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Butadiyne oxidation

Combustive, Postcombustive, and Tropospheric Butadiyne Oxidation
by O, Following Initial HO Attack. Theoretical Study.

Andrea Maranzana, Giovanni Ghigo, and Glauco Tonachini*

Dipartimento di Chimica, Universita di Torino, via Pietro Giuria, 7, 1-10125 Torino, Italy

Abstract.

Butadiyne (diacetylene, HC4H) is produced during combustions, and has been quantified in
different flames as well as a biomass burning emission. Its reaction with the hydroxyl radical,
HO(’I13/2), under combustion conditions, was investigated in a thorough RRKM study by J. P.
Senosiain, S. J. Klippenstein, and J. A. Miller (Proc. Comb. Inst. 2007, 31, 185-192). The present
Density Functional Theory (DFT) study focuses on the mechanism of further oxidation by 02(3Z-g).
The DFT(MO06-2X)/cc-pVTZ reaction energy hypersurface for the system C4H,/HO®/0O, is studied
to define a variety of reaction pathways, and the relevant thermochemistry for temperatures
ranging from 200 to 2500 K is assessed, thus encompassing combustive, post-combustive, and
tropospheric conditions. Energies are then recomputed at the coupled cluster level [CCSD(T)/
cc-pVTZ], and combined with the DFT thermochemistry. Finally, the role of the different reaction
channels is assessed by RRKM-ME simulations in the same temperature range for P = 1 atm, to
comprise the situation of emission in the troposphere and those pertaining to different flames.
This shows that, when considering HO addition to the triple bond, dioxygen takes part in C4H,
oxidation with higher efficiency at lower temperatures, whereas, as T rises, the O, adducts are
inclined to redissociate: for instance, a 50% redissociation is estimated at T=1800 K. For 200< T
< 1100 K, two polycarbonyl products (CHO.CO.C=CH and CHO.CO.CH=C=0) and two fragment-
ation products (HCOOH plus OC=C=CH) are the main species predicted as products from the
addition channel (fragmentation is entropy-favored by higher T values). However, at higher
temperatures, an initial H abstraction by HO can give the butadiynyl radical (HC, ) as the starting
point for subsequent dioxygen intervention. Then, new pathways opened by O, addition become

accessible and bring about fragmentations mainly to HC; + CO, and also to HC50 + CO.
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Butadiyne oxidation

Introduction.

Polyynes have been detected under very different physical and chemical conditions, ranging
from combustion situations! to interstellar, protostar cloud, or planetary environment,2 They had
already been considered, at an earlier time, as important combustion intermediates by Homann
and Wagner,3 and then by Krestinin,* who proposed the ring closure-radical breeding polyyne-
based mechanism for PAH and soot growth. Their possible role in the synthesis of an aromatic ring
(o-benzyne) has been reviewed recently.> The oxidation of polyynes at combustion temperatures
could also bear some relevance to the formation of oxidized PAHs and soot platelets, if it is
assumed that oxidation can take place all through their synthesis. Polyyne oxidation in a combus-
tion situation might be likely initiated by small reactive radicals, as hydrogen and oxygen atoms, or
hydroxyl, that can be present in significant amounts.® Conversely, once polyynes are emitted in the
tropospheric environment their fate is determined by a lower-T oxidation processes modulated
also by the very different concentrations of the reactive species which can start off the oxidation
process.

Among polyynes, butadiyne (HC=C—C=CH, also called diacetylene) is an important inter-
mediate’ in combustion processes®210 (related to this, we can also mention two studies on its
pyrolysis1l and oxidation12). It is present in the highest concentration among polyyne molecules13
(hence eventually emitted in the troposphere). Its maximum mole fraction xmax in the oxidation
zone of premixed ethyne,14 benzene,1> toluene,1® cyclopentene,117 allene,! propyne,l or
gasolinel8 flames has been measured in the range xmax = 2—6 x 107, or up to in a methane flame.1°
Butadiyne has also been quantified as an emission released in the troposphere as a consequence of
vegetative fuel combustion.?0 We can also mention that butadiyne has been identified in
astrochemical investigations.2l However, though O, has been recently detected in Orion by a
Herschel measurement,2? and the presence of oxygen under different forms on Titan discussed,23
the importance of oxidation processes in those environments appears dubious.

The C,H, + HO' reaction, in particular, has been studied experimentally in a limited number of
investigations,2425,26 and theoretically by Senosiain, Klippenstein, and Miller (hereafter referred to
as SKM) in a thorough RRKM study under conditions relevant to combustion.2’2 The purpose of
the present investigation is to extend the study (1) beyond the reaction with hydroxyl, focusing on
the subsequent dioxygen intervention, and (2) to situations ranging from combustion to post-
combustion (emission in the environment), and then tropospheric oxidation, to assess under which
conditions dioxygen addition can best proceed to oxidation products. In the end, the likelihood of
the reaction pathways so defined will be assessed theoretically over a range of temperatures (see

Method section).
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The initial intermediates which form upon a hydroxyl radical attack onto butadiyne are shown in
Scheme 1, and are part of the study by SKM. Either the addition to the carbon-carbon triple bond
takes place (to C1 or C2), or H abstraction (shown by SKM to gain some importance for
temperatures beyond 1200 K). The radical originating from hydroxyl addition to C2 is less stable

than A1, is obtained significantly less easily, hence has not be considered any further.272,28
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Scheme 1. Initial steps of ther hydroxyl radical attack onto butadiyne.

Theoretical Method.

All stationary points on the energy hypersurface, i.e. minima and first order saddle points,
corresponding to transition structures (TS), were determined by gradient procedures?® within the
Density Functional Theory (DFT),30 and making use of the M06-2X31 functional. Dunning’s
correlation-consistent polarized valence triple-( basis set cc-pV7Z32 was used thoughout in the DFT
optimizations. The nature of the critical points (and the thermochemistry) was assessed by
vibrational analysis. The M06-2X/cc-pVTZ thermochemical corrections gave estimates of the zero
point vibrational energy (ZPE), by which the relative energies were corrected to obtain AEzpe (= AE
+ AZPE) values, enthalpy (AH) and Gibbs free energy (AG) differences (energetics in kcal mol™). The
thermochemistry was assessed in all cases at temperatures ranging from troposheric values up to
those typical of combustion (T = 200-2500 K). The DFT energetics is reported in the Supporting
Information, section 3. The relevant critical points were selected, for comparative purposes, for a
series of coupled cluster calculations, carried out at the CCSD(T) level33 with the cc-pvTZ basis set.
These energy values were combined with the DFT(MO06-2X)/cc-pVTZ thermochemistry, to define
the AEze values reported in the Schemes, and to ascertain the more viable evolution paths of the
reacting system. Geometry optimization and thermochemistry calculations were carried out by

using the GAUSSIAN 09 system of programs.34
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The Rice Ramsperger Kassel Marcus (RRKM) theory35.36 was then used to obtain the
distribution of reaction products. In order to obtain these distributions as functions of time, RRKM
and Master Equation (ME) calculations were carried out by using Multiwell program suite.37,38,39
It allows to calculate sum and densities of states, then obtains microcanonical rate constants
according to RRKM theory, and finally solves the master equation. Corrections for quantum
tunneling were included for all hydrogen transfer reactions (not H dissociations) by incorporating
the corrections for one-dimensional unsymmetrical Eckart barriers.#0 Internal rotations were
treated approximately as a symmetric hindered internal rotation.#1 MultiWell stores densities and
sums of states in double arrays: the lower part of the array consisted of 800 array elements which
ranged in energy from 0 cm™ to 3995 cm™. The higher energy part of the double array consisted of
200 elements ranging in energy from 0 cm™ to 150000 cm™ with an energy spacing of 753 cm™.
The Lennard-Jones parameters necessary for the collision frequency calculations, assumed to be
the same for all the structures, were: o= 5.1 A, and g/kg = 535 K. For the N, collider: o(A) = 3.75 A,
and g/ks = 80 K. Energy transfer, dependent from the temperature, was treated by assuming the
exponential-down model for collision step-size distributions: Egown= 250 cm™ « (T/298)°%, as
suggested by SKM.272  Rate constants were calculated in the range 200-2500 K. In the present
work, the number of stochastic trials was set to 10, for 300 collisions. Simulations were carried

out at P=1 atm of N, buffer gas, relevant to combustions and low low troposphere.

Results and Discussion.

As said above, the present study mainly investigates the effects of dioxygen addition to the initial
intermediates which form upon a first hydroxyl radical attack onto butadiyne (Scheme 1). The
outcome of the hydroxyl radical attack onto butadiyne was the subject of the mentioned SKM
study,272 and will not be recalled here. In the reaction steps studied here, beginning with dioxygen
intervention, the pathways that originate from the HO adduct Al will connect structures labeled as
An (Scheme 2 and subsection 1.1), whilst those originated by the butadiynyl radical B1 will connect
structures labeled as Bn (Scheme 3 and subsection 1.2). Only the radical Al, originating from
hydroxyl addition to C1, will be considered.28 For some radical intermediates presenting a

delocalized unpaired electron, spin densities are reported in the Supporting Information, section 1.
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1. Reaction pathways opened by HO addition.

1.1 Dioxygen addition. We proceed by considering O, addition to the initial hydroxyl-
butadiyne adduct Al (Scheme 2), whose presence has been shown t o be substantial within the
temperature range taken into consideration by SKM (Figure 7 in ref. 27a). The relevant coupled

cluster energetics is reported in Scheme 2.
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Scheme 2. Pathways stemming from dioxygen addition to the stabler initial HO-butadiyne
adduct. Labels syn and anti refer to the C=C—0-0 dihedral angle, E and Z to the positions of the
HO and OO substituents with respect to the double bond. AEz¢ values (see Method section) are
reported as blue figures, referred to the initial hydroxyl adduct.
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Dioxygen addition to the adduct Al forms two initial hydroxyl-peroxyl radical adducts A2, for
which the Z and E symbols refer to the relative positions of the hydroxyl and peroxyl substituents.
Thus we get: syn and anti Z-A2 (two rotamers), or syn and anti E-A2 (two other rotamers), where
syn and anti correspond to O—0O—C=C dihedral angles of 0° and 180°, respectively. From anti E-A2 a
5-ring closure leads to the radical A3, and a subsequent H shift to A4. From A4, a H loss gives the
tri-carbonyl closed shell product A5. From syn E-A2 two pathway depart, that converge in the end
to the same outcome. If a 3-ring closure takes place, it gives the peroxirane A6. When the peroxy
bond in A6 cleaves, another 3-ring closure occurs, to form an epoxy ring, as indicated by the curly
arrows, but the cleavage of the epoxy ring C—C bond takes place concertedly (blue carbons). By
these three events, the radical A7 forms. Through a final fragmentation, formic acid and an acyl
radical are produced, collectively labeled as A8. As an alternative to the step ‘syn E A2-A6’, a 4-ring
closure gives the dioxetane-like radical A9. Peroxy bond cleavage is accompanied concertedly by
cleavage of the opposite C—C bond, giving again the fragments A8. Still another pathway departs
from syn Z A2 (anti Z A2 transforms rapidly to its stabler syn rotamer), beginning with a H shift to
give the hydroperoxide radical A10, which loses a hydroxyl radical and leaves the closed shell
product A11. A5, A8, and A1l have a particular importance, as will be seen presently in section
3.1
1.2 Reaction pathways opened by H abstraction. An alkyne hydrogen is in itself hard to abstract,
as suggested by its homolytic dissociation enthalpy, De ~ 125 kcal mol™. However, as commented
by SKM, hydroxyl can perform abstraction from butadiyne competitively above 1200 K.27a
Pathways which originate from the ensuing butadiynyl radical B1 are shown in Scheme 3.

Direct fragmentations of the radical B1, to give the ethynyl radical plus C, or C4, are unlikely
because these diradicals are high in energy. Dioxygen addition to the localized radical site of Bl
produces B2, which in turn undergoes ring closure and gives the peroxirane-like radical B3. Peroxy
bond homolytic cleavage in B3 (a, Scheme 3) gives concertedly closure of an epoxide ring (b) and
produces B4, with a significant stability gain.#2 Actually, upon the dioxirane-like ring opening, two
equivalent ring closures can take place (b, b’, Scheme 4): either oxygen can give ring closure, while
the other remains as an oxyl/carbonyl substituent of the epoxide ring (see the resonance structures
for B4). While B3 is C,,, the ring opening TS slightly departs from it, being actually C;. The
symmetry lowering is necessary, in order to have a transition structure instead of a cusp, because
B3 and B4 have different wavefunction symmetry. The former is symmetric with respect to the
molecular plane, since the unpaired electron lies on it. The latter, by contrast, has an enol radical-

like © system extended on the [C=C—0" <> ‘C—C=0] atoms. Therefore, its wavefunction is antisym-
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metric. The real crossing in C,, symmetry then becomes an avoided crossing if the symmetry is

lowered, and consequently this is a case of conical intersection.
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Scheme 3. Higher-temperature pathways from dioxygen addition to the butadiynyl radical, which is
in turn generated by initial H-abstraction operated by HO on HC4H. AEzp¢ values (see Method
section) are reported as blue figures, referred to the butadiynyl radical plus dioxygen separate
reactants.

A bifurcation of the reaction pathways must accordingly be present, with two rather early
transition structures, each one made up by to enantiomers,43 which can however be mentally seen
as distinct regarding the involvement of the individual oxygen atoms (an isotopic substitution for
one O would make them distinguishable). They are represented in Scheme 4, for clarity, associated

to the unique cleavage a and one of two alternative closures b and b’.
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Scheme 4. Connection of B3 with B4 through a bifurcation. The vertical dashed line hints to the

presence of a ridge, which separates the two equivalent downhill pathways towards B4 and B4’.
Along the bifurcation and the ridge, down to the interconversion TS B4-B4’, the C,, symmetry is
maintained (only approximately in TS B3-B4, which is actually C,). See note 43.

The bifurcation to TS B3-B4 and TS B3-B4’ thus entails, past the transition structures, two
equivalent all-downhill pathways that lead to the two equivalent epoxy-oxyl/carbonyl inter-
mediates, B4 and B4’. The two superimposable or enantiomeric43 intermediates can in principle
interconvert through TS B4-B4’ (again Cy,).

From B4 (Scheme 4), CO,; loss is possible. As far as AEzpe values are considered, it occurs less
easily than formation of B6. We can nevertheless expect that a growing T could greatly favor it. As
an alternative, the epoxide ring in B4 can open again, from the side closer to the CO group

ow_n
C

(cleavage of the bond labeled “c”), resulting in an overall oxygen atom migration from the formerly
terminal carbon atom to its neighbor.

The open-chain resonant radical B6 so obtained is rather stable. It can give a fragmentation, as
B6-B10(-B11), or further rearrange (as B6-B7 or B6-B8-B9). If it undergoes a fragmentation, a
delocalized radical plus carbon monoxide form (collectively indicated as B10). This radical might as
well further fragment to the ethynyl radical plus CO again (B11). If instead B6 undergoes a
rearrangement, this can take place in two different ways. The migrating oxygen atom can in one

case proceed to the next carbon, forming the bond labeled “d” in B7, in which step also one C—C

bond cleaves concertedly, and therefore an ether functionality forms. This intermediate, rather

9
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high in energy compared to the previous one, can undergo a fragmentation to ethynyl radical and
the putative OCCO closed shell molecule, which is however unstable with respect to two carbon
monoxide moieties, and dissociates spontaneously (again to the dissociation limit B11). A different
migration of the same oxygen can take place by skipping the high minimum of B7, via ring closure
(formation of bond “f”) to produce an oxetene-like system, B8. If now bond “b” cleaves, another
open-chain intermediate forms, B9, quite stable again. The steps from B6 to B7 and B8 do not

seem too promising.

3. RRKM analysis.

Two distinct RRKM-ME simulations are carried out (at P = 1 atm). One starts from the HO
addition intermediate 2, which has been shown by SKM to be present in significant amounts at all
temperatures considered (Figure 7 in ref. 27a), though dropping almost linearly from ca. 80% at
1400 K to ca. 10% at 2400 K. The other one starts instead from the butadiynyl radical B1. We begin
with the former.

3.1 Reaction pathways started by hydroxyl addition to butadiyne. The RRKM-ME results
show that the two initial hydroxyl-peroxyl radical adducts A2 (on the whole syn and anti rotamers
of Z-A2 plus syn and anti rotamers#* of E-A2) give back-reaction to the reactants Al and O, to an
extent which at higher temperatures becomes significant. At lower temperatures the back-reaction
is not favored. Since this effect is not observable in the yield experiments, the computational
results pertaining to product yields reported here have been corrected for it. The product net
reaction yields reported in Figure 1 as continuous lines exclude the re-dissociation to 2 and O;:
these individual yields add up to 1. The dashed line represents the sum of the products that
survive to redissociation to A1 + O, (1 — back reaction), or, said differently, of A2 + all other
products derived from it. We stress that its value too is expressed as ranging in principle from 0 to
1, as is true for each of the continuous lines, but here it stays alone (in other words, its values have
not to be added to those of the products). It has been reported to convey an information about the
importance of the product formation yields, which is somewhat declining as T rises. Two entrance
channels are present (Z-A2 and E-A2).44 Separate simulations were carried out, then the total
yields were calculated by weight-averaging the individual channels (see the Supporting

Information, section 2).

10
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Figure 1. Reaction pathways started by hydroxyl addition to butadiyne. Continuous lines: net

product reaction yields as a function of temperature. Labels make reference to Scheme 2.
As higher T values are attained, the O, adducts tend to redissociate more effectively: the
dashed black line (which stands alone) indicates the fraction of adduct that redissociates
to A2 + derivatives.

To consider a temperature range sufficiently wide to encompass combustion, post-combustion

and emission in the atmosphere, the kinetic simulations were carried out as said in the range 200 K

< T < 2500 K. The initial open-chain adduct anti E A2 (a peroxyl radical intermediate) persists as

important contribution (> 5 %) only below T = 500 K, since it declines almost linearly right from the

beginning as T rises (Figure 1). The contribution of the open chain tricarbonyl closed shell product

A1l mirrors the behavior of anti E A2 in the rightmost part of the plot. Its yield attains a maximum

in the 500-600 K zone. Al11 originates from anti E A2 through unimolecular steps followed in the

end by a hydrogen atom loss. Though fragmentation provides an entropic advantage to this step as

T rises, other two fragmentation processes compete with it (compare Scheme 2). One entails the

splitting of the molecular system into two almost comparable parts, formic acid, A12, and a radical

11
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intermediate, A13. The second one implies hydroxyl loss and formation of a closed shell molecule,
A10. The two pathways have very different weight at low T, with A10 dominating over all other
individual species. But their behavior is similar to that just described, and presents a crossing of the
two curves around 1400 K, at which temperature their yield is ca. 40% each. Though intermediate
ring products are present in Scheme 2, none of them plays an important role in Figure 1.

3.2 Reaction pathways started by hydroxyl H abstraction from butadiyne. RRKM-ME simula-
tions show in this case that the only products are B5 (HC3' + C0O,) and, to a lesser extent, B10 (HC3'O
+ CO), at all temperatures considered. Higher temperatures further favor B5. These products are
formed irreversibly, through fragmentations. In this case, in the range 1100-2500 K, the back-

reaction to the reactants (B1 + O,) is negligible.

0.80

0.70

0.60

0.50 B10 BS

0.40

0.30
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Figure 2. Reaction pathways started by hydroxyl H abstraction from butadiyne. Net product
reaction yields as a function of temperature. Labels make reference to Scheme 3.

12



Butadiyne oxidation
Conclusions

CCSD(T)/cc-pVTZ energetics have been defined for the HO + O, + C4H; reacting system, based
on the full study of the relevant DFT(M06-2X)/cc-pVTZ energy hypersurface. Then, two RRKM-ME
simulations (A, B) have been carried out, in the temperature range 200-2500 K (P = 1 atm), to
comprise the situations of emission into the troposphere and those typical of different combust-
ions (Figure 1 and Figure 2).

Their results show that, when considering an initial HO addition to the triple bond of C4H, (A)
at rising T values, dioxygen takes part in C4H, oxidation with decreasing efficiency, because at
higher T values the O, adducts tend to redissociate. At T = 1800 K, for instance, the dioxygen
adduct A2 gives back the initial HO adduct A1 and O, with a yield of ca. 50%. Let us begin by
considering the gamut of rather low temperatures of environmental interest. These range
approximately from 350 K down to ca. 200 K. These extremes correspond to going from a quite
high ground-level temperature to that found close to the tropopause.4> If T spans this range, two
fragmentation species, HCOOH and OC’-C=CH, A8, are predicted to be the main products of
HO®/0, oxidation of butadiyne, together with two polycarbonyl molecules. These are:
CHO.CO.C=CH, A5, whose formation is accompanied by H loss; and CHO.CO.CH=C=0, Al11, whose
formation entails HO loss (see Figure 1 and Scheme 2). A5, A8, and A1l are produced in irreversible
steps. At the coldest temperatures, the initial adduct presence is significant, but its sharp
declension upon temperature rise is also apparent. A11 clearly dominates, but also declines as T
rises. By contrast, both A5 and A8 gain importance by almost mirroring the trend of the other two
species. They gain additional importance, as expected, as temperature further rises towards, and
through, temperatures typical of combustion. A8 yield constantly rises, whereas A5 begins to
decline beyond ca. 600 K, while A11 decline comes gradually to a halt. Then, in the range 600 K< T
< 1200 K), the density of the initial adduct A2 drops to zero, and A1l remains approximately
constant. Thus, at combustion temperatures higher than 1200 K, A8 and A1l are described as the
chief products of butadiyne oxidation, as far as hydroxyl addition followed by dioxygen addition
define the initial steps.

However, at higher T, the starting point for dioxygen intervention can be instead the
butadiynyl radical, HC., formed by H abstraction operated by HO (B). New pathways, pertinent to
combustion only, initiated by O, addition become then accessible and the RRKM-ME simulations
indicate that the fragmentations to HC; + CO, (B5) and HC;0 + CO (B10) are in this case the main

outcome.
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