3666 J. Phys. Chem. R008,112,3666-3675

Oxidation of Ethyne and But-2-yne. 2. Master Equation Simulations

Andrea Maranzana,” John R. Barker,* T and Glauco Tonachini

Department of Atmospheric, Oceanic, and Space Sciences, 1520 Space Research Building, 2455 Hayward
Street, Uniersity of Michigan, Ann Arbor, Michigan, 48109-2143, and Dipartimento di Chimica Generale ed
Organica Applicata, Uniersitadi Torino, Corso Massimo D’Azeglio 48, 1-10125 Torino, Italy

Receied: September 6, 2007; In Final Form: January 25, 2008

The aim of this study is to improve understanding of the tropospheric oxidation of ethyne (acetyldge, C
and but-2-yne, which takes place in the presence of HO andl@ details of the potential energy hypersurface
have been discussed in a previous article [Maranzana ek &hys. Chem. 2008 112, XXXX]. For both
molecules, the initial addition of HO radical to the triple bond is followed by addition afodorm peroxyl
radicals. In both reaction systems, the peroxyl radicals take two isomeric f&themdE2 for ethyne and
elande2for but-2-yne. Energy transfer parameters= 250 cn1?) for the ethyne system were obtained by
simulating laboratory data for Nouffer gas, where @was not present. In simulations ogtd; + HO when

O is presentE1 reacts completely arid2 reacts almost completely, before thermalization. Radiégtroduces
formic acid (~44%) andE2 gives glyoxal (-53%), in quite good agreement with experiments. For but-2-
yne, pressure-dependent laboratory data are too scarce to obtain energy transfer parameters directly, so
simulations were carried out for a range of values= 200-900 cm%. Excellent agreement with the available
experimental yields at atmospheric pressure was obtainedowih900 cnT?. Two reaction channels are
responsible for acetic acid formation, but one is clearly dominant. Biacetyl is produced by reacti&hs of
and, to a minor exteng2 The peroxyl radicak?2 leads to less than 8% of all products. Vinoxyl radical
(which has been reported in experiments involvirgdC+ HO) and products of its reactions are predicted
to be negligible under atmospheric conditions.

Introduction complished by using the semi-microcanonical pseudo-first-order
. , .__reaction approach described previou&hyfter minor adjust-
Alkynes are releas_ed n earth S atmogpherg by combu.stlon ments of reaction barriers, the master equation models that result
processes.They are important intermediates in combustion, ¢ this analysis give good quantitative agreement with recent
particularly in soot formation. The principal atmospheric 10SS - 644,rements and are suitable for use in atmospheric chemistry

p;loce_'ss?sl,_ffo_r the alkynes are their reactions vgéh H(r)] the gimulations. With some modifications and extensions, they could
chemical lifetimes are estimated to be days to weekalit also be used for simulations under combustion conditions.

the longer lifetimes, substantial transport of the alkynes may In the followina. we will first describe the reaction schem
take place horizontally over intercontinental distances and _ . € following, we st describe the reaction schemes
arrived at in paper 1, followed by a section summarizing

vertically to altitudes near the tropopause. A number of studies . ) .
Y bop experimental rate and product studies on these reaction systems.

have been reported on the reaction rates of HQ,H, as a i ;
function of temperature, pressure and buffer 4&8.Product \é\(/)i(t::]uesr;oc:;scnbe the master equation methods, our results, and

distributions have also been reported for various experimental
conditions—20 Only limited informatiod*19-2lis available for

the but-2-yne system. Reaction Mechanisms

In the preceding pap&r(paper 1) of this series, we reported

the results of electronic structure calculations on the reaction
systems initiated by the reactions of HO radical with ethyne
(acetylene, gH,) and with but-2-yne (Ck-C=C—CH,) in the

presence of @ The reaction schemes reported there generally
support the experimental product distributions. In the present

The electronic structure calculations reported in the preceding
papef? (paper 1) produced information about stationary points
on the potential energy surfaces (PESs), which is needed for
constructing master equation models. This information includes
geometries of optimized structures, moments of inertia, vibra-
tional frequencies, and relative potential energies of species and
Sransition structures (TSs). For convenience, these data are
"summarized in this paper and the associated Supporting
Information. As discussed in paper 1, the results are in generally
good agreement with the parts of the PES previously studied
by other researchers.

The reaction schemes for ethyne and but-2-yne are very
similar, except that but-2-yne can undergo more reactions than
« Corresponding author. E-mail: jrbarker@umich.edu, ethyne. _In both cases, the initial step is a}ddmon of H(_) rad|c_al
t University of Michigan. to the triple bond to form an adduct, which has two isomeric
* Universitadi Torino. forms B1 andB2 in Scheme 1). Th81 adduct can undergo a

parameters calculated in paper 1 to construct master equatio
models for the two reaction systems. We include not only the
unimolecular isomerization and fragmentation reactions stem-
ming from the initial adduct formation but also potentially
competitive bimolecular reactions with ,Gand subsequent
reactions of the more highly oxidized species. This is ac-
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SCHEME 1: Reaction Mechanism for Ethyne+ HO in the Presence of Q
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SCHEME 2: Ketene and CHs + CO Formation from C
in the Reaction of Ethyne+ HO in the Presence of Q
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unimolecular 1,3 hydrogen shift to produ€& the vinoxyl
radical, which has two resonance structu@san decompose
(Scheme 2), to form ketene H, or isomerize, to form OCC#l
which can subsequently decompose to producetOCH3.18.24

These two channels are relatively unimportant except at higher
temperatures and low pressures. Ketene has been observed i

photoionization experiments on the H® C;H, reaction in

crossed effusive molecular beams (i.e., at very low pressures)

in the absence of &1

The two species produced by addition of HO teHg (B1
and B2) and their isomerC can react further with ©in
bimolecular reactions to produé&gl, E2, andD, respectively.
Both specieg€1 andD can undergo unimolecular hydrogen shi
reactions to produce a common intermediat€he weak G-O
bond inJ can break to produceis- andtrans-glyoxal (K) and
HO radical. The oxygen-centered radical in intermediz2ean

attack either end of the double bond to produce intermediates
F and L. IntermediateF, which is a dioxetanyl free radical,

reacts by breaking the ©0 bond to produceG, which
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undergoeg-bond fission to produce formic aciéij and formyl
free radical. Intermediatd., which is a hydroxymethyl-
substituted dioxiryl free radical, undergoes an unusual concerted
reaction (see paper 1 for details) with a high barrier to produce
M, which is relatively stable. HoweveM is produced with
such a high vibrational excitation energy that it very rapidly
undergoes €0 bond fission to give formic acidH) and formyl
free radical. Thus in the presence of tBe initial adductsB1
andB?2) are converted to several products: glyoxal, formic acid,
hydroxyl radical, and formyl free radical. Mechanisms are
known for the subsequent atmospheric photo-oxidation of these
product specie25-27

The reaction scheme for but-2-yne is analogous to that for
ethyne, except that more reactions are possible (see Scheme 3;
lowercase symbols are used for the but-2-yne mechanism). Thus
the species produced in the presence pa€xording to Scheme
ﬁ includeo (an enol derivative)k2 (the keto form of biacetyl),

(acetic acid), acetyl free radical, and hydroxyl radical. In
addition, we argue in paper 1 that RG R'O, reactions
involving e2 peroxyl radical can also produce glyoxal and HO
radical, as shown in Scheme 4. The biacetyl formed via this
pathway is designate#2; below it is shown that biacetyl
(designatedkl) is also formed via another pathway. The

ft oxidation of acetyl radicals has been considered recently by

several group$328-30 and the atmospheric oxidation of most
of the other organic species is moderately well understded?
Background

As mentioned above, a number of studies have been reported
on the temperature dependence and pressure falloff in the ethyne
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SCHEME 3: Reaction Mechanism for But-2-yne+ HO
in the Presence of @ Reaction Channels Originating
from e2
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SCHEME 4: Glyoxal Formation from the Self-Reaction
of Peroxyl Radical E2
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+ HO reaction systerf.1° The two most recent studie¥ are
the principal focus of the present work.

Maranzana et al.

Hatakeyama, Washida, and Akimoto (HWAneasured the
rate constants and the reaction mechanism of HO addition to
ethyne in 1 atm of purified air at room temperature (they also
investigated propyne and but-2-yrdé)They monitored the
products by FT-IR and found formic acid (48 10%) and
glyoxal (70+ 30%) in the ethyne system, and acetic acid (12
+ 1%) and biacetyl (8& 7%) in the but-2-yne system. On the
basis of the product analysis they suggested that the reaction
passes through a peroxyl radical intermediate and that a four-
member cyclic intermediate is responsible for the acid formation.

Formation of HQ from the reaction of HO with €, in the
presence of @was demonstrated by Bohn et ¥17 who
suggested it was formed by the reaction HEAD, — HO, +
CO, consistent with the reaction mechanism proposed by
HWA4 and by Yeung, Pennino, Miller, and Elrod (YPME).

Schmidt et al. reported that they detected vinoxyl radical in
the GH, + HO reactiont® Many studies have been carried out
to investigate the reactivity of vinoxyl radical. The results show
that it mainly reacts with @to form glyoxal and formalde-
hyde!21520|n all of these studies the vinoxyl radical was formed
by photodissociation of methyl vinyl ether, or by H addition to
ketenel®

There are few other studies of alkynes larger than ethyne.
Boodaghians et & studied the rate and temperature dependence
of the HO reaction with propyne, but-1-yne, but-2-yne, pent-
1-yne, and hex-1-yne at low pressure. The order of reactivity
they observed was propyne 1-but-1-yne< 1-pent-1-yne<
1-hex-1-yne< 2-but-1-yne. YPME?® carried out experiments
at 100 Torr and 298 K in a turbulent flow reactor and detected
the products by chemical ionization mass spectroscopy. Their
measured yields of biacetyl and the acetic acid werg-86.%,
and 14+ 11%, respectively, which are in very good agreement
with the measurements of HWHR. They also calculated
geometries and energies by using a variation of the G2 méhod,

The pressure dependence of the reaction was studied byPut considered only the stable reactants, products and intermedi-

Sorensen et al. at 296 K in 2550 Torr of air and @ buffer

gases, by using relative rate techniglfesheir measurements

ranged from 25 to 8000 Torr of synthetic air. They obtained

the high-pressure limit rate constdat= (9.69+ 0.30) x 10713

cm® molecule? s, which is essentially identical to the current

IUPAC recommended value 1010712 cm? molecule s71.31
Very recently, McKee et &.carried out a very careful study

of the first step of the addition ethyne to HO in each of three

vibrational statesy(= 0, 1, 2). They used pressures of-5160

Torr of N, He or Sk, and measured rate constants by

monitoring the hydroxyl radical decay with laser induced

fluorescence. They analyzed the pressure falloff using Master

Equation simulations to determine the Arrhenius parameters for

the high-pressure limit rate constant, obtainikyg = (7.3 &+

1.3) x 107 2cm® molecule* s~ andE., = 5.3+ 0.4 kJ mot?,

which give k., = 8.6 x 10713 molecule’* cm® s at 298 K.

Both their pressure falloff measurements and thegivalues

are in good agreement with Sorensen et%ivho used air as

a collider instead of pure NBoth studies obtained values for

k. that are about half as large as those reported by Fulle ®t al.,

ates; transition state structures were not included. On the basis
of the greater stability of the intermedidtecompared to that

of F, they suggested that the minimum energy pathway leading
to the acid passes throudgh In the present work, we extend
the work of YPME by including transition state structures and
additional reaction channels not previously taken into account.

Recently Senosiain, Klippenstein, Miller (SKkcarried out
a detailed theoretical study of the HOC,H, system by using
ab initio electronic structure calculations and master equation
simulations for a wide range of pressures and temperatures, with
an emphasis on combustion conditions. However, they confined
their attention to combustion conditions and to thgHED
potential energy surface without including @ddition. Because
they were dealing with fewer electrons than in the present study,
they were able to carry out ab initio calculations at higher levels
of theory. They obtained very good agreement with the existing
laboratory data over very wide ranges of temperature and
pressure.

Our aim is to understand the oxidation of alkynes in the

and concluded that the latter measurements are affected byatmosphere. In the present work, we have investigated the two

unknown errors.
The first measurement of the products of the HOH,
reaction was carried out by Kanofsky etlalusing photoion-

simplest symmetric alkynes (ethyne and but-2-yne) in the
presence of @ which adds considerable complexity. We expect
that the mechanism obtained in the present work can be

ization mass spectrometry in crossed effusive molecular beams. generalized to other alkynes, but larger and asymmetric alkynes
The carrier gas (helium) pressures were very low and po O have mechanisms that are even more complicated. Work is now
was present. The only product detected had a mass corresponddnderway on the mechanisms involving the asymmetric alkynes
ing to GH,0O (probably ketene). (propyne, but-1-yne, etc.).
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Methods

Energy-dependent rate constants and product yields were

calculated by using the Multiwell Program Suife’* According

to the Rice-RamspergerKassel-Marcus (RRKM) theory, the
energy-dependent rate constant for a unimolecular reaction is
writtens5—38

K(E) =

m¢0]§16=<e— 3 o

mo™%h  p(E)

where the pairs of parametarsandn™, ¢ ando™, andge and

g;, are the numbers of optical isomers, the external rotation
symmetry numbers, and the electronic degeneracies for the
reactant and transition state, respectivéy(E — Eg) is the

sum of states of the transition state a#(&) is the density of
states of the reactanE[T, is the critical energy for reaction,
including zero-point-energy and centrifugal corrections at tem-
peratureT.

Following Forst3” the reactant and transition state were
approximated as symmetric tops with principal moments of
inertial; ~ Iy, lc. By combining the two moments that are most
similar to each other, one obtains the moment of inertia for a
2-dimensional (2-D) rotationl{p = [lalp]*?). Because of
conservation of angular momentum, the 2-D rotation is assumed
to be inactive and is not used in calculating the sums and

J. Phys. Chem. A, Vol. 112, No. 16, 2008669

stance$? In the present work, these reactions were treated using
the semi-microcanonical pseudo-first-order approach described
recently?® The microcanonical bimolecular rate consthg:-
(E) is given by an expression formally identical to eq 1, but
wherege, m, ando are the products of the electronic degenera-
cies, the numbers of optical isomers, and the external symmetry
numbers, respectively, of the two reactants. Furtherm«Es),
is the convolution of rovibrational states of the two reactants,
including the 2D external rotation (which is assumed to be active
in the present treatment). Thermal distributions were assumed
for relative translation and for the rotations of the two reactants.
No centrifugal corrections were applied in calculathag,(E).
Sums and densities of states were computed using the Beyer
Swinehart* and Steir-RabinovitcH® algorithms with an energy
grain of AEgain = 5 cm L. This small grain size was used
because it leads to more accurate microcanonical bimolecular
reaction rate constantéDensities and sums of states are stored
by Multiwell in double array$2 All of the elements in a double
array are calculated using the safky.i; in the lower energy
portion of the array, the sums and densities are tabulated for
every energy grain, whereas in the upper part of the double
array the values are tabulated with much larger energy spacing.
In the present work, the lower part of the array consisted of
1500 array elements which ranged in energy from O to 7495
cmt (where the fluctuations in the density of states between
adjacent energy grains is less than 5%). The higher energy part

densities of states. The remaining one-dimensional degree ofof the double array consisted of 500 elements ranging in energy

freedom (the K-rotor) is assumed to be active and constrained
only by conservation of energy; it was used explicitly in the
density of states calculations. Centrifugal corrections to the
reaction thresholds were made by assuming the usual pseudo
diatomic modef’

:)

|¢

2D,

wherekg is the Boltzmann constant, is the temperaturdyp
and I;, are the 2D moments of inertia of reactant and
transition state, respectively, arigh and Ej are the reaction
critical energy for no rotation and after centrifugal corrections,
respectively.

Corrections for guantum mechanical tunneling were included

Engf—@Tp—- )

from 0 to 60000 cm?® with an energy spacing of 120.2 cf
Energy transfer was treated by assuming the exponential-
down model for collision step-size distributions:

exp(

whereP(E,E) is the probability of deactivation transitions from
higher energyE' to energyE, N(E') is a normalization factor,
and the energy transfer paramed€E') is approximately equal

to the average energy transferred in deactivation collisions,
[AEown As described elsewhefé o(E') is approximately a
linear function of energy, and energy transfer experiments have
shown it to be approximately independent of temperature,
although in some chemical systems there is indirect evidence
that it may be approximately proportional to temperatiire.

1

N(E')

E-E

P(EE) = aEU) for E=E (4)

for all hydrogen transfer reactions by inCOprfating the correc- These conclusions depend at least in part on whether just
tions* for one-dimensional tunneling through an unsymmetrical viprational energy is being considered in a master equation
Eckart barrier?? treatment, or total energy. Because in general, none of these
The microcanonical unimolecular reaction rate constants candependences is known, the usual approach is to minimize the
also be treated semi-empirically by using the Inverse Laplace number of unfixed parameters by neglecting the energy depen-
Transform (ILT) method! 4! “?fitted to the experimental high-  dence and by assuming either that there is no temperature
pressure rate constant: dependence or that the temperature dependence is linear. In the
present work, we have assumed tbdE') is independent of
energy and that it is directly proportional to temperature.
Furthermore, we have assumed thatis the same for all
chemical species (“wells”) in the master equation simulations
and we have used as an adjustable parameter to fit the limited
where A, and E., are the Arrhenius parameters for the experimental data available for the alkynes.
corresponding high-pressure limiting thermal rate constant. The  Multiwell is based on Gillespie’s Stochastic Simulation
reaction path degeneracy and centrifugal effects are includedAlgorithm *849which is exact in the limit of an infinite number
in A... For added accuracy near the reaction thresHaldzan of stochastic trial§® For smaller numbers of trial$\yias, the
be replaced in eq 3 bi,o, the reaction critical energy. This  standard deviatiow; in the populatiorf; of species is given

substitution tends to improve the threshold behavior, but at the by the formula3?
/fi(l B fi)
Ntrials

E-E,
MEZ&M )

FE )

cost of a small error in the calculated high-pressure limit
activation energy.

Bimolecular reactions between excited species anavbich
is present in great excess, may be important in some circum-

(5)
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TABLE 1: Estimated Critical Properties and Lennard-Jones k (C_H_+OH) fall-off curve
Parameters 910 2 2
CHO:;(B1)  CHO;(bl) N (ref64) » J] 1 -%-- /i
810
Critical Properties -~ 1— -1
P, (atm) 69 46 - M-
Ve (cm? mol1) 138 252 _ - N
T (K) 509 561 oo RN
Lennard-Jones Parameters ‘§ //Y e '
a(A) 4.10 5.00 3.74 g 510" _T -
elks (K) 455 489 82 " s | =150 om”
o S 410" - —a=250cm’ T
In the present work, the number of stochastic trials was set to « f - — -5 =350 cm”
1P, which ensured relative errors below0.5% even for the 310" 4L ®  Experimental- McKee [2007]  |—
lowest yields of present interest. / O Experimental- Sorensen [2003]
The Lennard-Jones parameters necessary for the collision 2107
frequency calculation were obtained from the literature or were 110

estimated from critical properties by using the Miller, Lydersen
and Vetere formulas for the critical temperature, critical pressure
and critical volume, respectivefy.Lennard-Jones parameters
for the intermediates in the respective reaction systems were
assumed to be the same as those estimated for the adBacts (

and bl) initially formed in the two systems. The estimated |g,6| of theory without any corrections, with te-B1 barrier
critical properties and Lennard-Jones parameters are given inpitied to fit the experimentab,, and with the modified\—B1
Table ﬁ f the followi h . ield q barrier and the B1—E1 and B2—E2 barriers modified to fit

In all of the following, the reaction yields are expressed gonaric experimental rate constants for RadieaD, recom-
relative to the net amount of alkyne consumed in a simulation. piyaion reactions (see refs 31 and 53). Furthermore, changes
The simulations often show back-reaction that re-forms the ;. 1o Eo—F andE2—L energy barriers were made to test the
original reactants. This effect is not observable in the yield sensitivity of the formic acid and glyoxal yields to these two

experiments and so the results reported in the tables in this papey,;-ameters. Product yields resulting from these simulations,
have been corrected for this effect. Back-reaction occurs at high .| 1ated with respect the consumesHg, are given in Table

temperature and low pressure, and is manifested by, for example, 1 yields calculated with respect to the initially formed

pressure falloff. At the high-pressure limit, back-reaction iS 5vne-0, adduct (some of which back-dissociates to regenerate
negligible, but at low pressures it is quite significant. Original - ,¢" reactant alkyne) are given in the Supporting Information.
output from t_he S|mulat|ons_ (not correc_ted for back-reaction) As discussed in paper 1, SK¥lused a very high level of
are reported in the Supporting Information. theory (RQCISD(T)/CBS) to predict accurate rate constants.
Their energy barriers were calculated by using the CBS-QCI/
APNO method, which is known to give very accurate energies.
Ethyne + HO Reaction. Simulations were initiated by  Their predicted rate constants are in very good agreement with
assuming a chemical activation energy distributfoof B1 the measurements reported by McKee et Although such
produced by the @1, + HO reaction. Temperature (297 K), methods are more accurate than the DFT methods used in the
total pressure (760 Torr), buffer gasjjNand Q concentration present work, they are not feasible for systems with large
(5.2 x 10* molecules cm?® were chosen to reproduce the numbers of electrons, as in the ethykeHO + O, or but-2-
experimental conditions used by HWA, yne reaction system. Furthermore, we have chosen to take some
Although the results of Sorensen et®lwho used synthetic  reaction parameters from other work and to adjust certain critical
air for the buffer gas, are as much as 25% higher than thoseenergy barriers, when appropriate. This pragmatic approach
obtained by McKee et &lin pure N, buffer gas, the results are  gives good results, as shown below.
very similar and show similar experimental scatter (Figure 1).  The A—B1 barrier was calculated by DFT to be2.3 kcal
Therefore we assumed that Mnd G have identical energy ~ mol™2, relative to the separated reactants (all the reported barriers
transfer parameters. Figure 1 shows the experimental pressureinclude the zero point energy corrections). The barrier height
dependent rate constants and simulations carried out using threés negative because of the existence in the entrance channel of
choices for the energy transfer parameter. The value 250 a van der Waals (vdW) complex with an even lower energy
cm™1, used in most our simulations, is the best fit of to the data (—2.7 kcal mot?). In the present work, vdW complexes are
of McKee et al. The lower pressure data of Sorensen et al. couldneglected, as discussed below. However, the transition structure
not be fitted very well, when even using very large values can be used with canonical transition state theory (TST) to
of a. calculate a rate constant (using Thermo, one of the codes
The density functional theory (DFT) calculations reported in included in the Multiwell Program Suitg®¥). This was done
paper 1 are expected to be accurate enough. However, DFT ishy using harmonic oscillators or rigid free rotors for all degrees
known to be less accurate than other composite methods: Curtisof freedom, except for the torsion, which was treated ap-
et al., comparing experimental and DFT enthalpies of formation proximately* as a 2-fold hindered internal rotation with
of a set of molecules, found an average absolute error at DFT-symmetry number of unity. To obtain a high-pressure limit rate
(B3LYP) level, of aboutt=3 kcal moi1.52 At 300 K, an error constant in agreement with the IUPAC recommendattone
as small as 1 kcal mot can change the rate constant by a factor used aA—B1 barrier height of+1.7 kcal mot?, relative to
5. Thus we carried out simulations to investigate the effects of reactants. Although this approach gives the correct rate constant
changing several critical reaction barriers. For example, simula- at 298 K, the rate constant predicted at 800 K (8.4.0712
tions were carried out with the barriers calculated at the DFT molecule? cm?® s71) and the predicted Arrhenius-factor A

0 100 200 300 400 500 600 700 800
P ftorr

Figure 1. CH, + HO falloff curve (in N) and energy transfer
parameters.

Results and Discussion
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TABLE 2: Product Yields (Percent) for the C,H, + HO Reaction in the Presence of @from Simulations?

H1 H2 totalH K total

note o(cm™?) (HCOOHviaF) (HCOOHviaL) (HCOOH) (glyoxal) E2 E2+glyoxal ketene CH+ CO
I b 500 7.7 25.0 32.7 55.6 7.5 63.1 34 0.8
I b 200 12.3 28.5 40.8 50.0 0.3 50.3 7.3 1.7
1} c 250 12.5 32.0 44.5 53.2 0.3 53.5 15 0.5
v c,d 250 12.6 34.4 46.6 51.8 0.3 52.2 1.0 0.3
\% c.e 250 12.4 29.8 42.2 54.0 0.2 54.2 2.8 0.8
\ c,f 250 17.9 26.8 44.7 53.1 0.2 53.3 15 0.5
Vil c9 250 10.2 34.6 44.8 53.1 0.1 53.2 1.5 0.5
VI c,h 250 124 30.5 42.9 50.7 0.0 50.7 5.0 14
XI C,i 250 12.5 33.7 46.2 51.3 0.4 51.7 1.6 0.5
exp j 40+ 10 70+ 30

aT = 298K, P = 1 atm, buffer gas= N,, O, = 5.19 x 10'® molecules cm?. Error bars<0.05%.° DFT energy barriers without adjustments.
¢ Using the Arrhenius parameters calculated by McKee et al., and the energies calculated By SKW: 210 K. ¢ T = 413 K. ' Energy barrier
E2—F decreased by 2 kcal ndl ¢ Energy barriee2—L decreased by 2 kcal mdl "P(N;) = 200 Torr, Q = 1.36 x 10'® molecules cm?d.
" Energy barrier£1—B1 and B2—E2 changed to fit the experimental rate constasiee ref 14.

= 2.0 x 107 cm® molecule’* s71) are both almost three times  molecule® cn® s~ (Michael et al). Because the lower pressure
as large as reported by McKee et@lho carried out the most  data of Schmidt et &° extend to very low pressures and also
recent and exhaustive study of theH3 + HO rate constant. appear to be reasonably consistent with those of McKee €t al.,
For this reason we decided to model theHg + HO rate we chose to fit the zero-pressure rate constant of Schmidt et al.

constant by using the Inverse Laplace Transf3in®’ (ILT) The yields calculated by using the DFT energies without any
semi-empirical approximation for the specific rate conskéi}, corrections (simulation I1) and those calculated using calculated
parametrized with the Arrhenius parameters reported by McKee energies from SKM (simulation 11l) are in quite good agreement.
et al. The total glyoxal yield only increased from 50% (II) to 53%

The high-pressure rate constants computed in the simulationsj||) and the total formic acid yield increased from 41% (Il to
using the ILT semi-empirical approximation f&(E) agree 4504 (111). The variation in the formic acid yield is attributable
exactly with those reported by McKee efdfrom the pressure- g theB—C transition state which was about 6 kcal midhigher
dependent data reported by McKee et al., we obtained the energyn, simulation |11, resulting in a lower ketene yield and increased
transfer parameter for use in our master equation simulations.  formic acid. The fact that the yields are relatively insensitive
Following Miller and Klippensteirt/ we assumed thatt is to whether the energies are obtained by using RQCISD(T)/CBS
proportional to temperature. The resulting simulations showed o peT is encouraging, because it shows that DFT, which is

that the yields are almost independent of temperature in the ysefy| for larger molecules but is less accurate, gives reasonable
range from 210 to 413 K (simulations IV and V in Table 2). agyits.

24 .
SKM calcula_ted molecula_r structures and energies for @ The rate constants for theo@ddition to the vinyl radicals
number of species and reactions that are more important in . - -
B1l and B2 at the high-pressure limit were calculated using

combustion systems than in th.e atmosphere. Wg have_ INCOTPO" anonical Variational Transition State Theory (VTST), based
rated some of their results in the present simulations. In

particular, simulations IHIX were carried out using the on the maximum of the free energy along the reaction path as

o . ; the O-C distance was varied (the geometries were optimized
vibrational frequencies and the energies calculated by SKM for _— 8 n
B1, B2, TS—B1-B2 TS—B—C, C, andTS—C—Kketene. The at each point; see paper 1 for detail§}, ¢, = 2.4 x 10
DFT frequencies and energies calculated in the present work”j‘ljleclJIEl cm® s, andKg, g, = 1.7 x 10t molecule™ cm?
were used for the remaining intermediates and transition S » '€Spectively. These results can be compared to the

structures. Some adjustments to the energies were made to fi€XPerimental rate constant for the reaction (without making any
experimental data. distinction between B1 and B2) measured by Zetzsch and co-

In the present work, we lowered SKM's energy barrier for Workers at 195 Torr of Ar buffer gas: 42 10~ molecule™*
channelB—C by 2.3 kcal mot? (to 32.7 kcal mot?) to fit the cm? s 11661 \We expect this result at 195 Torr to be far below
experimental rate constant at the zero-pressure limit reportedth® high-pressure limit. The VTST rate constants are in
by Schmidt et al’3 5 x 1014 molecule’l cm?® s1. This rate reasonable agreement with the high-pressure limit for a similar

constant at the zero-pressure limit is somewhat lower than the€action, GHz + O, which several experimental and modeling
one calculated by SKRf (8.8 x 1014 molecule® crm? s72) studies agree has a rate constant@fx 1071 cm® molecule

and is significantly lower than the one measured by Michael et S *at 300 K®In the following, we use the VTST rate constants
al# (~4 x 103 molecule’ cn® s71). In the temperature range for most of the _5|mulat|ons, but in simulation Xl we changed
228-413 K, the higher pressure measurements of Michael et the energy barrie81—-E1 (by +0.55 kcal mot*) andB2—E2

al. and McKee et d.are fairly consistent, but below 500 Torr ~ (by +0.35 kcal mot?) to fit the experimental rate constéht

the rate constants measured by Michael et al. in argon are up(CzHs + Oz, k= (1.0+ 0.2) x 107*, in Table 3 of ref 62).

to ~50% larger than those measured by McKee et al. in This change had only a very modest effect on the product yields
nitrogen. The fact that Michael et al. used Ar buffer gas and (Se€ simulations Il and XI): the changes a@% for formic
McKee et al. used Nis probably not the explanation for this ~ acid and for glyoxal.

discrepancy; in most systems, theédllision efficiency is only Figure 2 shows the simulated yields of several species as
10%—30% larger than that for Af6:58-60 There is generally ~ functions of time, including the back-dissociation that regener-
good agreement among the high-pressure limit rate constantsates the reactants (see Methods section). Because of their very
measured at 298 K: 8.8 1013 molecule’* cm?® s~1 (Schmidt low yields, intermediate®, L, M, andE2 are not shown. In

et al19), 9.7 x 10718 molecule’* cm® s (Sorensen et &f), simulations initialized by formation oB1, the fraction ofB1

8.6 x 10712 molec’! cm® s (McKee et aP), 7.8 x 10713 quickly decreases from unity because of the very fast isomer-
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Figure 2. Simulated yields as function of the time. Simulation IV
initiated by the chemical activation &1, formed by GH, + HO (T
=297 K,P =1 atm of N, a = 250 cn1?).

ization and equilibration wittB2. After only one collision at
atmospheric pressure-0.1 ns), the fraction oB1 has dropped

to 0.49 and that oB2 is 0.44. The balance shows up as other
products. The back-dissociation to prodécand the reactions
leading toC are the channels with the highest energy barriers
relative toB1, and thereforeA and C can only be produced
whenB1 is still highly vibrationally excited. After~5 ns,B1

has lost enough of its initial energy by thermalization with the
collider gas so thaA andC formation have ceased. According
to the simulations, the yield df is directly related to the loss
of B1. Similarly, the yield of formic acidHl) is directly related

to the loss ofB2. Steady state is reached after about 50 ns at
atmospheric pressure.

The calculated yields for the major species (with respect to
C,H, consumed) are listed in Table 2. The main factor affecting
the yields is the energy transfer parameterTo obtain an
overview of the reaction yields, we first carried out a simulation
using an arbitrary valueo. = 500 cn1? (simulation 1), where
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Figure 3. Potential energy profile (including zero point energies) of
the main channels for reactions of HO withHG in the presence of
O,. For definitions of the labels, see the reaction schemes.

channels involvind=2 were not included in our master equation
simulations, but the total glyoxal yields in Tables 2 and 3 include
the amount of thermalizeBH2 produced in the simulations.

The experimental falloff curve can be fitted (see above) by
reducinga. to 200 cnt? (simulation I1). This also produces
fortuitously exact agreement between the simulation and the
experimental formic acid yield (419}.In this simulation, the
computed glyoxal yield (50%) differs from the experimental
valuet (70 & 30%), but it is still within the experimental error
bars.

Formic acid is formed via two separate paths, both of which
originate from theE2 peroxyl radical. About one-third of the
total acid is formed via the path that passes throbgind G,
and the balance is produced via the path that passes thtough
andM. Specied. andF fortuitously have similar energies, and
therefore the two reaction paths are of roughly equal importance.
The formic acid produced by these two paths is designidted
andH2, respectively, in Scheme 5. The total formic acid and
glyoxal yields decrease at low pressure, but the ratio remains
almost constant. The simulation (VIII) carried out at 200 Torr
predictedH1 = 12.4% andH2 = 30.5%, but theH2/H1 ratio
is still ~2.5, which is about the same as at atmospheric pressure.
The reduction of the product yields at lower pressure is due to
theB1—C channel, which becomes more important under these

a was assumed to be independent of energy, as discussed igonditions (see below).

the Methods section. For this simulation, the computed yield
of formic acid {H) is much smaller than the experimental value.
Moreover, the efficient collisional thermalization gives a larger
E2 yield. We hypothesized in paper 1 that the peroxyl radical
E2, which is rather stable after thermalization (see Figure 3),
can react in bimolecular reactions with itself (self-reaction) or
with other peroxyl radicals (including H{to produce more
glyoxal (K), following the mechanism shown in Scheme 4 (see
paper 1 for discussion). Reaction chani&l—J produces
glyoxal in only thecis conformation, but the reactions in Scheme
4 produce onhtrans-glyoxal. However, the energy barrier for
the cis—transisomerization in glyoxal is so small (only about
1 kcal mor?) that the two isomers equilibrate very rapidly at
room temperature. Due to the low concentrations of peroxyl
radicals (RQ or HO,) in the atmosphere and in laboratory
experiments, bimolecular reactions involvik@ are expected

The only difference betweddl andH2 is the origin of the
carboxylic oxygen: irH1, the oxygen comes exclusively from
the terminal peroxylic oxygen atom &2, whereas irH2 both
peroxylic oxygen atoms have an equal chance to become
carboxylic (see Scheme 5). There is no simple way to distinguish
the two channels experimentally. By modifying th2—F and
E2—L energy barriers (simulations VI and VII, respectively),
it is possible to observe a change in the r&t@/H1, while the
formic acid (~45%) and the glyoxal53%) yields remain
almost constant. Decreasing tB2—F energy barrier by 2 kcal
mol~! causes theH1 yield to increase and th&l2 yield to
decrease by the same amount (simulation IX, compared to
simulation Ill). TheH1 and H2 yields are less sensitive to
variations of theE2—L barrier (simulation VII).

Our simulations predict vinoxyl radicalCj formation, but
C quickly dissociates completely via two channels to produce

to be at least an order of magnitude slower than the competingketene+ H and CH + CO. A third possible channel, oxygen

unimolecular channels leading to glyoxal formati@&i{J) or
to formic acid E2—L—M andE2—F—G). Furthermore, bimo-
lecular reactions will be most important only wheét? is

addition to formD, is negligible: the yield oD is <0.01%. At
atmospheric pressure, products formed @idi.e., ketene and
CHs + CO) constitute about 7% of the total amount oiHz

completely thermalized. For this reason, the bimolecular reaction consumed. This yield is inconsistent with the upper limit of
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TABLE 3: Product Yields (Percent) for the C4He + HO Reaction in the Presence of @from Simulations?

H H total total
note o (cmt) viaf vial h k1 k2 e2 e2+ k1l + k2 n c

1 b 200 2.2 34.9 37.1 57.0 1.6 0.1 58.7 4.0 0.2
2 b 400 14 284 29.8 63.6 1.0 25 67.1 2.9 0.1
3 b 500 1.1 24.4 255 66.8 0.8 4.0 71.6 2.4 0.1
4 c 500 11 23.7 24.8 67.4 0.7 4.2 72.3 23 <01
5 b 600 1.0 20.7 21.7 69.6 0.6 5.1 75.3 2.1 0.1
6 b 700 0.8 17.7 18.5 71.8 0.6 6.0 78.4 19 0.1
7 b 900 0.7 13.2 13.9 75.0 0.2 7.5 82.6 14 <0.1
8 d 500 2.6 23.2 25.7 66.8 0.7 3.9 71.4 2.3 0.1
9 e 500 0.9 26.1 27.0 66.8 0.6 3.3 70.7 1.8 0.1
10 f,h 500 1.3 27.0 28.3 67.0 11 0.7 68.7 2.3 0.6
exp g 12+1 877
exp h 14+ 11 86+ 11

aT = 298K, P = 1 atm, buffer gas= N,, O, = 5.19 x 10'® molecules cm?. Error bars<0.05%.° DFT energy barriers without adjustments.
¢ Energy barrier gH, + HO changed to fit the experimental rate constant (see teENergy barriee2—f decreased by 2 kcal mdl € energy
barriere2—| decreased by 2 kcal ndl f T = 298 K, P = 100 Torr N,, [O,] = 6.50 x 10" molecules cm?. ¢ See ref 14" See ref 19.

SCHEME 5: Isotopic Differences between H1 and H2, But-2-yne +OH +O
Which Originate from E2 in the Reaction Ethyne + HO 0.8 2
in the Presence of @ ot n
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* Q *
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N == < —e—bid
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~0.5% reported by HWA? The yield is overestimated when \7(‘ vore
using energies calculated at the DFT level of theory (simulation 03 ,(

%

Yields

I), because the DFT method underestimates oBth€ energy
barrier. According to the present DFT results with no adjust- 02 / \ .\
[T

ments, theB—C transition structure is located 2.6 kcal mbl

belowthe HO+ C;H; reactants. In contrast, SKi¥land McKee 01
et alZ2 used higher levels of theory and obtained energies of 3.9 3=
and 2.6 kcal mol! above the reactants, respectively. As -
discussed above, we adjusted BreC energy barrier to fit the
zero pressure rate constant reported by Schmidt & with Figure 4. Simulated yields as function of the time. Simulation initiated
the result that the transition state lies &iove the reactants. bygthe chomical activation L. formed by GHe . HO (T = 207 K.

With this value, the yield o€ decreases t0-13% (simulations P = 1 atm of N, o = 900 cn).

Il =V11), which is more consistent with the upper limit reported

by HWA 14 Note that the yield o€ is pressure dependent, and phase or on surfaces, the enaligh-unsaturated carbonyh

at 200 Torr it increases to about 6.4%: at low pressure the n5y quickly interconvert by acid or base catalysis to the ketonic
number of coII|S|or_15 is lower, so thermahzatlon takes place more ¢5-m (k2), but the barrier for the gas-phase unimolecular
slowly and there is more opportunity f@1 to react and pro-  jyierconversion is too high (53.3 kcal md) for the reaction
duceC. to be significant. In conclusion, the mechaniefir-k1, remains

But-2-yne + HO Reaction. In these simulations (Table 3),  the main source of biacetyk{), and the other channelsZ—n
the sums and densities of states were calculated with an energ\and e2—o—k2) make smaller contributions. According to our
grain of 5 cn?. In the Multiwell double arrays, every energy  simulations, thex,S-unsaturated carbonyh) constitutes a small
grain is used from 0 to 1995 crhin the lower part of the array,  put possibly measurable fraction{2%) of the total products,
and energies from 0 to 60 000 cfnare used WithAEgain = but HWA did not report detecting such compours.

606.1 cn! spacing in upper part of the arrays. At 2000 ¢m Unfortunately only a very limited number of experiments have
the grain-to-grain fluctuations in the densities of states are lesspeen carried out by using but-2-yne, and a falloff curve for the
than 5%, suitable for accurate calculations using MultiWell. The HO addition to GHg in N, buffer gas is not available. However,
energies obtained using DFT were used in the simulations simulations arbitrarily using. = 200 cnm? predict that the high-
without further adjustments. pressure rate limit is reached at very low pressaré {orr),

The reaction mechanism of but-2-y#eHO is similar to that and the rate constant reaches 50% of the high-pressure limit at
for ethyne+ HO, but the presence of two methyl groups opens only ~10* Torr. Thus the reaction is effectively in the high-
two new reaction channels involving peroxyl radied(Scheme pressure limit at all pressures of tropospheric interest. It is
3). In addition to the ring closure to form either the dioxiranyl reasonable to expect tleparameter for but-2-yne to be larger
intermediate (channeé2—1) or the dioxetanyl intermediate than that for ethyne, and so we chose to carry out simulations
(channek2-f), the terminal peroxylic oxygen can also abstract (Table 3) with a range of values from = 200 cnm! to o0 =
a hydrogen from the methyl groups. Depending on which 900 cnt?, which we believe to be realistic for but-2-yne.
hydrogen is abstracted (from tgemmethyl ortransmethyl), The time-dependent yields (for = 500 cnt?) are reported
it is possible to form biacetyl (channeP—o0—k2) or ana,f- in Figure 4, where it is apparent that but-2-yne is predicted to
unsaturated carbonyl compound (chanegtn). In solution react with HO faster than does ethyne. Steady state is reached
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0 110° 210° 310° 410° 510° 610° 710° 810°

Time /s



3674 J. Phys. Chem. A, Vol. 112, No. 16, 2008 Maranzana et al.

after only~8 ns. There are some important differences between YPME's experiments is lower, and therefa@® can react to a
the but-2-ynet+ HO system and the £, + HO system. Due greater extent before thermalization. Also, variations in the
to the higher densities of states of the intermediates in the but-barriers for channek2—f (simulation 8) and channet2—|
2-yne + HO system, the intermediates have longer lifetimes (simulation 9) were found to change the relative weight of the
and experience more efficient thermalization. Thus the fraction two channels to some extent, but the total acetic dejdafd

of the initially excited adduct that reacts by re-dissociation back biacetyl k1 + k1 + e2) yields remained almost constant. This
to the reactants is completely negligible and the reaction is very is a strong indication that, at least for controlling the yields,

near the high-pressure limit. In addition, intermediatesnd|

are collisionally stabilized, although in low concentration.
The experimental rate constant for addition of HO tHe

is 3.0 x 1071 molecule* cm® s71.14 From this value and by

the value ofa is at least as important as the barrier heights.
The yield of c (3-oxobutyl radical) is always below 0.6%:

much lower than that obtained from the ethyne simulations. This

is becausd1 (in the but-2-yne mechanism) is thermalized by

using the A-factor based on DFT-calculated frequencies and collisions more efficiently due to its higher density of states

moments of inertia, the “experimental” barrier was estimated
to beE, = —1.1 kcal mot™. In many simulations, we assumed
the barrier is 0.0 kcal mol, with corresponding rate constant
5.7 x 1072 molecule* cm?® s~1. Adjustment of the GHe¢ +

HO barrier (simulation 4, Table 3) to fit the experimental rate
constant does not affect the yields significantly, compared with
the DFT calculated barrier (simulation 3). Whether the calculated
or experimental barrier is used, the acetic abjdyfeld changes

by only 0.7% and the total biacetyl yield (sum e2 k1 and

k2) increases by the same amount. As already found for ethyne,

the energy barrier for the HO addition does not play a key role
in determining the reaction yields.

Depending on the value af, the total yield of formic acid
varies from 13.9%d = 900 cntl, simulation 7) to 37.1%¢(
= 200 cn1?, simulation 1). The major source of acetic acid is
the channeé2—1—m, and the second pathwagX—f—g) is very
minor. This result is quite unlike the ethyne system. This is
because the but-2-yne system has a barrier foe2hd reaction
that is ~1 kcal mol? higher than theE2—F channel in the
ethyne system, and (even more important)é&el barrier is 4
kcal mol- smaller than thé&2—L barrier in the ethyne system.
Because of these two factors, th2 yield is much larger than
that of h1.

Energy transfer also affects other yields. The yield of biacetyl
(k2) depends strongly oa. Total biacetyl is the sum of three
different channels (bubl—j is dominant) and goes from the
58.7% fora. = 200 cnt?! (simulation 1) to 82.6% foow = 900
cm~1 (simulation 7). The second unimolecular channel for the
biacetyl formation ¢2—0) contributes only<1.6%, because of
the high reaction barrier (26.4 kcal mé) and efficient
thermalization. These effects also explain the relatively high
yield of e2, especially whem is large. The bimolecular reactions
of e2 (Scheme 4) are predicted to yield up to 6% of biacetyl
(this is the third channel).

In the simulations carried out using= 400 cnt? (simulation
2), 500 cnt? (simulation 3), 600 cm! (simulation 5), and 700
cm (simulation 6), and 900 cm (simulation 9) the acetic
acid () yields decrease almost linearly, and biacetyl increases
with the same trend. Simulation 8 & 900 cn1?) gives yields
in perfect agreement with the measurements by HWA and
YPME, but considering the experimental error bars, satisfactory
agreement is also obtained using values as low=as500 cnt .
Simulation 1 (Table 3¢ = 200 cnT?) can be compared directly
with simulation 1l (Table 2): the carboxylic acid and the
carbonyl yields are similar in the two cases, but the but-2-yne
simulation (simulation 1, Table 3) does not agree with the
experimental data.

Simulations carried out for YPME's experimental conditiSns
(simulation 10) and for HWA's conditiod$(simulation 3), and
with o = 500 cn1?, predicted essentially the same yields for
both acetic acid and biacetyl. Tl yield from simulation 3 is

and longer lifetime with respect to isomerization reactions,
regardless of thex value. The barriebl—c is so high thaic
radical is produced only when the number of collisions is very
small (at very low pressure).

Conclusions

Reaction mechanisms for ethyreHO and but-2-yne-- HO
in the presence of Owere developed by using ab initio
electronic structure calculations adjusted (for the ethyne mech-
anism) to fit existing data for reaction rates and yields.
Multichannel, multiwell master equation simulations showed
that two channelsE2—L—M and E2—F—G, contribute to
formation of formic acid in the ethyne system, but only the first
channel is important in the but-2-yne system. In the but-2-yne
system, biacetyk can be formed via the unimolecular channel
E1-J, or by bimolecular reactions (see Scheme 4), but the latter
channel is relevant only when the energy transfer is fast enough
(oe = 400 cnt?) or pressures are high enough to thermalize
before unimolecular reactions can compete. In the but-2-yne
system, thee2—o channel is possible but contributesl% to
the total biacetyl yield. The relative yields are quite insensitive
to the energy barriers of alkyrne HO addition ande2—F and
E2—L isomerization channels.

The energy transfer parameter) (appears to be the most
important for obtaining satisfactory yields in the master equation
simulations. The results for ethyne, where pressure falloff data
are available to help in estimating, are in good agreement
with the experimental yield data. Yield predictions in qualitative
agreement with the scanty experimental data for the but-2-yne
system were obtained by using a rangexofalues (406-900
cm™1). Using lower values ofx (e.g.,a = 200 cnTl) gave
unsatisfactory results.

Master equation simulations have proved to be reliable
theoretical tools for studying rates and mechanisms. Along with
potential energy surface and harmonic vibrational analysis,
obtained by ab initio calculations, they allow qualitative or even
guantitative predictions of yields and rates. However, the
accuracy of the quantum chemistry calculations and the collision
efficiency both play important roles. DFT energies are sufficient
to obtain quite good yields, but a higher level of theory is needed
for near-quantitative predictions. To improve the overall ac-
curacy, small empirical adjustments to the calculated energy
barriers can be made by fitting experimental rate constants.
Energy transfer can usually be estimated only from experimental
falloff curves, but yield ratios can also be used in some cases,
as in the present work. A more extensive knowledge of the
energy transfer processes is needed to make the master equation
simulations quantitatively predictive. However, the semi-empiri-
cal models developed here are satisfactory for atmospheric
chemistry applications.
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