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Relative rate coefficients for the gas-phase reaction of chlorine atoms (Cl) with tetrahydropyran (THP)
have been determined by Fourier transform infrared (FTIR) spectroscopy and gas chromatography
coupled to a mass spectrometer (GC-MS). The averaged rate coefficient is (2.21+0.32) x 10~ cm3
molecule~! s~1 (with 20 uncertainty) and was obtained using different reference compounds, Cl pre-
cursors, and bath gases at 740 & 5 Torr and 298 + 2 K. Products of the title reaction were identified and
quantified by solid-phase microextraction (SPME) coupled to a GC-MS. Additionally, the first step of
the reaction was theoretically studied by ab initio calculations. Reaction mechanism seems to proceed
mainly by the H-abstraction from o and y positions. THP tropospheric lifetime is estimated from the rate
coefficient reported here. The atmospheric implications of the Cl reactivity are also discussed.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Ethers, which are used as industrial solvents and additives to
unleaded gasoline to increase the octane rating, are emitted to
the atmosphere contributing to the formation of photochemical
smog [1]. Given the widespread use of oxygenated compounds as
solvents and additives, it is important to characterize the sink of
these compounds. Tetrahydropyran (THP, (CH;)50) is a cyclic ether
used in the synthesis of organic and natural products as reactive
and solvent [2-5]. Also THP is part of the chemical composition of
antimicrobial compounds [6] and metabolites [7]. To understand
and evaluate the environmental impact of ethers, a detailed study of
the kinetics, products and mechanisms of their atmospheric degra-
dation is required.

Ethers are generally more reactive in the atmosphere than
alkanes of similar chain length [8]. The primary atmospheric fate
of organic compounds, in general, is the reaction with hydroxyl
radicals (OH) in the gas phase. Only two kinetic studies on the
OH-initiated reaction of THP have been reported in the literature.
Dagaut et al. [9] have reported a rate coefficient of (1.38 £0.07) x
10~ cm3 molecule~1s~! measured by Flash Photolysis/Reso-
nance Fluorescence (FP/RF) and Moriarty et al. [10] have reported
a rate coefficient of (1.15+0.06) x 10~ cm3 molecule=1s~1 by a
relative technique and (1.23 + 0.04) x 10~!! cm3 molecule~1s~1 by
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pulsed laser photolysis/laser induced fluorescence (PLP/LIF). To our
knowledge there is no previous information in the literature about
the reaction of this cyclic ether with chlorine atoms (Cl). In recent
years, the oxidation by Cl atoms has gained great importance in
the study of atmospheric reactions because they may exert some
influence in the boundary layer, particularly in marine and coastal
environments, and in the Arctic troposphere during springtime
[11-14]. Atomic chlorine, generated by the photolysis of molecular
chlorine released to the atmosphere via reactions in sea salt par-
ticles, can then contribute to the oxidation of organic compounds
in the marine boundary layer [15]. The rate coefficients obtained
for the degradation of organic compounds with Cl atoms are often
a factor of 10 higher than the corresponding OH rate coefficients.
In the marine boundary layer, concentrations of Cl, of up to 150
parts per trillion by volume (150 pptv) [16] and photolyzable chlo-
rine of up to 250 pptv [17] have been reported. In the Arctic, high
concentrations of photolyzable chlorine (up to 100 pptv) have been
measured [18]. Photolysis of these species is expected to result in
peak Cl atom concentrations as high as 10> atomscm~3 or more
in the marine boundary layer [16]. High levels of chlorine were
also detected in polluted urban areas close to structural ceramic
industries [19].

In this paper, a set of physicochemical techniques was used to
study the kinetics and mechanism of the tropospheric reaction of
THP with Cl atoms. The relative rate coefficient for the Cl-initiated
oxidation of THP at 298 + 2K is reported for the first time. Major
primary oxidation products have been identified and quantified
and ab initio calculations have been performed in order to identify
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the main reaction pathway. Finally, the mechanistic implications
and tropospheric fate of this cyclic ether are also discussed. The
kinetic data obtained in this study will extend the database of avail-
able information for the reactions of ethers that are released to the
troposphere.

2. Experimental
2.1. Relative kinetic method

The relative Cl-kinetic measurements and the detection of reac-
tion products were performed in two environmental chambers
equipped with FTIR and GC-MS. A detailed description of the
experimental set-up with FTIR detection and the kinetic analy-
sis performed has previously been presented for the reaction of
linear and branched alcohols with Cl atoms [20]. Thus, the exper-
imental system will be only briefly described here. It consists of a
multipass 16 L borosilicate glass cylinder reaction chamber, homo-
geneously surrounded by 4 UV fluorescent lamps (Philips TL-K
40 W, Amax =365 nm), coupled to a Nexus Thermo Nicolet FTIR spec-
trometer equipped with a liquid nitrogen cooled mercury cadmium
telluride (MCT) detector for on-line infrared spectroscopy. The total
pathlengthis 96 m. The spectra were obtained by coadding 64 scans
recorded at 2cm~! instrumental resolution in the 650-4000 cm~!
range. Reactants were introduced directly into the cell by expan-
sion from a glass manifold system and mixed in synthetic air or
helium at 298 + 2 K and 740 + 5 Torr of total pressure.

The experimental system with GC-MS detection has recently
been set-up. The environmental chamber consistsina 100 Lor 200 L
Teflon bags, surrounded by 8 UV lamps (Philips TL-K 40 W). Gas
samples were analyzed by GC (Thermo Electron Co., model Trace
GC Ultra) coupled to a mass spectrometer (Thermo Electron Co.,
model DSQ II). The gas sample was directly introduced into the GC
with an automatic 6 ways valve and a 1 mL loop evacuated with a
vacuum pump.

Chlorine atoms were produced by the broad-band UV photoly-
sis of Cl, or SOCIl; in the bath gas (synthetic air or He). UV radiation
was produced by the lamps homogeneously arranged around the
outside of the glass cell and the Teflon bag. Total irradiation times
were shorter than 180 min for Cl, and shorter than 3 min for SOCl5;
these times guarantee a reagent conversion of 80-90%. The irradia-
tion time is not continuous for the GC-MS system and the analysis
is performed when the lamps are off. Experiments were also per-
formed in the absence of radiation to check for dark reactions and
wall losses. During ‘blank test experiments’ the losses of reactants
were much lower than 1% during the time of a typical experiment
and therefore the influence of the reaction rate coefficients were
considered to be negligible for the results presented here. The pho-
tolysis of THP and reference compounds was previously tested and
no significant loss was detected.

Gas-phase concentrations, both in the FTIR cell and in the Teflon
bag, were calculated considering the partial pressure of the gas in
a cylinder of calibrated volume and the total volume of the reactor.
Concentrations in the reaction chamber for THP and the reference
compound (propene, 1,3-butadiene, 1-butene, and ethene) ranged
from 9 to 18 ppm, while for the precursors of Cl atoms (Cl, and
SOCl, ) ranged from 8 to 16 ppm. Reactants were left to homogenize
in the reactor for ~30min prior to irradiation. After each exper-
iment, the reaction chamber was cleaned out by repeated purge-
pump cycles until the reactants and/or products were not detected.

The rate coefficient used for Cl+propene reaction was
the recommended value by the IUPAC [21], 2.3x10"10cm3
molecule~!'s~1 (we have added a 10% of error for estimating
o). For the rate coefficient of Cl atoms with 1,3-butadiene the
reported value by Ragains and Finlayson-Pitts [22] at 760 Torr of
air and 298K (4.20+0.40) x 10-1% cm? molecule~!s~1 was used.

The Cl rate coefficient used for 1-butene was (3.00 & 0.40) x 10-10
molecule~!s~1 obtained recently by Orlando et al. [23] at 298K
near 1atm. For ethene the recommended value by the IUPAC [21],
1.1 x 10-19c¢m3 molecule~! s~! (we have added a 10% of error for
estimating o), was used.

2.2. Product study

The products formed in the reaction of Cl atoms with THP under
atmospheric conditions (298 + 2 Kand 740 + 5 Torr of synthetic air)
were investigated using a 200 L Teflon bag and employing the tech-
nique of solid-phase microextraction (SPME) coupled to a GC-MS.

SPME is a simple and effective adsorption and desorption tech-
nique, which eliminates the need of using solvents or complicated
apparatus for concentrating volatile or non-volatile compounds in
liquid samples or headspaces [24,25]. It is compatible with analyte
separation and detection by GC and high-performance liquid chro-
matography (HPLC), and provides a linear response for a wide range
of analyte concentrations [25]. This technique was introduced to
analyse relatively volatile compounds in the environmental field,
butrecently its use has been extended to the analysis of a great vari-
ety of matrices: gas, liquid, and solid, and to a wide range of analytes
from volatile to non-volatile compounds [25]. Recently, SPME has
been used in the study of atmospheric reactions of several organic
compounds [26-30].

In this work, a 50/30 wm divinylbenzene/carboxen/polydi-
methylsiloxane fibre was used. The coated fibre was inserted into
the Teflon chamber and exposed during typically 20 min to the
chamber contents. Then, SPME fibre samples were thermally des-
orbed in the heated (270°C) GC injection port and the products
were analysed by mass spectrometry. The identification of the
products was made by analysis of the mass spectrum and by com-
parison with a library of spectra. When possible, the identification
was made by comparing with the retention time of a pure sample
of the detected product; when this identification was not possible
a tentative assignment was proposed. Under the conditions used
here the SPME/GC-MS response was linear with the analyte con-
centration. No carryover was observed for any of the compounds
upon a second injection, indicating a complete recovery of the fibre.
The fibre was used immediately after desorption for the next sam-
pling.

2.3. Chemicals

The liquid chemicals employed in these experiments were
supplied by Aldrich with the purities given in brackets: tetrahy-
dropyran (99%), o-valerolactone (99%), y-butyrolactone (99%),
tetrahydro-4H-pyran-4-one (99%), tetrahydro-4-pyranol (98%),
SOCI, (99%), and 1-butene (99%). All liquid reagents were degassed
by repeated freeze-pump-thaw cycles prior use. Gaseous reagents
were used as supplied: Cl; (99.8%, Praxair), 1,3-butadiene (99%,
Aldrich), propene (99%, Aldrich), and ethene (99.9%, Fluka).

3. Ab initio calculations

The reaction of Cl atoms with THP can proceed by H-abstraction
from three different positions with respect to the O atom. In order
to evaluate the relative importance of these possible reaction path-
ways, ab initio calculations on the first step of the reaction were
carried out using the Gaussian 03 [31] set of programmes running
on the resources of the Supercomputing Service of the University
of Castilla-La Mancha.

Firstly, geometries of reactants and transition states (TS) were
optimized at Moller Plesset second-order perturbation theory
(MP2) with 6 31G* basis sets. The nature of the stationary points
was assessed through the frequencies of the normal vibrations cal-
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Fig. 1. Examples of relative rate data for the reaction of THP with Cl atoms using
different reference compounds, Cl precursors, detection technique, and bath gas at
298 £ 2K and 740 & 5 Torr of total pressure.

culated with the energy analytical second derivatives. First order
saddle points, which are related to transition states, show an
imaginary value for the frequency associated to the eigenvector
describing mainly the product formation step. Real minima of the
potential energy hypersurface, which are related to stable species,
show all positive real values for vibrational frequencies.

For open-shell structures, spin contamination may affect the
energy and geometry of the system [32,33] and increases, in gen-
eral, as a bond stretches, which turns out to be interesting for
transition states that contain elongated bonds. This effect must be
taken into account if total spin (52) differs from s(s + 1) by more than
10%, s being 1/2 times the number of unpaired electrons. In our
system, the expected spin values (5%) before annihilation of con-
tamination differ from the theoretical ones, 0.75, by no more than
5%. Therefore, spin contamination can be considered negligible.
The energies of reactants and transition states have been com-
puted at quadratic configuration interaction, i.e., QCISD(T) method
on MP2/6-31G* geometries. Both geometries and energies were
calculated using frozen core approximations.

VeryTight and CalcFC criteria [31] were taken for surpassing the
convergence difficulties in the calculation in the case of transition
states. For each reactant and transition state, zero-point energy and
different thermal corrections of the QCISD(T) energy values were
considered in order to calculate the thermodynamical functions at
298.15K. Activation energies (E;) at 298.15 K were calculated from
activation enthalpies (AH*) using the expression E; = AH* +2RT.
The same strategy of calculation has been used in our laboratory in

Table 1

previous studies on the reactions of Cl atoms with linear alcohols
[33] and thiols [34]. The usual accuracy of this type of calculations
is about 1-1.5 kcal/mol [35,36].

4. Results and discussion
4.1. Relative rate coefficient measurements

The relative disappearance rates of THP and the reference
organic compound were measured in the presence of Cl atoms:

Cl + THP — products k4 (1)
Cl + REF — products  kpef (2)

where REF is a reference compound for which the rate coefficient
kyef is reliably known. Provided that THP and the reference com-
pounds react only with Cl, the following expression can be derived:

[REF],
[REF],

[THPly ki
[THP]t B kref

3)

where the subscripts 0 and tindicate the concentration at the begin-
ning of the reaction and at a reaction time ¢, respectively. k1/k;f is
the slope of the straight line obtained by the linear least-squares
analysis of the two sets of decay data. Some experiments were per-
formed in the absence of Cl precursor and/or UV light in order to
determine the possible contribution to the rate coefficients due to
the wall losses of the ether and the reference compounds and pho-
tolysis. Under the conditions used in this work wall losses of the
compounds were not observed. Some plots of Eq. (3) are given in
Fig. 1, showing in all cases a good linearity.

Table 1 shows the ratios kq/ks Where the error limits given
include the precision of the fit to our experimental data (twice the
standard deviation, +2¢). The errors given for k{ are a combination
of the 20 statistical errors from the linear regression analyses and
the statistical error propagation, taking into account the error of
reference compound rate coefficient or a o of 10%if the error has not
found in the bibliography. The experiments were performed using
air and helium as bath gases, and no influence on the rate coefficient
was observed. In addition, no influence of the Cl precursor used (Cl,
or SOCl, ) on the relative rate coefficient was observed, as it is shown
in Table 1. The average value of k; obtained from all data sets was
(2.21+0.32) x 10-1° cm3 molecule~1s-1.

4.2. Theoretical features

The THP molecule belongs to Cy, point group of symmetry, and
thus only three possible attacks in the hydrocarbon ring (o, 3, and
v positions) have been considered.

Rate coefficient ratios and the obtained relative rate coefficients for the reaction of Cl atoms with THP at 298 4 2 K and 740 + 5 Torr of air.

Reference compound Bath gas Detection technique Cl precursor (kq[keer) £ 20 Runs (k1 +20) x 10'° (cm? molecule~1s~1)
Propene? Air FTIR Cl, 0.94 + 0.01 6 2.17 £ 0.28
Helium 0.95 + 0.01 5 2.19 £ 0.29
1,3-Butadiene® FTIR Cl, 0.56 + 0.01 5 2.35 +0.23
Air GC-MS 0.51 + 0.01 4 2.14 + 0.21
GC-MS SOCl, 0.52 + 0.01 4 2.18 £ 0.21
1-Butene® Air FTIR Cl, 0.74 + 0.02 2 2.22 +0.30
Ethened Air FTIR Cl, 2.08 + 0.05 2 2.29 + 0.46
Average 2.21 £ 0.32

k(propene)=(2.340.46) x 10~19 cm3 molecule~! s~! [21] (see text).
k(1,3-butadiene)=(4.20 + 0.40) x 10~'° cm? molecule~! s~ [22].
k(1-butene)=(3.00+ 0.40) x 10~'° cm? molecule~! s~ [23].
k(ethene)=(1.1+0.22) x 10'° cm? molecule~' s~! [21] (see text).

an T oo
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Fig. 2. The most important structural parameters of the transition states calculated by the ab initio method described in the text.

In the Cl attacks to the hydrogen atoms in a position, two tran-
sition states are possible (TS1): one equatorial (TS1eq) and one
axial (TS14x), which are characterized by an imaginary frequency
of 1049i and 540i cm~!, respectively. These normal modes are pure
stretching motions along the bond Cl---H and Cg---H. Both tran-
sition states are separated by 7.32 kcal/mol, being TS1.x the most
stable transition state.

If the attack of Cl atoms occurs in (3 position, two transition
states are possible, namely TS2 equatorial (TS2¢q) and TS2 axial
(TS2ax). Both TS2 are characterized by an imaginary frequency with
values of 748i and 923icm™!, respectively, and corresponding with
a pure stretching motion CI- - -H and Cg---H bond. In this case, TS2,x
is 0.48 kcal/mol more stable than TS2eq.

Finally, when atomic chlorine approaches the hydrogen atoms
in vy position, two transition states TS3 can be formed (TS3eq
and TS3.x). The characteristic frequencies are 790i and 833icm™!,
respectively. These frequencies correspond to a pure stretching
motion like in the previous case (TS1 and TS2). Both transition state
are separated by 0.43 kcal/mol, being TS3,x more stable than TS3eq.

The most important structural parameters of TS1, TS2, and TS3
are summarized in Fig. 2. Table 2 shows the energy of transi-
tion states evaluated at QCISD(T)/6-31G™ level of calculation. In
all cases, the attack on the H-axial is favoured against the equa-
torial one. According to the calculated energy barriers, the most
favourable reaction pathway is that going through TS1., with acti-
vation energy of 0.55 kcal/mol, which is more than 5 kcal/mol lower
than the value obtained for TS3,x. The TS2 reaction pathway is the
energetically least favoured.

Table 2

Thermodynamics parameters calculated QCISD(T)/6-31G*//MP2/6-31G* for the dif-
ferent possible pathways in kcal/mol at 298.15 K (see text). The abbreviations ax and
eq are referred to axial and equatorial transition states, respectively.

TSTeq TS1ax TS2eq TS2ax TS3eq TS3ax
E, 7.87 0.55 7.97 7.49 6.28 5.85
Ea classic 10.21 2.24 10.24 9.95 8.52 8.16
AG# 2.19 —461 2.49 2.12 0.86 0.65
AHreac. 3.87 3.87 7.97 8.46 6.70 6.70
AGreac. -9.97 -9.97 -6.13 ~5.95 ~7.33 -7.33
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Fig. 3. Gas chromatograms of a sample of SOCl,/THP/air reaction mixture before radiation (upper) and after 83 s of photolysis (lower).

In the light of the energy calculated for the highest occupied
molecular orbital (HOMO), a and {3, we firstly note that MP2 and
QCISD(T) values are in excellent agreement. Comparing the HOMO
energies of the o orbital for the different reaction pathways, the val-
ues for TS1,x and TS3¢q are —0.354 and —0.365 hartree molecule~?,
respectively, which are less stable than the average value for the
rest of transition states, i.e.,, —0.375+0.002 hartree molecule~!
(where the indicated error is +0). For the 3 orbital, the average of
the HOMO energy for all transition states is —0.424 + 0.003 hartree
molecule~!. Also, the HOMO energy difference between the o and
B orbitals was 0.072 and 0.064 hartree molecule~! for TS1,x and
TS3eq, respectively, and 0.048 +0.002 hartree molecule~! for the
rest of transition states. The instability of « orbital shown in this
analysis is indicative of the reactivity of the transition state.

In addition, the Mulliken charges were calculated for Cl, H, C,
and O atoms in all transition states by MP2 and QCISD(T) methods.
Results from both methods are in excellent agreement. For chlorine
atoms, the calculated Mulliken charge in TS1,x was —0.255 units,
which is more negative than the average value obtained for the rest
of transition states (—0.220 & 0.006 units). In contrast, the Mulliken
charge on the hydrogen atom in all transition states was positive
(0.058 units for TS1eq and TS14x, and 0.076 & 0.005 units for the rest
of TS). In the case of the carbon atoms involved in the reaction, we
have three groups of values. The two first sets of values involve TS1
transition states, i.e., 0.084 and 0.118 units for the axial and equa-
torial forms, respectively, while the last group of transition states
has an average value of —0.240 £ 0.005 units. Finally, in the case of
the oxygen atom, we also get two groups of values, one involves the
TS1 transition states and yields an average value of —0.588 +0.005
units and for the rest of transition states the averaged value calcu-
lated was —0.622 £ 0.005 units. This analysis shows that the role of
the oxygen atoms of THP in TS1 transition states is expected to be
important.

Finally, considering the calculated enthalpies or free energies of
reaction, a similar conclusion was found than that with the calcu-
lated energy barriers. From the reaction enthalpies point of view
(Table 2), the most favourable reaction channels are expected to
be those involving TS1 (3.87 kcal mol~1), while processes proceed-
ing via TS3 (6.70 kcal mol~1) and TS2 (8.46 and 7.97 kcal mol~! for

the axial and equatorial attacks, respectively) are less favourable.
Moreover, in terms of the free energy of reaction, the most
favourable reaction channel is that proceeding via TS1 transition
states (—9.97 kcal mol~1), being the least favourable reaction path-
way that involving TS2ax (—5.95 kcal mol—1).

4.3. Reaction products and mechanism

Mechanistic studies have shown that the OH-initiated oxida-
tion of cyclic ethers under atmospheric conditions leads, in general,
to ring opening with the resultant radicals containing the formate
functional group [8,10,37,38]. The OH reaction proceeds by H-atom
abstraction, followed by reaction with O, and NO, to form a cyclic
alkoxy radical, which decomposes through C-C cleavage. In the case
of Cl-initiated oxidation of ethers, Starkey et al. [39] reported for the
reaction of Cl with methylethylether that the main attack occurs in
the o position.

An example of the gas chromatogram before and after irradiati
on of a THP/CI precursor/air mixture is shown in Fig. 3. As can be
seen in the lower panel of the figure, the relative abundance of
THP decreased in the course of the reaction respect to that shown

m [THP)
10.04 ® [tetrahydro-4H-pyran-4-one] « 10
A [5-valerolactone] « 10

¥ [tetrahydro-4-pyrancl] < 100
*

[+-butyrolactone] = 5

7.5

50

concentration/ppmv

2.5

0.0

tls

Fig. 4. Plot of the concentration of product and THP versus the time of reaction.
Analyses were carried out by SPME/GC-MS.
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in the upper panel. Several reaction products were also observed
in the chromatogram. The major products detected in the reaction
of Cl atoms with THP under atmospheric conditions (298 +2K
and 740+5Torr of air) were tetrahydro-2H-pyran-2-one (8-
valerolactone) and tetrahydro-4H-pyran-4-one. Other minor
reaction products identified were tetrahydro-2H-pyran-2ol, di-
hydrofuran-2(3H)-one (vy-butyrolactone), 3,4-dihydro-2H-pyran,
4-chlorobutylformate, 3-chloropropylformate, tetrahydro-2H-
pyran-3-ol, dihydro-2H-pyran-3(4H)-one, tetrahydro-4H-pyran-
4-ol, and 4-chloro-3,6-dihydro-2H-pyran.

The temporal evolution of THP and main reaction products (8-
valerolactone, tetrahydro-4H-pyran-4-one, tetrahydro-4-pyranol,
and y-butyrolactone) is shown in Fig. 4. The concentration profiles
of 8-valerolactone, tetrahydro-4H-pyran-4-one, and tetrahydro-4-
pyranol show that all are primary products. However, the profile of
v-butyrolactone seems to indicate that it is a secondary product.

The reaction of Cl atoms with THP can proceed by H-abstraction
from three different positions with respect to the O atom. Scheme 1
shows the proposed mechanism for the attack of Clin the o position
that would justify the observed reaction products (shown included
in a box). After H abstraction by Cl atoms, the addition of a molecule
of oxygen to the a-tetrahydropyran radical yields the correspond-
ing peroxy radical which can react with itself or with other RO,
[40,41] to form &-valerolactone and tetrahydro-2H-pyran-2-ol. The
peroxy radical can also form cyloalkoxy radicals that can further
react with O, to also give the observed &-valerolactone and HO,.

. - o
N M —_— '/\/\O —_— — '0\/\/\0
" g £ co,

The concentration profile of the reactive primary product can be
described by the following expression [42]:

[product]  o(1 —x){(1 —x)krerl -1)

4
[THP]O {1- krel} ( )

where « is the yield of the product formed in the reaction of Cl
atoms with THP in the presence of oxygen, x=1 — ([THP]/[THP]y) is
the fractional consumption of THP, and k¢ is the relative rate coef-
ficient of the product +Cl reaction respect to the THP +Cl reaction.
The fit of the experimental data for 8-valerolactone to this equation
gives ¥=0.22940.015 and k¢ =0.461 £+ 0.015, where quoted error
is twice the standard deviation.

The formation of y-butyrolactone can be explained by the
cleavage of the ring of the 8-valerolactone, the loss of a C atom, and
the cyclization. 8-Valerolactone presents an acetate type group in
its structure and could form the a-radical respect to the oxygen
into the ring which could form a peroxy radical and, subsequently,
an alkoxy radical in the presence of O,. This alkoxy radical could
open the ring via a C-0 bond cleavage. The linear product formed
could eliminate CO, (reaction (5)) similarly to the mechanism
proposed by Christensen et al. [43] in the reaction of methyl
acetate with Cl atoms. These authors have found that this reaction
proceeded more than 95% via H-abstraction at the -OCH3 site. In
our reaction, the remaining radical after the CO, elimination could
form the corresponding linear alkoxy radical in the presence of O,:
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The linear alkoxy radical formed in the sequence of reaction (5)
could form a five membered ring by cyclization, which could finally
give the observed y-butyrolactone:

o]

N B

o) (0]

In order to corroborate this proposed mechanism additional
experiments were performed on the reaction of 8-valerolactone
with Cl atoms. y-Butyrolactone was found to be the main reaction
product. Additionally, if the experimental data of the concentra-
tion of y-butyrolactone are fitted to the Eq. (4) a negative k. is
obtained, showing that the y-butyrolactone is not a primary prod-
uct of reaction (1).

The formation of furan derivatives by cyclization of linear alkoxy
radicals has also been proposed by Baker et al. [44] in the reaction
of OH radical with a series of 1,4-hydroxyketones.

Other minor products detected from the a-attack of Cl
to THP are 3,4-dihydro-2H-pyran, 4-chlorobutylformate, and
3-chloropropylformate. As can be seen in Scheme 1, 3,4-dihydro-
2H-pyran can be formed in the reaction of O, with the a-cyclic
radical produced in the first step of the Cl reaction. Moreover, as
mentioned before, formates are characteristic products observed
in the reaction of cyclic ethers and OH radical, under atmospheric

conditions [8,10,37,38]. These mechanistic studies propose the ring
opening as a first step in the formation of the radicals containing
the formate functional group. A similar mechanism is proposed in

0, o)

HO, (6)

Scheme 1 for the formation of the chloroformate products detected
in this work.

Scheme 2 shows the proposed mechanism for the Cl attack to the
CH, group in 3 position and the detected products from this attack.
Tetrahydro-2H-pyran-3-ol and dihydro-2H-pyran-3(4H)-one were
detected as minor products of reaction (1). The pyranol can be
formed in the reaction of the -peroxy radical with RO, and the
pyranone can also be formed from the [3-alkoxy radical as Scheme 2
shows.

Tetrahydro-4H-pyran-4-one, tetrahydro-4H-pyran-4-ol, and 4-
chloro-3,6-dihydro-2H-pyran have been identified in this work.
Scheme 2 shows the proposed mechanism for the attack of Cl to the
v position of THP which justifies our observations. Tetrahydro-4H-
pyran-4-one together with 8-valerolactone are the main products
observed in this study of reaction (1). Quantification of tetrahydro-
4H-pyran-4-one, using Eq. (4), gives a yield of 0.206 +0.007 and
kie1=0.317 £ 0.035. This product could be formed in the reaction of

: +.+Q

tetrahydropyran

\a

tetrahydro—4]—1 -pyran-4-ol R
o}

RO, o2 0,

° %_'
tetrahydro-4H-pyran-4-one Q

2

4-chloro-3,6-dihydro-2H-pyran

tetrahydro-4H
-pyran-4-chloro

02

00
ROZ 02
RO, O, 0

tetrahydro-2H-pyran-3-ol

Q
o*
L |
0]
O,
o]
HO,

dihydro-2H-pyran-3(4H)-one

OH

Cl

Scheme 2. Proposed mechanism for the attack of Cl atoms to 3-H and y-H of THP, where detected products are shown in a box.



B. Ballesteros et al. / Journal of Photochemistry and Photobiology A: Chemistry 208 (2009) 186-194 193

the y-alkoxy cyclic radical with O, or by reaction of the peroxy-
cycled radical with RO, giving a mixture of the pyranone and the
pyranol. The calculated yield from the fit of the temporal pro-
file of tetrahydro-4H-pyran-4-ol to Eq. (4) is 0.028 +£0.002 and
kre1=0.51040.067. These results show that the main production
pathway of the pyranone is from the alkoxy cyclic radical. 4-Chloro-
3,6-dihydro-2H-pyran is also a minor product detected that could
be formed in the reaction of the y radical with Cl atoms (Scheme 2).

Scheme 2 does not show ring opening routes because products
that require this route of reaction have not been detected. As pre-
viously explained this ring opening is only produced in the radicals
with the acetate group.

In general, the yields of the carbonyls are significantly higher
than those for the corresponding alcohols because the carbonyls
can also be produced from the reaction of the cyclic oxy radical
with molecular oxygen, as can be see in the Schemes. Total molar
product yields that were found in the investigation presented here
was 46.3%.

According to the reaction products observed in this study, all
reaction pathways proceed by H-abstraction and hydrogen chloride
was detected by FTIR experiments as a final product of reaction (1).
The experimental product studies performed confirm that there is
a competition between o and <y attacks. The o attack is the most
favoured channel in concordance with the ab initio calculations
presented in the previous subsection. However, the experimental
product study also indicates that the vy and 3 attacks cannot be
considered negligible.

5. Atmospheric implications

Volatile organic compounds, in general, are chemically removed
from the troposphere mainly by their reaction with OH, NOs, Os,
and halogen atoms. The tropospheric lifetime of THP due to its
reaction with Cl atoms (defined as t=1/k;[Cl]) can be estimated
by using a concentration of 10° atoms cm~3 (peak value observed
under specific circumstances in marine regions) [16]. Under these
local conditions, THP is expected to be removed by Cl atoms in
12.6 h. However, on a global scale, Rudolph et al. [45] estimated
upper limits of the average tropospheric Cl atom concentration
of less than 103 atomscm—3 for the Northern hemisphere and
nearly 2 x 103 atomscm—3 for the Southern hemisphere. These
concentrations yield lifetimes between 52.3 and 26.2 days for the
atmospheric disappearance of THP by the reaction with Cl atoms.

To our knowledge, there are no bibliographic references for the
reaction of THP with NOs radicals and Os. In contrast, two studies of
the rate coefficients for the reaction of THP with OH radicals have
been reported at 298 +2 K [9,10]. Assuming the average value of
these rate coefficients (1.23 x 10~ cm3 molecule~! s=1) and using
an OH concentration (24-h averaged) of 106 radicals cm~3 [46], the
calculated tropospheric lifetime for THP due to the reaction with
OH radicals is 23.3 h.

In the light of these results, we can conclude that the reac-
tion with chlorine atoms can provide an effective tropospheric
loss pathway for THP under specific circumstances. This reaction
is expected to play a significant role in the tropospheric chemistry
of the marine boundary layer, in coastal urban areas, and in some
contaminated urban areas (where levels of chlorine may be origi-
nated from industrial emissions) where the Cl concentration peaks
at dawn, much earlier than OH does.
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