-

oxidation products, and b) temporal variation of their percentage of formation.

The results indicate that the percentage of CH;C(O)OH formation is constant
(32%) during all the photolysis time. On the other hand, the percentage of CO gradually
increases from o to 250 seconds and then remains constant (94 %). A similar behavior
can be observed for the percentage of CO,, which increases up to about 143% and then
remains constant. These results clearly demonstrate that acetic acid is a primary
product, while CO and CO. are secondary products, as will be shown in the discussion

of the photooxidation mechanism.

The stability of the products in the system was studied for a period of 2 hours in
the dark after switching off the photolysis lamps. The spectra obtained reveal that the
signals corresponding to the cyclic anhydride decrease while simultaneously the signals
of formic acid increase. This trend is maintained until the complete disappearance of
the cyclic anhydride, at which time the increase in HC(O)OH concentration no longer
changes. This result allows inferring that the formation of formic acid from the cyclic
anhydride is a consequence of heterogeneous decomposition against the reactor walls.
The maximum amount of HC(O)OH reached in the system corresponds to 20 % with
respect to the disappearance of acetic anhydride. Moreover, the appearance of formic
acid as a product confirms the presence of a fragment which have a carbon atom
bonded to both, an hydroxylic group and another oxygen atom (Rimondino et al., 2021,
2020), which is in accordance with the structure of the product presented in Figure 4.

In contrast, the signals corresponding to the tricarboxylic aldehyde
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CH3C(O)OC(O)C(O)H do not change during the dark period, indicating that this
product is relatively stable under these conditions. Furthermore, this demonstrates that
formic acid is formed exclusively from the heterogeneous decomposition of the cyclic

anhydride.

3.4 Reaction mechanism

As mentioned previously, the photooxidation of Ac.O is initiated by the attack of
a chlorine atom to the CH; group of the molecule, leading to the formation of the
CH3C(O)OC(O)CH,- radical (reaction 2). This reacts with oxygen to form the peroxy-
radical (reaction 3) and its subsequent reaction with the chlorine atom or another
peroxy-radical to form the oxy radical CH;C(O)OC(O)CH.O- (reactions 4 and 5,
respectively). According to the structure of the oxy-radical, it could, a priori, evolve in
four ways: react with molecular oxygen (A), rupture (B), rearrange (C), or isomerize (D)

(Orlando et al., 2003).

To determine the relative importance of each primary reaction route of
CH;C(O)OC(O)CH,O- mentioned above, a theoretical study was performed using
quantum mechanical calculations. First, a conformational search was performed at
B3LYP/6-311+G(d,p) level. Figure 6 shows the potential energy surface plot (PES),
where the global minimum corresponds to a structure where the oxygen of the carbonyl
group and the alkoxy moiety are outside the plane that contains the anhydride
fragment (Figure 6, right panel). Later, full geometry optimization of the most stable

conformer for the oxy-radical was performed.
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Figure 6. PES B3LYP/6-311+G(d,p) and most stable conformer of oxy-radical
of Ac-0.

Starting from the most stable conformer of the oxy-radical, computational
studies were carried out to determine the relative energies for each proposed reaction
coordinate, as well as the corresponding transition states and products for each path.
The nature of the stationary points was determined by frequency calculations. Figure 7

shows the change of Gibbs Energy for the reaction coordinate for these vias.

Relative energy
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Figure 7. Reaction coordinates for each primary path and formed products.
The energy of the CH;C(0O)OC(O)CHO- radical was set at o0 kJ/mol.

As can be seen, the abstraction of a hydrogen atom by molecular oxygen
(hereafter named as via A) requires 53.57 kJ/mol to occur and it is exothermic around -
117 kJ/mol. The C-C fragmentation path of the oxy-radical to give formaldehyde and a
new radical (via B) is the most energetically favorable and require 45.99 kJ/mol and it
is exothermic, reaching -21,29 kJ/mol. Vias C and D involving the rearrangement or
isomerization of radical, respectively, occurs both in two consecutive steps. In a first
stage, the oxy-radical take the most favored configuration to reach the transition states
that will give rise to the final reaction products of each pathway, from where the H-
migration or H-abstraction process occur. For the H-migration or process (via C) any

of the two H-atoms from the methylene to the carbonyl of the acetyl group can generate
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acetic acid and the HC(O)C(O)- radical. In this case, the energy difference to reach the
products was calculated for the two methylene protons of the alkoxy moiety and the
results showed a negligible difference (0.16 kJ/mol). On the other hand, in the
isomerization path (via D), it is the alkoxy group that abstracts one of the three
equivalent H-atoms from the methyl of the acetyl group. Calculations shows that this

pathway is the most energetically unfavorable (72.51 kJ/mol).

Once the energy parameters involved have been calculated and the possibility
that all the proposed vias are energetically favorable has been evaluated, the detailed
sequence of the degradation pathways of the oxy-radical CH;C(O)OC(O)CH.O- are

presented in Scheme 1.
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Scheme 1. Reactions path for CH;C(O)OC(O)CH-O- radical. Squares remarks

the observed products.

The triggered reactions lead to final the formation of CO, CO., CH;C(O)OH, the
cyclic anhydride, and the tricarboxylic aldehyde. All these products were observed
during the photo-oxidation as was presented in Figures 3 and 4. As mentioned
previously, the last product leads to the formation of formic acid, therefore it was

included as final product in the mechanism reaction.
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A detailed analysis of the reactions of each pathway is presented below.
Via A

Oxy radicals (RO-) react with O, to form the correspondent aldehyde and HO.:
radicals (Orlando et al., 2003). For CH5C(O)OC(O)CH.O-, this path leads to the
formation of the tricarboxylic aldehyde CH;C(O)OC(O)C(O)H (reaction 8), which was

identify as a photo-oxidation product.
CH;C(0)OC(O)CH:0- + O, — CH5;C(O)OC(O)C(O)H + HO.: (8)

Tricarboxylic aldehyde, CH;C(O)OC(O)C(O)H, could react with chlorine atoms present
in the system. As it is well known, for acetaldehyde, this reaction has a relatively high-
rate coefficient: 8.0 x10* c¢cm3 molecule? s*.(Calvert et al., 2011). Considering the
CH3C(O)OC(O)C(O)H has the same number of hydrogen atoms and similar structure

that acetaldehyde, the attack of chlorine atoms should occur as shown reaction 9:
CH,C(O)OC(0O)C(O)H + Cl- — CH4C(0)OC(0)C(0)- + HC1 (9)

The radical CH;C(O)OC(O)C(O)- could further react with O, leading to the
formation of the peroxy-radical CH;C(O)OC(O)C(O)OO- (reaction 10):

CH,3C(0)OC(0)C(0)- + O, —» CH3C(0)OC(0)C(0)OO0- (10)
followed by reactions 11 and/or 12:

CH,;C(0)OC(0)C(0)OO0- + Cl- -» CH3C(0)OC(0)C(0)O- + ClO- (11)
2 CH;C(0)OC(0)C(0)O0- — 2 CH3C(0)OC(0)C(0)O: + O- (12)

Produced CH;C(O)OC(0O)C(0O)O- undergoes through successive decarboxylation

steps (reaction 13 and 14):
CH;C(0)OC(0)C(0)O- —» CH;5C(0)OC(0)- + CO. (13)

Similar sequence of reactions for CH;C(O)OC(O)- with molecular oxygen and
then with chlorine atoms or other peroxy-radicals leads finally to the formation of a
third CO, and CH;- radicals, which in turn leads to the formation of H,CO as shown

reactions 14 to 17:

CH,- + O,— CH,0. (14)
2 CH;0.- — 2 CH;0- + O, (15)
CH;0,- + Cl- - CH30- + CIO- (16)

CH,0- + 0, — H.CO + HO.- (17)
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The presence of formaldehyde was not observed in our system, probably as a
consequence of its high reactivity with chlorine atoms (7.0 x 10 cm3 molecule s
1).(Calvert et al., 2011) The rate coefficient for H,CO is almost an order of magnitude
greater than that found for the acetic anhydride (1.6 x 102 cm3 molecule? s, this
work), and therefore disappear more rapidly than the anhydride. Photo-oxidation of

formaldehyde leads finally to the formation of CO, which was observed:

H.CO + Cl- - HCO- + HCl (18)
HCO- + 0, —» CO + HO.- (19)
Via B

The C-C bond rupture of CH;C(O)OC(O)CH.O- give the formation of
formaldehyde and CH;C(O)OC(O)- (reaction 20):

CH3C(0O)OC(O)CH.0O- — CH;C(0)OC(O)- + H.CO (20)

As was discussed in via A, the chemistry of CH;C(O)OC(O)- and H,CO leads
finally CO and CO..

Via C

This path corresponds to an intramolecular 1,5-hydrogen shift to form
CH;C(O)OH and HC(O)C(O)-.

CH,C(0O)OC(0O)CH.0- — HC(0O)C(0)- + CH5C(O)OH (21)

As the presence of acetic acid was corroborated by the spectra shown in Figure
3, the temporal variation of the relative percentage analyzed in Figure 5 shows that this
acid is a primary photo-oxidation product (32%). In addition, CO and CO. could be
formed as result of reactions derived from HC(O)C(O)- radical. (Orlando and Tyndall,

2001)
Via D

The intramolecular cyclization is the ultimate pathway resulting from
CH;C(0O)OC(O)CH,O-. Scheme 1 presents the complete sequence that can occur for the
formation of cyclic anhydride by two alternative routes. On the one hand, abstraction of
an H from the CH;C(O)OC(O)CH.O- radical by reaction with an oxygen molecule leads
to the formation of HC(O)C(O)OC(O)CH.OH, hereafter referred to as "tricarboxylic
alcohol". On the other hand, an alternative pathway for the formation of tricarboxylic
alcohol involves an isomerization by 1,6 H-migration giving rise to a new radical, where
the electron deficiency is supported at the carbon a to the hydroxyl group, as proposed

by Aranda et al. (2021 and 2024) and Colmenar et al. (2020) for similar radicals. This
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isomer reacts with molecular oxygen to give the tricarboxylic alcohol. Whichever way
this alcohol is obtained, this alcohol evolves by intramolecular attack leading to the
unstable cyclic anhydride (3-hydroxy-1,4-dioxane-2,6-dione). As shown in Figure 4, it
was possible to identify this product, as well as its decomposition products resulting
from the heterogeneous reactions (HC(O)OH and CO.), which were observed in

darkness experiments after the photo-oxidation was stopped.

As acetic acid is formed only from via C, and formic acid comes only from via D,
they were used to quantify these paths, yielding 32 % and 20 %, respectively. Vias A

and B share the same end products, so their relative importance cannot be quantified.

In summary, all pathways are available for the CH;C(O)OC(O)CH.O- radical. As
can be seen, all of them are energetically feasible and the corresponding products were
experimentally detected, confirming their occurrence. Since no information on similar
radicals is available in the literature, it is not possible to compare the occurrence of
these routes for these types of similar radicals. For example, the reactivity of the R-
OC(O)CH.0- radical has not been studied, probably as a consequence of its formation
in the photo-oxidation of acetates, its precursor molecule, being in the minority (e.g.
Cavalli et al., 2000; Picquet-Varrault et al., 2001). Information is only available on the
reactivity of the CH;C(O)CH.O- radical, whose structure differs considerably from that
corresponding to the radical under study, demonstrating the importance of studies

such as the one presented here.

4 Atmospheric implications

From the rate coefficients determined in this work (kacso+c1 and kacs0+0n) and the
average of the concentrations of HO- radicals and Cl atoms available in the literature,

the atmospheric lifetime for Ac.O was calculated from the following relationships:

1

kou X[0H] (Equation 4)

Ton =

1
Ty = ————
c ke x[cl]

(Equation 5)
The reported HO- radical concentration is 2.0 x 10° radicals cm-3 (Hein et al.,
1997) while chlorine atoms global concentration is 3.3 x 104 atoms cm-3.(Wingenter et

al., 1996) Taking these values and determined kac0+c1 and kac:0+0n from this study, a

Ton = 31 days and tq = 220 days were derived.
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On the other hand, taking into account the presence of carbonyl groups in the
structure of the molecule, the atmospheric lifetime as a consequence of wet deposition

(Twet) was calculated according to equation 6 (Chen et al., 2003):

T __ Hatm X Hpenry
wet JXRXT

(Equation 6)

where Ham is assumed to be 6 km (considering that the amount of air in the
troposphere is equivalent to that in 6 km of air at 1 atm of pressure), J is the global
average precipitation rate and has a value of 100 cm year (Warneck, 2000); R = 8.314
Pa m3 mol* K*; T = 275 K correspond to the average tropospheric temperature, and
Hienry correspond to the Henry constant for acetic anhydride 0.579 Pa m-3 mol* (Chen
et al., 2003; Environment and Climate Change Canada, 2017). From these parameters a
Twet = 1.5 year is obtained for Ac.O. As can be noted after comparing the lifetimes, it is
clear to conclude that the atmospheric degradation of Ac.O is governed by its reaction

with OH- radical leading to the formation of CO, CO., CH;C(O)OH (32 %),

CH;C(0O)OC(0)C(0O)H, and 3-hydroxy-1,4-dioxane-2,6-dione.
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