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hanism of the OH-radical and Cl-
atom oxidation of propylene carbonate†

Ian Barnes,* Peter Wiesen and Michael Gallus

Rate coefficients have beenmeasured at 298 K and atmospheric pressure for the reaction of OH radicals and

Cl atoms with propylene carbonate. The measurements were performed in a large volume photoreactor

using in situ FTIR spectroscopy for the analysis. The following rate coefficients (in units of cm3 per

molecule per s) were obtained: k(OH + PC) ¼ (2.52 � 0.51) � 10�12 and k(Cl + PC) ¼ (1.77 � 0.43) �
10�11. Product studies performed on the OH-radical and Cl-atom mediated oxidation of propylene

carbonate in air support that the major fate of the intermediate cyclo-methyl-pentoxy radicals, formed in

the degradation reaction sequence, is unimolecular decomposition. The FTIR product spectra, in

combination with the absence of other potential products, suggest that the decomposition probably

results to a large extent in the formation of acetyl formyl carbonate, CH3C(]O)OC(]O)OCH(]O). In

product studies performed in N2, in which ppm levels of O2 are present, formation of acetic acid was

observed in addition to acetyl formyl carbonate. It is postulated that the acid formation occurs via

a pathway involving a 1,3-hydrogen shift mechanism with an intermediate alkoxy radical which is able to

competewith the unimolecular decomposition pathway of the alkoxy radical at very lowO2 partial pressures.
Introduction

Propylene carbonate (PC) is a carbonate ester, derived from
propylene glycol, with the empirical formula CH3C2H3O2CO
and molecular structure:

It is a colourless to yellowish and odourless liquid with
a high boiling point. It is used as a polar, aprotic solvent in
many applications and is present in adhesives, cosmetics and
personal care products, for example, it is used in the formula-
tion of makeup, mainly lipstick, eye shadow, and mascara.1–3 It
is chiral but is used exclusively as the racemic mixture.

The production of propylene carbonate and its widespread
use as a solvent and chemical intermediate will result in fugitive
releases to the environment. Propylene carbonate has a vapour
pressure of 0.045 mm Hg at 25 �C (ref. 4) and based on this
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assessments of its possible environmental fate have concluded
that if released to the atmosphere it will exist solely as a vapour.5

As for the majority of volatile organic compounds (VOCs) in
the atmosphere vapour-phase propylene carbonate will be
degraded in the atmosphere to a large extend by reaction with
hydroxyl radicals.6 Direct loss of propylene carbonate by
photolysis is also potentially possible since it contains a func-
tional group that can absorb light greater than 290 nm,
however, nothing is currently known on the atmospheric
photolysis frequency of propylene carbonate which would allow
an evaluation of the importance of this loss process compared
to reaction with OH. Using a structure–activity relationship7

a rate coefficient of 3.78 � 10�12 cm3 per molecule per s has
been estimated for the reaction of OH radicals with propylene
carbonate, which corresponds to an atmospheric lifetime for
the compound of between 3 to 4 days. To the best of our
knowledge there have been to date no experimental determi-
nations of the OH rate coefficient for the reaction.

Conventionally, it has been thought that Cl-atom mediated
atmospheric oxidations of VOCs was only important in coastal
and marine regions,8–10 however, in recent years signicant
concentrations of Cl-atom precursors such as nitryl chloride
(ClNO2) have beenmeasured in continental regions far removed
from coastal regions.11–15 These ndings suggest that the Cl-
atom mediated VOC oxidation chemistry may be much more
prevalent than previously thought. Since a rate coefficient for
the reaction of Cl-atoms with propylene carbonate does not
exist in the literature and the reaction may possibly have some
atmospheric signicant it has been investigated in this work.
This journal is © The Royal Society of Chemistry 2016
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In summary, the objectives of the present work have been to
investigate for the rst time the kinetics and mechanism of the
OH-radical and Cl-atom mediated photooxidation of propylene
carbonate and assess any possible environmental conse-
quences. Apart from any atmospheric relevance of the results
from the present work it also provides mechanistic insight into
the gas-phase fate of the cyclo-methyl-pentoxy radicals that are
formed in the OH- and Cl-initiated photooxidation of propylene
carbonate.
Experimental

The experiments were performed in a 1080 L quartz-glass pho-
toreactor in synthetic air at a total pressure of 760 Torr (760 Torr
¼ 101.325 kPa). Since the photoreactor is described in detail
elsewhere16 only a brief general overall description is given here.
A pumping system consisting of a turbo-molecular pump
backed by a double stage rotary fore pump allows the photo-
reactor to be evacuated to 10�3 Torr. Magnetically coupled
Teon mixing fans are mounted inside the chamber to ensure
homogeneous mixing of the reactants. Two types of lamps are
available for photolysis of the radical/atom precursors: 32 super
actinic uorescent lamps (Philips TL 05/40 W: 320 < l < 480 nm,
lmax ¼ 360 nm) and 32 low-pressure mercury lamps (Philips
TUV/40 W, lmax ¼ 254 nm). The lamps are distributed evenly
around the photoreactor, are wired in parallel, and can be
switched individually. A white type multiple-reection mirror
system with a total optical path length of 484.7 � 0.8 m is
mounted inside the photoreactor for sensitive in situ long path
absorption monitoring of reactants and products in the IR
spectral range 4000–700 cm�1. IR spectra were recorded with
a spectral resolution of 1 cm�1 using a Nicolet Nexus FT-IR
spectrometer equipped with a KBr beam splitter and a liquid
nitrogen cooled mercury–cadmium–telluride (MCT) detector.

Rate coefficients for the reactions of OH radicals and Cl
atoms with propylene carbonate were determined using the
relative kinetic technique. Hydroxyl radicals were produced by
the photolysis of hydrogen peroxide using the mercury lamps:

H2O2 + hn (l ¼ 254 nm) / 2OH (1)

Chlorine atoms were generated by photolysis of molecular
Cl2 with the uorescent lamps:

Cl2 + hn (320 < l < 480 nm) / 2Cl (2)

In the presence of OH radicals or Cl atoms, propylene
carbonate and the reference compounds decay through the
following reactions:

OH/Cl + PC / products, kPC (3)

OH/Cl + reference / products, kref (4)

Provided that the reference compounds and the propylene
carbonate are lost only by reactions (3) and (4), then it can be
shown that:
This journal is © The Royal Society of Chemistry 2016
ln

�½PC�0
½PC�t

�
¼ kPC

kref
ln

�½reference�0
½reference�t

�
(I)

where, [PC]0, [reference]0, [PC]t and [reference]t are the
concentrations of propylene carbonate and the reference
compound at times t ¼ 0 and t, respectively and kPC and kref are
the rate coefficients of reactions (3) and (4), respectively.

The relative rate technique relies on the assumption that
both propylene carbonate and the reference compounds are
removed solely by reaction with either OH radicals or Cl atoms.
In order to verify this assumption various tests were performed.
Mixtures of propylene carbonate and the reference compounds
with either H2O2 or molecular chlorine were prepared and
allowed to stand in the dark for 30 minutes the duration of
a typical experiment. Neither reaction of the radical precursors
(H2O2/Cl2) with propylene carbonate nor any of the reference
compounds was observed. Wall loss of all the substances was
also insignicant. To test for possible photolysis loss of
propylene carbonate it was irradiated alternatively in air with
the uorescent andmercury lamps. Neither type of lamp caused
photolytic loss of propylene carbonate.

The initial concentrations of propylene carbonate and the
reference compounds methanol, n-butane and ethene were 2–4
ppmV (1 ppmV¼ 2.46� 1013 molecule per cm3 at 298 K and 760
Torr of total pressure). The initial concentrations of H2O2 and
Cl2 were typically around 10 and 5 ppmV, respectively. The
experiments were performed in 760 Torr of synthetic air at (298
� 2) K. In a typical experiment 60 interferograms were co-added
per spectrum over a period of approximately 1 minute and 15–
20 such spectra were recorded per experiment. The rst 5
spectra were always recorded without lamps to check that wall
loss of the reactants remained negligible.

Reactants and products were quantied by comparison with
calibrated reference spectra contained in the IR spectral data-
bases of the laboratory in Wuppertal. Quantitative spectral
subtraction was accomplished using the spectral subtraction
option in the OMNIC Soware Suite 8.0 from Thermo Scientic.
The reactants were monitored at the following infrared
absorption frequencies (in cm�1): propylene carbonate 1866,
n-butane 2965, methanol 1033 and ethene 950. The reaction
products were monitored at the following infrared spectra (in
cm�1): formaldehyde 2766, acetic acid 3581 and 1798, formic
acid 1776 and 1105 and carbon monoxide 2162.

The chemicals used in the experiments had the following
purities as given by the manufacturer and were used as
supplied: synthetic air (Air Liquide, 99.999%), Cl2 (Messer
Griesheim, 2.8), n-butane (Messer Griesheim, 2.5), ethene
(Messer Schweiz AG, 3.5), methanol (Sigma-Aldrich, $99.8%)
hydrogen peroxide (Interox, 85%), propylene carbonate (Sigma-
Aldrich, 98%).
Results and discussion
Kinetic study

Fig. 1(A) shows exemplary plots of the kinetic data obtained for
the reaction of OH radicals with propylene carbonate measured
relative to n-butane and ethene. Fig. 1(B) shows an exemplary
RSC Adv., 2016, 6, 98234–98242 | 98235
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plot of the kinetic data obtained for the reaction of Cl atoms
with propylene carbonate measured relative to methanol and
ethene. Reasonable straight lines were obtained for both reac-
tions using the two reference compounds. The rate coefficient
ratios kPC/kref obtained from linear regression analyses of the
plots of the kinetic data are given in Table 1 for the reaction of
OH and Cl with propylene carbonate. The ratios are the averages
from at least three experiments with each reference compound
and the errors are the 2s standard deviation. The rate coeffi-
cients kPC given in Table 1 were put on an absolute basis using
the following values for the reactions of the reference
compounds (in units of cm3 per molecule per s): k(OH + n-
butane) ¼ 2.36 � 10�12;17 k(OH + ethene) ¼ 7.9 � 10�12;18 k(Cl +
CH3OH) ¼ 5.5 � 10�11;18 k(Cl + ethene) ¼ 1.1 � 10�10.18

Since the values of the rate coefficients obtained for the
reaction of OH with propylene carbonate using n-butane and
ethene as reference compounds are in relatively good agree-
ment we prefer to quote a nal rate coefficient for the reaction
of (2.52 � 0.51) � 10�12 cm3 per molecule per s which is the
average of all the individual determinations. Similarly for the
reaction of Cl with propylene carbonate because of the good
agreement between the determinations with the two reference
compounds we prefer to quote a nal rate coefficient for the
reaction of (1.77 � 0.43) � 10�11 cm3 per molecule per s which
is the average of all the determinations.
Fig. 1 Plot of the kinetic data for the reaction of (A) OHwith propylene
carbonate measured relative to n-butane and ethene and (B) Cl with
propylene carbonate measured relative to methanol and ethene.

98236 | RSC Adv., 2016, 6, 98234–98242
There are no other kinetic studies in the literature with
which the measured rate coefficients for the reactions of OH
radicals and Cl atoms with PC can be compared. The OH
structure activity relationship (SAR) of Kwok and Atkinson19

predicts a value of 3.78 � 10�12 cm3 per molecule per s for the
reaction of OH with PC which is �60% higher than the
measured value. However, since the substituent factor F(–OC(]
O)R) was used in the calculation to represent the carbonate
group (–O(C]O)O–) and the ring-strain factor for a C5 ring was
used, the agreement between experiment and estimate can be
considered as reasonable. The rate coefficient for the reaction of
OH with PC can be compared to that of OH with g-valerolactone
for which a value of (2.81� 0.34)� 10�12 cm3 per molecule per s
has been reported,20 i.e. approximately 16% higher than that of
OH with PC. These compounds differ in that the O atom adja-
cent to the –CH2– entity in PC is a –CH2– entity in g-valer-
olactone, therefore, one would expect a somewhat higher OH
rate coefficient for g-valerolactone compared to PC because of
the presence of the extra –CH2– entity. Just how much higher
the rate coefficient for the reaction of OH with g-valerolactone
should be is hard to gauge because of the uncertainty in factors
for substituent effects and the ring strains for PC and g-valer-
olactone. The OH SAR of Kwok and Atkinson19 predicts that
both compounds should be equally reactive toward OH. This
prediction serves to show that the rate coefficient determined
for the reaction of OH with PC in this study is of the correct
order of magnitude.

A similar comparison can also be made for the reactions of
Cl with PC and g-valerolactone. A rate coefficient of (3.74� 0.22)
� 10�11 cm3 per molecule per s has been measured for the
reaction of Cl with g-valerolactone in our laboratory.21 In this
case the reaction of Cl with g-valerolactone is just over a factor
of two higher than the value measured for Cl with PC in this
study. In an attempt to estimate the rate coefficient for the
reaction of Cl with PC we have used the approach adopted in the
OH SAR of Kwok and Atkinson,19 i.e. we have used a substituent
factor F(RC(O)O–) as a surrogate for the carbonate –O–C(O)O–
entity. Using the parameters given in the Cl SAR of Aschmann
and Atkinson22 and the substituent factor F(RC(O)O–) ¼ 0.066
reported by Xing et al.23 for the reaction of Cl with esters we
estimate a value of 1.64 � 10�11 cm3 per molecule per s for the
reaction of Cl with PC. This value is in surprisingly good
agreement with the experimental value and supports that using
the substituent factor F(RC(O)O–) as a surrogate for the
carbonate –O–C(O)O– entity is justied.
Product study

The products formed in the Cl-atom initiated photooxidation of
propylene carbonate have been investigated in one atmosphere
of synthetic air and nitrogen. Fig. 2, trace (A) shows a spectrum
of propylene carbonate and trace (B) shows the product spec-
trum obtained aer reaction with Cl and subtraction of residual
propylene carbonate. Traces (C)–(E) show reference spectra of
HCl, CO and acetic anhydride. In the product spectrum the
formation of HCl and CO in the spectral regions around 3000
and 2000 cm�1, respectively, are clearly visible. A product
This journal is © The Royal Society of Chemistry 2016
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Table 1 Rate coefficient ratios kPC/kref and absolute rate coefficients kPC for the reactions of OH and Cl with propylene carbonate (PC) obtained
from analysis of the kinetic data for the reactions. Comparison of the kPC values with those obtained with structure activity relationship (SAR)
methods

Reaction Reference kPC/kref kPC (cm3 per molecule per s) SAR

OH + PC n-Butane 0.987 � 0.089 (2.33 � 0.21) � 10�12 3.78 � 10�12a

1.027 � 0.103 (2.42 � 0.24) � 10�12

0.991 � 0.079 (2.34 � 0.19) � 10�12

1.029 � 0.113 (2.43 � 0.27) � 10�12

Average (2.38 � 0.30) � 10�12

Ethene 0.316 � 0.032 (2.50 � 0.25) � 10�12

0.355 � 0.041 (2.80 � 0.32) � 10�12

0.341 � 0.031 (2.69 � 0.25) � 10�12

Average (2.66 � 0.44) � 10�12

Cl + PC Methanol 0.315 � 0.025 (1.73 � 0.14) � 10�11 1.64 � 10�11b

0.370 � 0.038 (2.04 � 0.21) � 10�11

0.304 � 0.033 (1.67 � 0.18) � 10�11

0.318 � 0.038 (1.75 � 0.21) � 10�11

Average (1.81 � 0.38) � 10�11

Ethene 0.141 � 0.014 (1.55 � 0.15) � 10�11

0.150 � 0.017 (1.65 � 0.19) � 10�11

0.179 � 0.018 (1.97 � 0.20) � 10�11

Average (1.72 � 0.39) � 10�11

a Calculated using the OH SAR of Kwok and Atkinson.19 b Estimated using the Cl SAR of Aschmann and Atkinson22 and a substituent factor of
F(RC(O)O–) ¼ 0.66 for esters reported by Xing et al.23 (see text).

Fig. 2 Products formed in the irradiation of a propylene carbonate/Cl2
mixture in synthetic air. Trace (A) is a spectrumof propylene carbonate,
trace (B) is a product spectrum after irradiation and subtraction of
excess propylene carbonate and traces (C)–(E) are reference spectra
of HCl, CO and acetic anhydride.

Fig. 3 Concentration–time profile for the decay of propylene
carbonate and the formation of products on irradiation of a propylene
carbonate/Cl2/air mixture.
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spectrum with the absorptions of HCl and CO removed is not
shown since they do not interfere with the main product
absorptions below 2000 cm�1 and product absorptions above
2000 cm�1 are negligible.

The product spectrum is relatively simple indicating the
probable dominance of one major product. The spectrum
contains a broad peak in the carbonyl region from 1900 to 1725
cm�1 with two apparent maxima at approximately 1815 and
1844 cm�1. The ngerprint region is dominated by 3 absorp-
tions with maxima at 1232, 1314 and 1007 cm�1. Also present in
the spectrum, but not visible in trace (B) are weak absorptions
due to formic acid (HC(O)OH). The concentration–time proles
of propylene carbonate and the identied products HCl, CO and
This journal is © The Royal Society of Chemistry 2016
HC(O)OH are shown in Fig. 3. The errors on the product
concentrations were typically �5%, for better clarity they have
not been included in Fig. 3

Since the reaction of Cl with propylene carbonate proceeds
by H-atom abstraction the formation of HCl is expected.
Although the formation of HC(O)OH appears to be primary in
nature we can not think of a plausible mechanism for a primary
formation route and think it may stem from the rapid decom-
position of an unstable primary product such as acetyl formyl
carbonate (see below). The small amount of CO observed in the
system is denitely being formed in secondary reactions. The
strong product absorptions in the carbonyl and ngerprint
regions all correlate linearly with the absorption of propylene
carbonate over most of the reaction period, however, whenmost
RSC Adv., 2016, 6, 98234–98242 | 98237
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of the propylene carbonate has been consumed loss (probably
wall) of the product(s) giving rise to the absorptions is evident.
Fig. S1, panel A, in the ESI† compares the absorbance-time
behaviour of the propylene carbonate carbonyl absorption at
1867 cm�1 with that of one of the product absorbance's at 1009
cm�1. In Fig. S1,† panel B, the absorbance of the propylene
carbonate carbonyl absorption at 1867 cm�1 is plotted against
product absorption at 1009 cm�1 and demonstrates the linear
correlation over most of the reaction period.

Exactly similar results were obtained with OH as the oxidant,
however, since (i) both OH and Cl react by similar mechanisms
with propylene carbonate, i.e. H-atom abstraction,5 (ii) the
conversions of propylene carbonate were much lower and (iii)
the OH product spectra were difficult to analyse due to strong
absorptions from H2O2 and water we are only presenting here
the results with Cl as oxidant.

The OH SAR of Kwok and Atkinson19 predicts contributions
of around 4, 31 and 65% for H-atom abstraction from the
primary, secondary and tertiary hydrogens in propylene
carbonate. It is not possible to estimate accurately the corre-
sponding percentages for H-atom abstraction with Cl atoms
since reliable substituent factors are not available to account for
the effect of the cyclic –OC(O)O– functionality. However, the
good agreement between the product spectra obtained using
both Cl and OH and the similarity in reaction mechanism
suggests that H-atom abstraction from the secondary and
tertiary hydrogens will also dominate for the reaction of Cl with
propylene carbonate. This borne out by the interpretation of the
results discussed below.

The radicals formed from H-atom abstraction from the
primary, secondary and tertiary hydrogens in propylene
carbonate will add O2 to form the corresponding peroxy radi-
cals. The main but not solitary fate of the peroxy radicals will be
self and reaction with other peroxy radicals to form the corre-
sponding alkoxy radicals,24,25 which in the cases of the radicals
formed from secondary and tertiary H-atom abstraction, will be
cyclo-methyl-pentoxy radicals. Reaction channels forming
molecular products are also possible24,25 but as will be discussed
below these are thought to be relatively minor for the cyclic
peroxy radicals involved in the degradation of propylene
carbonate. The alkoxy radicals that can be formed in the reac-
tion of Cl/OH with propylene carbonate are shown in Fig. 4.

Scheme 1 outlines the possible reaction channels for the
reactions of the alkoxy radical formed from H-atom abstraction
at the methyl group in propylene carbonate. As depicted in
Scheme 1 the radical could react with O2 to form an aldehydic
Fig. 4 Alkoxy radicals formed through H-atom abstraction by Cl atom
hydrogens in propylene, carbonate.

98238 | RSC Adv., 2016, 6, 98234–98242
carbonate and/or decompose to form a carbonate alkyl radical
and HCHO. Further reactions of the alkyl radical could form
a cyclic keto carbonate or glyoxal. If the carbonate group con-
taining products were being formed to any appreciable extent
a strong carbonyl absorption from this group should occur at
around 1870 cm�1,26,27 for example, the carbonyl absorption
from propylene carbonate occurs at 1866 cm�1 in the gas phase.
However, in the product spectrum the carbonyl absorption is
very weak in this region. Formation of HCHO and glyoxal was
also not observed indicating that the decomposition pathways
are negligible. Based on these observations we conclude that
product formation from H-atom abstraction at the methyl
group in propylene carbonate is very minor.

Scheme 2 outlines possible reaction routes for the alkoxy
radical formed from H-atom abstraction from the methylene
group in propylene carbonate. The radical can react with O2 to
form a keto carbonate compound or cleave the C–C bond in the
ring to form the linear alkyl radical shown in Scheme 1. It is well
established that the major fate of the cyclopentoxy radical is
ring-opening rather than reaction with O2 (ref. 28–30) and it is
expected that this is also case for the alkoxy radical formed at
the methylene group in propylene carbonate. The absence of
any strong carbonyl absorption at 1870 cm�1, as discussed
above, also supports that formation of the molecular product
through reaction of the radical with O2 is negligible.

The alkyl radical could decompose with formation of acet-
aldehyde or add O2 and through a sequence of peroxy–peroxy
reactions etc. eventually form diformyl carbonate (CH3C(O)
OC(O)OC(O)H) and acetic formyl carbonate (CH3C(O)OC(O)
OC(O)CH3). Since formation of acetaldehyde is not observed
and the further reactions of the CH3 radicals would result in the
formation of HCHO and CH3OH, both of which were also not
observed, it would appear that the major pathway must be
formation of acetic formyl carbonate. The carbonyl absorption
frequencies of open-chain carbonates occur at lower frequen-
cies than those of the cyclic analogues.26,27 A shi to lower
carbonyl frequencies compared to propylene carbonate is
observed in the product spectrum obtained on reacting Cl with
propylene carbonate (Fig. 2, trace (B)). The structure of acetic
formyl carbonate contains an anhydride entity CH3–C(O)–O–
C(O)– and this should be reected in the product spectrum. The
product spectrum is compared with a reference spectrum of
acetic anhydride in Fig. 2, traces (B) and (E), respectively. It can
be seen that the positions of the carbonyl absorptions and also
those in the ngerprint regionmatch very well. Acetic anhydride
has two absorption maxima in the carbonyl region which are
s or OH radicals from the primary (a), secondary (b) and tertiary (c)

This journal is © The Royal Society of Chemistry 2016
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Scheme 1 Possible reaction channels for the alkoxy radical formed after H-atom abstraction from the methyl group in propylene carbonate.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
O

ct
ob

er
 2

01
6.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 7
:2

6:
10

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
due to the symmetrical and asymmetrical stretching vibrations
of the carbonyl groups. The carbonyl stretching region in the
product spectrum from the reaction of Cl with propylene
carbonate also shows the existence of different carbonyl
stretching absorption maxima. The resolution in the carbonyl
maxima, that is clearly evident in the infrared spectrum of
acetic anhydride, is probably lost in the infrared spectrum of
acetyl formyl carbonate because of the presence of the addi-
tional carbonyl functionality in acetic formyl carbonate.

Scheme 3 outlines possible reaction routes for the alkoxy
radical formed from H-atom abstraction from the tertiary H-
atom in propylene carbonate. The alkoxy radical could eject
a methyl group and form a keto-cyclo-carbonate, however, the
lack of a carbonate absorption in the product spectrum and also
the presence of HCHO and CH3OH, which would be formed
from further reactions of the methyl radical, supports that this
reaction pathway is negligible. The major reaction pathway for
This journal is © The Royal Society of Chemistry 2016
this radical will be ring-opening for which there are two possi-
bilities, i.e. either C–O or C–C bond cleavage. The C–O bond
cleavage route would result in the formation of methyl glyoxal,
however, as this is not observed in the product spectrum this
pathway is considered to be negligible. Themajor pathwaymust
then be C–C bond cleavage with formation once again of acetyl
formyl anhydride.

In summary, the evidence from the product study supports
that H-atom abstraction from both the secondary and tertiary
hydrogens in propylene carbonate will lead predominately to
the formation acetyl formyl carbonate.

A product study has been performed on the reaction of Cl
with propylene carbonate in one atmosphere of nitrogen. It
should be borne in mind, that although the reaction was
performed in N2, in large volume photoreactors such as used
in this work, ppm levels of O2 in the reaction system are
unavoidable. The product spectrum obtained on irradiation of
RSC Adv., 2016, 6, 98234–98242 | 98239
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Scheme 2 Possible reaction channels for the alkoxy radical formed after H-atom abstraction from themethylene group in propylene carbonate.
Major suspected products are shown in brackets.
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a propylene carbonate/Cl2/N2 reaction mixture is shown in
Fig. S2, trace (A) in the (ESI†). Although the spectrum looks
very similar to that obtained in air, on closer inspection it is
clear that another product is being formed that contains
a carbonyl and hydroxyl entity. The product has been positively
identied as acetic acid (CH3C(O)OH), a reference spectrum of
which is shown in Fig. S2,† trace (B). The residual product
spectrum which results on subtracting acetic acid from the
product spectrum shown in Fig. S2,† trace (A) is shown in trace
(C). The resulting spectrum is virtually identical with the
product spectrum obtained in air and is attributed to the
formation of acetyl formyl carbonate.

Fig. S3† shows the concentration–time proles for the decay
of propylene and the formation of acetic acid in N2. Also shown
are the proles for HC(O)OH and CO which were also formed. In
N2 the yield of acetic acid was (42 � 3)%. We have examined the
formation of acetic acid as a function of the O2 partial pressure
in the reaction system and the results are shown in Fig. S4.† It
98240 | RSC Adv., 2016, 6, 98234–98242
can be seen that the yields falls from �42% in N2 to zero by an
O2 partial pressure of �20 Torr. Unfortunately we have no
means of estimating just how large the trace levels of O2 are for
the experiments performed in N2 but they are obviously suffi-
ciently large that a signicant fraction of the reaction leads to
formation of acetyl formyl carbonate via the pathways outlined
in Schemes 2 and 3.

We propose that the process leading to the formation of
acetic acid at low O2 partial pressures involves an alternative
reaction pathway for the alkoxy radical formed through H-atom
abstraction from the tertiary carbon in propylene carbonate. We
suggest that the process involves a 1,3-hydrogen shi from the
methylene group to alkoxy oxygen as shown in Scheme S1 in the
ESI.† The newly formed radical can undergo peroxy–peroxy
reactions and eventually decompose to form acetic acid, CO2

and HO2 radicals. At present this is the only potentially viable
route to the formation of acetic acid which we can think of. It is
This journal is © The Royal Society of Chemistry 2016
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Scheme 3 Possible reaction channels for the alkoxy radical formed
after H-atom abstraction from the tertiary H-atom in propylene
carbonate. Major suspected products are shown in brackets.
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not possible to tell from the experiments whether the H-shi is
thermal or photochemical.
Conclusions

Rate coefficients have been determined for the reaction of OH
radicals and Cl atoms with propylene carbonate at room
temperature and atmospheric pressure. Using an hydroxyl
radical concentration of [OH] ¼ 2 � 106 radicals cm3 (ref. 31) in
combination with the OH rate coefficient determined in this
work gives a tropospheric lifetime for propylene carbonate, with
respect to reactionwith OH, of around 24 days. The product study
indicates that the main product of the atmospheric photooxida-
tion of propylene carbonate will be acetyl formyl carbonate which
does not appear to be particularly stable. Reaction of acetyl
formyl carbonate with OH radicals will be very slow and since
neither the carbonate nor anhydride entities in its structure
absorb in the tropospheric solar actinic region (l > 290 nm)32,33

photolysis loss will also be negligible. Deposition on surfaces
This journal is © The Royal Society of Chemistry 2016
with formation of acetic and formic acids will probably constitute
the main atmospheric fate of acetyl formyl anhydride. Therefore,
the atmospheric degradation of propylene carbonate is likely to
add to the environmental acidication burden close to point of
its atmospheric in situ production.
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