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Abstract The mechanism of the oxidation of acetylene, in
the presence of O, and NO,, has been studied. Different lev-
els of theory have been tested for the first step of the mech-
anism: the acetylene + OH radical reaction. Based on these
results the meta-hybrid functional MPWBI1K has been cho-
sen for modeling all the other steps involved in the oxidation
of acetylene. Different reaction paths have been considered
and the one leading to glyoxal formation and OH regenera-
tion is predicted to be the main channel, independently of the
presence of NO,. Two different mechanisms were modeled
to account for formic acid formation, both of them involving
cyclic intermediates. According to the computed activation
free energies, the three-membered intermediate seems to be
more likely to occur than the four-membered one. However,
reaction barriers are very high and only a very small propor-
tion of formic acid is expected to be formed through such
intermediates. In the presence of NO, considered in this
work for the first time, the main product of the tropospheric
oxidation of acetylene is also expected to be glyoxal.
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1 Introduction

Alkynes are mainly emitted into the troposphere by biomass
burning processes [1-4] and automobile emissions [5,6]. In
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urban areas acetylene can reach concentrations that are
comparable to those of ethylene [7]. It has been calculated
that the ozone impact of acetylene is approximately 2—3 times
greater than that of ethane on a per-gram basis [8]. The
atmospheric oxidation of acetylene is initiated by its reaction
with OH radical. Several experimental studies have shown
that near room temperature, the predominant mechanism of
this early step involves the electrophilic addition of the OH
radical to the triple bond, while there is no evidence of a
hydrogen abstraction channel [9]. The acetylene contribu-
tion to tropospheric ozone production is assumed to occur
via an NO to NO; conversion. Most of the studies on the tro-
pospheric oxidation of acetylene have focused on the initial
OH reaction, while very few have dealt with the subsequent
steps, and none has considered the possible role of NOy.

A pioneer experimental study on the atmospheric oxida-
tion of acetylene was performed by Schmidt et al. [10]. These
authors reported fast OH regeneration, most likely due to
reaction of the CoHy—OH adduct with O. They also observed
glyoxal as one of the oxidation products, when the process
takes place in the presence of O;,. These results are in line
with those by Hatakeyama et al. [11] who also reported the
formation of glyoxal and formic acid when the oxidation
occurs in an O, atmosphere and in the absence of nitrogen
oxides. Accordingly, they proposed a mechanism involving
O, addition to the C;Hy—OH adduct, leading either to the pro-
duction of glyoxal and the regeneration of OH, or evolving
to a four-membered cyclic intermediate which yields formic
acid and a formyl radical. The findings of Siese and Zetzsch
[12] also support the OH regeneration in the presence of
O; but in the absence of NO,. Bohn and Zetzsch [13] pro-
posed that HO; radicals are formed in the formyl radical +O;
reaction. However, Yeung et al. [14] have not observed any
hydroxy peroxy radicals in the oxidation of alkynes. These
authors have also reported that a mechanism involving a
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three-membered cyclic intermediate is thermodynamically
more favored than the one proposed by Hatakeyama et al.
[11]. The three-membered cyclic intermediate is similar to
the one proposed by Carpenter [15] for the vinyl radical + Oy
reaction. Even though the ring is strained, its higher feasibil-
ity has been rationalized [15] in terms of the energetic cost
arising from the torsional motion required for the formation
of the four-membered cyclic intermediate.

Two other theoretical studies on the oxidation of acetylene
have been published while this manuscript was in preparation
[16,17]. In these works a different methodology, B3LYP/6-
311G(3df,2p) is used and NO, are only included semi-
empirically in the master equation simulations. However, to
our best knowledge, no information is available on the direct
involvement of NO, in the acetylene oxidation mechanism:
the corresponding transition states structures have not been
previously reported and it remains an open question to find
out if the intermediates formed in the acetylene oxidation
react with NO, in a concerted or in a step-wise manner. In
addition the potential formation of HNO,., which is relevant
to atmospheric chemistry, has not been analyzed.

Accordingly, it is the main aim of this work to model
different reaction paths that can be potentially involved in
the oxidation of acetylene, both in the presence and in the
absence of NOy, and to explicitly obtain the corresponding
transition state structures, in order to be able to identify the
most likely mechanism and products of the reaction.

2 Computational details

Full geometry optimizations were performed with the
Gaussian 03 [18] program using the MPWB 1K hybrid meta
GGA functional and the 6-311++G(d,p) basis set. Unrestricted
calculations were used for open shell systems. The stability of
the wave functions was tested, and in all the cases they were
found to be stable. Frequency calculations were carried out
for all the stationary points at the same level of theory, and
local minima and transition states were identified by the num-
ber of imaginary frequencies (NIMAG =0 or 1, respectively).
Intrinsic Reaction Coordinate (IRC) calculations were also
performed to confirm that the transition state structures prop-
erly connect reactants and products.

The reliability of Density Functional Theory itself to prop-
erly describe chemical reaction has been discussed elsewhere
(see, for example, [19-21], and references therein). In partic-
ular, the MPWBIK functional has been optimized to repro-
duce a large kinetics database that includes both forward and
reverse barrier heights and reaction energies [22]. It has been
shown that this functional yields good results for thermo-
chemistry, thermochemical kinetics, hydrogen bonding, and
weak interactions, and that it also gives excellent saddle point
geometries for a variety of chemical systems [22-26].
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3 Results and discussion

There is a large discrepancy among the experimentally
reported values for the rate constant (k) of the acetylene +
OH reaction. The values recommended by Atkinson et al.
[27] and DeMore et al. [28] are almost one order of magni-
tude apart, at 298 K and for the high pressure limit: 9.12 x
1072 and 8.41 x 10~'3 cm3 molecule ™! s~ respectively.
The most recent determination of ko9g for R1 was performed
by Fulle et al. [29] who obtained a value of k equal to 1.83 x
1072 cm® molecule ™! s~!. These authors also reported an
activation energy of 1.81kcal/mol.

Rate coefficients for this initial step were calculated over
the temperature range 200-300K using improved canoni-
cal variational theory (ICVT) [30-33] in conjunction with
small curvature tunneling (SCT) approximation, [34,35] as
implemented in the POLYRATE program [36]. The potential
energy surfaces were generated using multiconfigurational
molecular mechanics (MCMM), [37] and the dynamic cal-
culations on the MCMM surfaces were performed using MC-
TINKERATE program [38] as interface between POLYRATE
and MC-TINKER.

Within this approach, and at the high pressure limit, the
rate constant of the acetylene + OH reaction has been calcu-
lated at different levels of theory (Table 1). The best agree-
ment with the ky9g value reported by Fulle et al. [29] was
obtained at CBS-QB3 and MPWB1K/6-311++G(d,p) lev-
els of theory, in that order, with calculated values 1.31 times
higher and 1.78times lower than the experimental value,
respectively. In addition both calculated rate constants are
between the two recommended values. For the calculated
activation energies, on the other hand, the agreement with the
experimental data was found to be better for MPWB1K/6-
311++G(d,p) than for CBS-QB3. Taking into account these
results, and the much higher computational cost of CBS-
QB3, we have chosen MPWB1K/6-311++G(d,p) level of the-
ory for modeling all the other steps involved in the oxidation
of acetylene.

Table 1 Rate constant at 298 K (k29g) and Arrhenius activation energy
(Ejyct) computed within the 200-300 K temperature range, for the acety-
lene + OH gas phase reaction

kaos (cm? Eqct
molecule ™! s71) (kcal/mol)

MPWB 1K/6-311++G(d,p) 1.03E-12 1.28
B3LYP/6-311++G(d,p) 2.92E-10 —1.26
BH&HLYP/6-311++G(d,p) 1.16E-15 2.82
CCSD(T)//BH&HLYP/6-311++G(d,p) 2.20E-15 2.49
MP2/6-311++G(d,p) 1.01E-16 2.25
CCSD(T)//MP2/6-311++G(d.p) 2.44E-17 3.09
CBS-QB3 2.40E-12 0.95
Exp [29] 1.83E-12 1.81
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It seems relevant to emphasize the fact that the results
recently reported by Maranzana et al. [16,17] were obtained
at B3BLYP/6-311G(3df,2p) level of theory. However, accord-
ing to the results in Table 1, this widely used functional
(B3LYP) significantly disagree with the experimental data,
at least for the initial step of the acetylene oxidation. Theory-
experiment comparisons for validating the used methodology
have been performed only for this step since there are no other
experimental data reported.

It is well accepted that the determining step in the oxida-
tion of most unsaturated volatile organic compounds is the

initial addition of the hydroxyl radical (R1, in Scheme 1).
The main geometrical parameters of the transition state cor-
responding to this initial step (TS-1, Fig. 1) are: distance
r(C---0)=2.031 A, angle a(OCC)=108.8, and dihedral
angle d(OOCC) =0. This addition process is exothermic and
exergonic, and occurs through a reaction barrier of 7.45 kcal/
mol, with respect to isolated reactants and in terms of Gibbs
free energy (Table 2).

After the OH adduct (IT) is formed, and in the presence
of Oy, reaction R2 yields a hydroxyperoxyl radical (III) in
which the OH fragment is bonded to one carbon atom and
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Fig. 1 Optimized geometries of the transition states involved in gly-
oxal formation. All molecular graphics have been constructed using
GaussView visualization program [39]

the OO fragment is bonded to the other carbon. The geom-
etry of the transition state for the reaction of intermediate II
with Oy (R2 in Scheme 1) is shown in Fig. 1. This process
is also exothermic and exergonic, with a free energy acti-
vation of 10kcal/mol. The alternative formation of trans-111
was also computed and it was found that, compared to the
formation of the cis conformer, this process is less exergonic
by 5.6kcal/mol and that its barrier is higher by 2.23 kcal/mol.
This means that most of structure III is expected to occur in
its cis form (97.7%). Accordingly, in this work the acronym
IIT refers to the cis conformer.

Once radical III is formed there are several potentially
viable reaction paths that can compete and yield different
products. It has been reported that the main product of reac-
tion is glyoxal, and that OH regeneration is observed [10-12].
In addition, formic acid has also been reported to be formed
in the absence of NO,. In this work five possible reaction
paths have been studied (A to E in Scheme 1), in order to
determine which ones are most likely to lead to the observed
products. Channels A, B and C do not require the presence of
NO,, while D and E could represent tropospheric pathways.
Two of the mechanisms (B and C) have been proposed ear-
lier [11,14] in order account for the formation of formic acid.
They involve cyclic intermediates: a four membered [11] and
a three-membered [14] ring.

Path A leads to glyoxal formation and OH regeneration. It
includes: (i) a hydrogen migration from the hydroxyl group
to the peroxyl end (R3A), followed by (ii) OH elimina-
tion (regeneration) and the formation of cis-glyoxal (R4),
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which eventually evolves to the most stable conformer: trans-
glyoxal (RS).

According to our results the H migration has an activation
free energy of only 0.32 kcal/mol (Table 2). The formed prod-
uct (IV) is lower in energy than III, both in terms of enthalpy
and Gibbs free energy, so that this process is expected to be
very fast. The OH elimination requires overcoming a bar-
rier of 8.12kcal/mol and is exothermic and exergonic. Once
the cis-glyoxal (Vcis) is formed, its conversion to the trans
form involves a very low barrier (1.59 kcal/mol). Therefore
the whole path A is expected to occur in almost a cascade
way.

Path B, which was first proposed by Hatakeyama et al.,
[11] involves the cyclization (R3B) of structure III to form
a four-membered cyclic intermediate (VI-B), the opening of
the cyclic structure to yield VII (R6B), and the C—C rupture
of VII to produce formic acid (VIII) and formyl radical (IX).
The structures of the transition states corresponding to the
cyclic intermediate formation (TS-3B) and to the opening of
the ring (TS-6B) are shown in Fig. 2. Reaction R3B does
not seem to be a viable process. It needs to overcome a very
high barrier (~37kcal/mol) and, moreover, it is endother-
mic and endergonic in 17.06 and 17.46kcal/mol, respec-
tively. It can be argued that structure III is formed with a
large excess of energy, which could be used in the forma-
tion of VI-B, however this excess is smaller than the barrier
(~35kcal/mol). Accordingly even if we assume that no col-
lisions have occurred after the formation of III and that it is
able to conserve all the energy excess, it still would not be
sufficient to overcome the barrier involved in the formation

Table 2 Classical barriers (AE#) and heats of reaction (AE),
enthalpies of reaction (A H), Gibbs free energies of reaction (AG) and
barriers (AG%) at 298.15 kcal/mol

Reaction? AEP AH AG AE#P AG#

R1 —38.18 —35.06 —26.69 0.26 7.45
R2 —50.20 —46.95 —35.16 0.88 10.04
R3A —4.76 —5.24 —5.52 2.89 0.32
R3B 17.12 17.06 17.46 38.51 37.43
R3C 10.70 10.09 9.38 23.36 21.87
R3D —17.45  —15.80 —4.41 3.68 14.47
R3E —18.79  —16.04 —2.80 1.65 14.16
R4 —11.53  —1476  —25.94 10.64 8.12
R5 —4.77 —4.68 —3.90 1.40 1.59
R6B —68.15  —69.00 —70.54 10.16 8.25
R6C —61.74  —62.03  —62.46 14.59 13.71
R6D —4778  —49.86  —63.26 1.01 0.61
R6E —45.17  —4722  —60.31 3.29 2.20
R7 —822  —1032 —21.49 2.42 1.53

4 Refers to 1
b Calculated from electronic energies
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Fig. 2 Optimized geometries of the transition states involved in cyclic
products formation

of the four-membered cyclic intermediate. In addition, the
formation of this cyclic intermediate would have to compete
with the fast H-migration (3A) reaction. Thus, the present
calculations seem to rule out this mechanism as an explana-
tion for formic acid formation.

The mechanism proposed by Yeung et al. [14] to explain
the formic acid formation has also been modeled (Path C).
It involves a three-membered cyclic intermediate (VI-C)
formed from structure III (R3C) and the opening of VI-C
to yield VII (R6C), which in turn would produce formic
acid (VII) and formyl radical (IX) through the C—C bond
cleavage of compound VII. In this case the barrier involved
in the cyclic intermediate is also high, albeit much lower than
the one needed to form the four -membered cycle (VI-B). The
free energy of activation associated with R3C is found to be
equal to 21.87kcal/mol. This value is lower than the excess
energy of III (~35kcal/mol) and, in principle, the process
could be feasible. However reaction R3C is endergonic by
9.38 kcal/mol. Also, as in the case of R3B, the formation of
the cyclic intermediate would have to compete with the fast
H-migration (3A) reaction.

Assuming that VI-C is formed before structure III is ther-
malyzed, the three-membered intermediate can then evolve
either through the opening of the O-O bond, yielding rad-
ical VII (R6C), or through the C-O bond cleavage leading
back to structure III (-R3C). R6C involves the migration of
the H atom in the OH group to one of the oxygens in the
cycle, and its activation free energy is found to be equal to
13.71kcal/mol, while AG#(-R3C)=12.69kcal/mol. Since
these barriers differ by only 1kcal/mol, and the formation

Fig. 3 Optimized geometry of
the C—C rupture transition state
involved in formic acid
formation

\_1.907

@ %

TS-7

of VII is a very exergonic process (—62.46kcal/mol), i.e.
highly irreversible, it seems reasonable to assume that struc-
ture VII could be formed to a significant extent. The structure
of the transition state involved in the next step, which corre-
sponds to the C—C rupture of VII, is shown in Fig. 3. This
process (R7) involves a very low barrier (1.53 kcal/mol) and
itis expected to occur very rapidly. In addition, R7 is exother-
mic and exergonic by 10.32 and 21.49 kcal/mol, respectively.
Thus, according to our results, and considering that formic
acid is a minor product of acetylene oxidation, path C seems
to be a viable mechanism. However, since the formation
of VI-C would be prevented by the collisional stabilization
of radical III, path C would necessarily be highly pressure
dependent.

Up to this point, none of the studied paths have included
the potential role of NO, on the atmospheric oxidation of
acetylene. On the other hand, Paths D and E, proposed in
this work for the first time, take them into account. In our
opinion it is important to consider NO, radicals in this study
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Fig. 4 Optimized geometries of the transition states for paths involving
NO,
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because they are abundant tropospheric compounds that are
directly involved in ozone production.

Path D involves the NO radical addition to the peroxyl
end of III (R3D), followed by HNO; elimination (R6D) and
glyoxal formation. The conversion of the peroxyl radical to
an oxyl radical by NO was also considered. Actually the
transition state structure TS-R6D (Fig. 4) was found as the
possible TS of such conversion. However when the corre-
sponding IRC calculation was performed it was clear that
the connecting products were glyoxal + HNO;, instead of
oxyl radical + NO,. Any further attempt to find a differ-
ent TS structure invariably leads to the same TS geometry,
i.e. the NO; elimination occurs concertedly with the hydro-
gen abstraction. In addition the energy release for reaction
R6D was found to be larger than that of the oxyl forma-
tion by 46.0, 46.1 and 46.8 kcal/mol in terms of Gibbs free
energy, enthalpy, and electronic energy; respectively. Then,
and based on the Hammond postulate, it seems reasonable to
assume that even if the hypothetical oxyl TS exists it should
be higher in energy than TS-T6D.

An alternative path (E) involving NO, would occur by
addition of an NO; radical to the peroxyl end of III (R3E),
followed by HNO3 elimination (R6E) and glyoxal forma-
tion. The free energies of activation associated with the addi-
tions of NO and NO; to structure III were found to be very
similar, with values of AG#(R3D) and AG#(R3E) equal
to 14.47 and 14.16kcal/mol, respectively. In addition the
exothermicity and exergonicity of both processes are also
similar (Table 2). After the corresponding adducts are formed
the HNO; or HNOj3 eliminations (R6D or R6E) are expected
to occur very fast since both processes involve very low barri-
ers: AG#(R6D) = 0.61 kcal/mol and AG7(R6E) = 2.2 kcal/
mol. In addition, reactions R6D and R6E are significantly
exergonic with AG#(R6D) and AG#(R6E) equal to —63.26
and —60.31 kcal/mol, respectively. Accordingly, paths D and
E are both feasible in the presence of NO, and they also con-
tribute to the formation of glyoxal. In addition nitrous and
nitric acids are formed.

The free energy profiles of all the modeled reaction paths
are shown in Fig. 5. Comparing the barriers associated with
the possible evolution of structure III it becomes evident that
the process that is most likely to occur corresponds to path
A, i.e. leading to glyoxal formation and OH regeneration.
This mechanism is predicted to be the main reaction path
in the presence of O, and independently of the presence
of NO,. Thus, path A would be the main reaction channel,
both in laboratory chambers free of NO, and in the tro-
posphere. In NO,-free environments and at high pressure
limit, only a very minor amount of formic acid is predicted
to be formed, since the associated barriers are quite high. In
this case, the process would proceed through the formation
of a three-membered cyclic intermediate. Paths D and E are
energetically more favored than B and C and no formic acid
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Fig. 5 Gibbs free energy evolution involved in the atmospheric oxida-
tion of acetylene

is expected to be formed through such channels. Since there
is a significant presence of NO, in the troposphere, partic-
ularly in urban areas, HNO, and HNO3 are expected to be
formed to an extent that would depend on the concentrations
of NO and NOa, respectively. This finding might be relevant
to tropospheric chemistry since these contaminants play a
significant role in acid rain.

However, the molecularities of the competing R3 paths are
not the same: R3A, R3B and R3C are unimolecular processes
while R3D and R3E are bimolecular. Accordingly, in addi-
tion to the analysis of the Gibbs free energy evolution, the
corresponding rate constant have been estimated taking into
accounts concentrations of NO and NO; of 0.5 ppm, which
correspond to moderately polluted atmospheres [40]. Under
these conditions, the estimated values at 298 K are 3.6x 1012,
2.3x10715, 5.8x1074, 7.7x1075 and 1.3x107*s~! for
R3A,R3B, R3C, R3D and R3E, respectively. Therefore gly-
oxal is expected to be the only significant product formed
from the reaction channels considered in 1. It is clear that
pathways B and C cannot explain the 40% formic acid for-
mation reported by Hatakeyama et al. [11]. The latter might
be explained by photochemical processes instead, however
they are outside the aim of the present work.

4 Conclusions

The oxidation of acetylene in the presence of O, and NO, has
been studied at MPWB1K/6-311++G(d,p) level of theory.
Different reaction paths have been computed, and the one
leading to glyoxal formation and OH regeneration (Path A)
is predicted to be the main reaction channel, independently
of the presence of NO,.

Two different mechanisms were modeled in an effort to
explain the observed formation of formic acid in the absence
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of NO,. According to the computed free energies of activa-
tion, only the path involving a three-membered ring might
occur, although it would have to be at very low pressures and
only very small quantities of formic acid would be formed
through that channel.

In the presence of NO,, considered in this work for the first
time, the alternative pathways (R3D and R3E) are energet-
ically much more favored than those leading to formic acid
formation (R3B and R3C). However, taking into account the
tropospheric concentrations of NO and NO; the correspond-
ing rate constant would also be very low, compared to that
of path R3A. Accordingly, glyoxal is expected to be the only
significant product formed from the reaction channels in 1.
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