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ABSTRACT: The products formed in the reaction between the methylidene radical (CH)
and acrolein (CH,=CHCHO) are probed at 4 Torr and 298 K employing tunable
vacuum-ultraviolet synchrotron light and multiplexed photoionization mass-spectrometry.
The data suggest a principal exit channel of H loss from the adduct to yield C,H,O,
accounting for (78 + 10)% of the products. Examination of the photoionization spectra
measured upon reaction of both CH and CD with acrolein reveals that the isomeric
composition of the C;H,O product is (60 + 12)% 1,3-butadienal and (17 + 10)% furan.
The remaining 23% of the possible C,;H,O products cannot be accurately distinguished
without more reliable photoionization spectra of the possible product isomers but most
likely involves oxygenated butyne species. In addition, C,H,0O and C;H, are detected,
which account for (14 + 10)% and (8 +10, —8)% of the products, respectively. The
C,H,0 photoionization spectrum matches that of ketene and the C;H, signal is composed
of (24 + 14)% allene and (76 + 22)% propyne, with an upper limit of 8% placed on the
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cyclopropene contribution. The reactive potential energy surface is also investigated computationally, and specific rate
coeflicients are calculated with RRKM theory. These calculations predict overall branching fractions for 1,3-butadienal and furan
of 27% and 12%, respectively, in agreement with the experimental results. In contrast, the calculations predict a prominent CO +
2-methylvinyl product channel that is at most a minor channel according to the experimental results. Studies with the CD radical
strongly suggest that the title reaction proceeds predominantly via cycloaddition of the radical onto the C=0 bond of acrolein,

with cycloaddition to the C=C bond being the second most probable reactive mechanism.

B INTRODUCTION

Carbonyl compounds are ubiquitous in exhaust gases from
combustion engines. One of the carbonyls that is potentially
most harmful to human health is acrolein (CH,—=CHCHO),
which may account for up to 8% of the aldehydes generated by
vehicles' ™ and has an average tropospheric concentration
between 0.5 and 3.186 parts-per-billion.’ The presence of
atmospheric acrolein is primarily attributed to the incomplete
combustion of petroleum, biomass, and plastics."*%”~? With
the increased use of ethanol—gasoline blends and biodiesel
fuels, it has become important to evaluate how the increased
oxygen content of such fuels affects the absolute and relative
concentrations of aldehydes emitted.'® Despite the fact that
overall hydrocarbon emissions are reduced by introducing an
oxygenated functional group to the fuel molecule, it is clear that
the relative emissions of the most abundant aldehydes are
markedly altered, and generally increased, when combustin:

oxygenated fuels compared to petroleum-based fuels.”*"' ™"

The transesterification process used to manufacture biodiesel
fuels yields glycerol as a byproduct, which thermally

-4 ACS Publications  © 2013 American Chemical Society

decomposes to acrolein at relatively low temperatures."
Thus, increased acrolein emissions when using biodiesel
compared to petro-diesel can be linked to fuel quality and
the presence of residual glycerol.” In addition, oxidation at
550 °C of rapeseed oil, the precursor to the majority of
biodiesel fuels used in Europe, yields high quantities of acrolein
and other aldehydes.”’ A more in-depth understanding of
combustion engine performance and emissions can be achieved
with a detailed knowledge of the primary products, subsequent
reactions, and fate of species such as acrolein.'®

Many radicals and excited state species are involved in the
propagation of combustion, one being the highly reactive
methylidene (CH) radical.”>™*' CH is, on average, approx-
imately 3 orders of magnitude less abundant than the chain
propagator OH in simple methane flames.>* Nevertheless, the
CH radical plays a critical role in the kinetics of NO, formation
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and destruction,”® evidence that even minor species can
strongly influence the formation and destruction of pollutants.
The primary formation mechanism for CH in nonpremixed fuel
flames is the reaction between CH, and OH yielding CH and
H,0.** Naik and Laurendeau measured concentrations of CH
up to 1-2 ppm in partially mixed and nonpremixed methane-
air flames at pressures between 1 and 12 atm.”> Kohler et al.
measured the CH concentration in propene and cyclopentene
flames to be around 10—20 ppm.>® Further studies showed that
CH concentrations in flames range from 0.1 to 60
25,28,29,30

ppm.

Neither the rate coeflicient nor products of the reaction
between CH and acrolein have been reported in the literature.
This manuscript presents isomer-resolved branching results on
the products formed by the reactions of CH and CD with
acrolein. Reaction rate coefficients of CH with saturated and
unsaturated hydrocarbons are reported to be very fast:*>* from
9.74 x 107" cm® molecule™ s~ with methane® to 5 x 1071
em® molecule™ s7! with toluene® at 300 K. A few rate
coefficients of CH with oxygenated hydrocarbons have also
been determined; those with formaldehyde (CH,0),**
methanol (CH;OH),* and ketene (CH,CO)® are measured
to be 3.81 X 1071 cm® molecule™ s7! (at 300 K and 20—300
Torr), 2.52 X 1071% cm® molecule™ s (at 298 K and 100—600
Torr), and 2.4 X 107*° cm® molecule™ s™* (at 295 K and §
Torr), respectively. Given the similarity in these rates, it is
anticipated that the rate coeflicient of CH with acrolein is likely
>1 X 107 ¢m® molecule™ s7}, close to the gas-kinetic limit.
Rate coefficient data coupled with branching fractions into the
various product channels, with isomeric specificity, are valuable
for the development of accurate combustion models.

Recent experiments in our group measured the products
formed upon reaction of CH with acetaldehyde®” and of CH
with propene.®® Five exit channels were inferred in the CH +
acetaldehyde reaction, corresponding to CH,, HCO, CO, CHj;,
and H loss from an initial complex, by detecting either these
products or the coproduct(s) of each of these channels. The
CH,-formation channel was attributed to direct H-abstraction
by CH, whereas the remaining four exit channels were
attributed to either insertion of CH into a C—H bond or
cycloaddition to the C=O bond. In the CH + propene
reaction the dominant channel was found to be formation of
C,H4 + H. The C,Hg product is composed of three separate
isomers: 1,3-butadiene, 1,2-butadiene, and 1-butyne, which can
all be attributed to a cycloaddition mechanism of the CH
radical to the C=C bond of propene, followed by H-loss.

The CH + acetaldehyde and CH + propene studies
highlights an interesting aspect of CH reactivity: the radical
exhibits barrierless attack at both C—H sites and unsaturated
bonds, by insertion into single bonds and addition or
cycloaddition at double bonds, with cycloaddition being the
most favorable.”>**~* In the case of cycloaddition onto an
unsaturated bond, it is well accepted that the mechanism
proceeds via cycloaddition across the double bond followed by
ring-opening; the cyclic intermediate is extremely short-
lived.3*3%*3~* These addition, insertion, and cycloaddition
reactions, which are illustrated in Figure 1 for ethene, often
result in molecular weight growth and are therefore of interest
in combustion® and astrochemical*®*” environments. Acrolein
presents an interesting case study because it contains both
C=0 and C=C bonds, which in principle allows investigation
of the competition between cycloaddition of CH at the C=0
and C=C bonds.
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Figure 1. Schematic of addition, cycloaddition, and insertion
mechanisms that can occur in the reaction of CH with the unsaturated
hydrocarbon ethene.

B EXPERIMENTAL DETAILS

The chemical reactions take place in a laser photolysis,
slow flow reactor, which is coupled to a multiplexed
photoionization mass spectrometer at the Advanced Light
Source of Lawrence Berkeley National Laboratory. Detailed
accounts of the experimental apparatus and method are given
elsewhere,***** and only a brief overview is presented here.
The reactions occur inside a quartz tube at 4 Torr (533 Pa) and
298 K. The gas flow consists of small amounts of the CH
radical precursor and acrolein in a large excess of helium buffer
gas with around 15% nitrogen. Bromoform (CHBr; or
deuterated bromoform CDBr;) is used as the radical precursor
and the laser dissociation of CHBr; is an effective method to
produce CH radicals with high yield.***~* Liquid bromoform
is placed in a glass vessel and kept at a temperature of 8 °C.
Helium is bubbled through the liquid at a total pressure of 700
Torr, entraining bromoform in the flow. A 10% gas mixture of
acrolein in helium is prepared in a stainless steel cylinder at a
total pressure of 2000 Torr. The various components are mixed
in situ at the entrance of the reactor using calibrated mass flow
controllers. Reactor pressure is maintained with a butterfly
valve after the reactor with active feedback control. The total
gas flow is 100 sccm (standard cubic centimeters per minute),
high enough to completely replenish the gas in the reactor tube
between consecutive laser pulses (4 Hz repetition rate).

Gas densities are approximately 1.4 X 10"* cm™ bromoform,
2.6 X 10" cm™ acrolein, 1.95 X 10" cm™ N, and 1.1 X 10"
cm™ He, at a total gas density of 1.3 X 10" ¢m™3. A uniform
initial concentration of CH (or CD) radicals is produced in the
axial and radial directions of the reactor tube by 248 nm two-
photon photolysis of bromoform using an unfocused beam of
an excimer laser. The typical photolysis fluence inside the
reaction flow tube is around 70 mJ cm™ in a 20 ns pulse. There
is effectively no attenuation of the photon flux along the length
of the flow tube due to absorption, as verified by the stable
concentrations of products of photolytically initiated reactions.
The density of nitrogen in the flow is sufficient to quench any
vibrationally excited CH/CD radicals formed during the
photolysis of bromoform on a time scale faster than the
reaction.’”>* During the photolysis of CHBrs, additional
fragments such as CHBr,, CHBr, CBr, HBr, Br, and Br,
could be formed.>**° The radical fragments may all potentially
react with acrolein in the flow tube, and the relative significance
of these reactions compared to the reaction of interest (CH +
acrolein) depends on their concentration and reactivity. The
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Figure 2. (a) Shows the mass spectrum collected with both CHBr; and acrolein in the flow reactor at 4 Torr and 298 K, integrated over the 8.2—10.4
eV photon energy range and kinetic times up to 100 ms after photolysis. (b) Shows the mass spectrum in panel a as a function of kinetic time, where
the photolysis laser fires at ¢ = 0. Data are background corrected by subtraction of the prephotolysis laser signal. The intensity scale goes from black
(least counts) via red and yellow to blue (most counts). The main peaks are at m/z = 40, 42, 52, 54, S5, 68, and 69. No signals that could arise from
the CH + acrolein reaction are detected at m/z < 38. The peak at the parent mass of acrolein (m/z = 56) arises due to saturation of this mass peak,

which does not affect signal at other masses.

relative proportion of the fragments formed depends strongly
on the photodissociation wavelength. At 248 nm the dominant
single-photon process is cleavage of a C—Br bond to give Br +
CHBr,.*° In general, the reactivity of CHBr, is reported to be at
least 2 orders of magnitude lower than that of CH***® and the
only products of the CHBr, + acrolein reaction are likely to be
CH,Br, + C;H;0. There are three main competing secondary
dissociation channels when CHBr, absorbs a 248 nm photon:
CHBr + Br, CH + Br,, and CBr + HBr.>® In a transient
spectroscopy study at 193 nm, CHBr is formed with a cross-
section of 3.42 X 107'® cm”® and a yield of 0.3, whereas at 248
nm the CHBr concentration was below the detection limit,
suggestin§ a number density at least 200 times lower than at
193 nm.>>” For a 248 nm laser fluence of 70 mJ cm™2 as in the
current experiment, this corresponds to a CHBr number
density of 6 X 10° cm™.

The reaction between CH/CD and acrolein occurs uniformly
along the axial direction of the reactor as the irradiated gas
moves down the tube. A portion of this gas is sampled from the
flow tube through a 650 ym diameter pinhole in the side of the
tube into a chamber that is typically at a pressure of 10~° Torr.
A nearly effusive beam emerges from this pinhole and then
passes through a 1.5 mm diameter skimmer before entering a
differentially pumped ionization region. The gas beam is
crossed by tunable synchrotron undulator vacuum ultraviolet
(VUV) radiation that is dispersed by a 3 m monochromator
(Chemical Dynamics Beamline at the Advanced Light Source
of Lawrence Berkeley National Laboratory). The monochro-
matic VUV radiation energy is calibrated using known atomic
resonances of Xe; at the conditions employed in these
experiments the VUV light has a bandwidth of 40 meV. The
VUV photon flux at each photon energy is measured using a
photodiode (SXUV-100 International Radiation Detectors,
Inc.) with a NIST-traceable spectral response calibration. The
masses of all cations formed in the ionization region are
monitored with an orthogonal acceleration time-of-flight mass
spectrometer equipped with a microchannel plate detector.

Mass spectra are taken at intervals of 20 ps, from —20 to 130
ms relative to photolysis. By additionally scanning the photon
energy, time- and photon energy-resolved mass spectra are
recorded, leading to a three-dimensional data block consisting
of ion intensity as a function of m/z (mass-to-charge ratio),
reaction time, and photon energy.

The three-dimensional data block can be “sliced” in three
ways: m/z vs. kinetic time, m/z vs. photon energy and photon
energy vs. kinetic time. Photoionization spectra are constructed
by integrating the data first over a time window that
corresponds to the production of the species of interest in
the photolytically initiated reaction, then over the desired mass-
to-charge ratio. Background contributions are removed by
subtraction of the average prephotolysis signal taken in the 20
ms before the photodissociation laser pulse. Finally, these
background-subtracted signals are normalized for the VUV
photon flux at each photon energy. Full time- and photon-
energy-dependent spectra are collected three times to check for
consistency, with 200 laser pulses at each VUV photon energy.
The principal source of noise is “dark counts” at the
microchannel plate leading to a very low background signal.

The purities of gases and reactants are as follows: nitrogen,
(boil-off from liquid nitrogen); He, 99.999%; bromoform,
>99%; D-bromoform 99.5% D atom, with 1% carbon
tetrabromide for stabilization; acrolein, >99%.

B COMPUTATIONAL METHODOLOGY

Identification of the isomers produced in the CH + acrolein
reaction relies on fitting the measured product photoionization
spectra to known calibration spectra of the pure compounds. In
some cases these calibration spectra have not been measured,
largely due to the instability of the molecules, and we must
simulate the shapes of these spectra in order to determine the
best fit to the data. Employing the Gaussian 09 suite of
programs,58 adiabatic ionization energies (AIEs) are calculated
using the CBS-APNO composite method.> The geometries,
harmonic vibrational modes and the transition intensities for
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the molecules of interest are calculated at the B3LYP/6-311+
+G(2d,p) level, and photoelectron spectra are simulated
making use of the built-in Franck—Condon overlap feature of
Gaussian 09.5°! Integration of the photoelectron spectrum
provides a theoretical photoionization spectrum that we can
compare to the experimental data.> Note that this method is
based on the assumption of direct ionization to the lowest-lying
cationic state and does not describe autoionizing and shape
resonances, dissociative ionization, and ionization to excited
cationic states. Where applicable, the semiempirical method of
Bobeldijk et al.®* is used to estimate the absolute photo-
ionization cross sections. Photoionization spectra used in the
following analysis, simulated or experimental, are given in the
Supporting Information.

Minima and first-order saddle points on the CH + acrolein
potential energy surface (PES) are explored using the CBS-
QB3 method.***® The quantum-chemical calculations are
performed using Gaussian 09.°° Expectation values of the
total sgin squared operator (S?) and the T1 diagnostics of Lee
et al.% are evaluated at unrestricted Hartree—Fock (UHF) and
CCSD(T) levels of theory, respectively, using the 6-31+G(d’)
basis set employed in the CBS-QB3 scheme.™

B RESULTS

Acrolein has a very low absorption cross section of 8.8 X 1072
cm™2 at 248 nm.”” With this value, assuming a quantum yield of
unity for photodissociation of acrolein, and typical acrolein
number densities of 2.6 X 10'* cm™3, an upper limit of 4 X 10"
cm™ is expected for photodissociation products of acrolein.
The principal dissociation channels at 248 nm would yield
CH,CH + HCO and CO + C,H,.%® Experiments were carried
out without bromoform present in the flow and these potential
photolysis products of acrolein were not detected above the
signal-to-noise limit meaning that photolysis of acrolein does
not significantly contribute to product signal.

The mass spectrum shown in Figure 2a is collected with both
the CH radical precursor (CHBr;) and acrolein in the flow and
integrated over photon energies from 8.2 eV to 10.4 eV and
kinetic times up to 100 ms after photolysis. Because of the
background subtraction, the mass spectrum shows the
difference between the average prephotolysis signal and the
signal from photolysis and subsequent reactions. Positive peaks
in such a spectrum indicate products from direct photolysis,
primary, or secondary chemical reactions. Figure 2b shows the
two-dimensional plot of m/z vs. kinetic time. Time profiles for
each mass peak can be obtained by integrating over the desired
m/z range. For direct closed-shell (whose parent ions appear at
even m/z) products of the CH + acrolein reaction, a temporal
profile is expected that consists of a sharp rise and then a stable
concentration over the time frame of the experiment. For direct
open-shell (appearing at odd m/z) products of the CH +
acrolein reaction the temporal profile should have a sharp rise
and then a decay that reflects the reactivity of the radical
species.

Several peaks are clear in the mass spectrum in Figure 2,
suggesting the possibility of multiple exit channels in the
reaction of CH with acrolein. The principal peak in the
background-subtracted mass spectrum, which can likely be
assigned as a primary product of the CH + acrolein reaction, is
at m/z = 68, loss of H atom from the adduct. There are
additional, minor, peaks at m/z = 40, 42, 52, 54, 5§, 66, and 69.
The signal intensity around the mass region of the parent
molecule acrolein peak (m/z = 56) is non-negligible because

the prephotolysis laser background subtraction on such a strong
feature is imperfect. The peaks at m/z = 52 and 66, which have
m/z consistent with closed-shell species, have temporal profiles
that are associated with a radical species (given in Figure S1 in
the Supporting Information). Therefore, these peaks at m/z =
52 and 66 are due to daughter ions from photodissociation of a
heavier radical species and are not considered to arise from a
direct reaction between CH and acrolein. A similar argument is
used to establish that the peaks at m/z = 55 and 69 do not arise
from a direct CH + acrolein reaction; their temporal profiles are
inconsistent with those of radical products (given in Figure S1
in the Supporting Information). The mass-resolution of the
spectrometer is sufficient to distinguish between isobaric
species, those with the same nominal m/z but composed of
different atoms. The precise position of the peak at m/z = 54
reveals that it is due to detection of C,Hg, rather than C;H,0.
Because the CH + acrolein reactants combined only have five
H atoms, C,H, cannot be a direct product of their reaction and
so is also disregarded. These small additional peaks likely result
from primary and secondary reactions of heavier radicals such
as CHBr or CHBr, with acrolein and other species present in
the flow, followed by dissociative photoionization. The peaks
that have temporal profiles and exact masses commensurate
with direct reaction between CH and acrolein are those at m/z
= 40, 42, and 68. The time traces for the signals at m/z = 40,
42, and 68 are shown in Figure 3.

The most intense peak in Figure 2 is at m/z = 68 and is due
to detection of C,H,O; this would correspond to H-loss from a
complex of CH and acrolein. There are nineteen isomers of
C,H,O; formation of nine of these would require implausible
rearrangements of the constituent atoms of a complex between
the reactants and are not considered. Of the remaining ten
isomers, three are disregarded due to kinetic arguments, details
of which are given in the Supporting Information. Structures
and ionization energies of these twelve isomers that are not
included in the analysis are given in Table S1 in the Supporting
Information with a brief discussion. The seven isomers of
C,H,O that could potentially be formed in the H-loss channel
in the CH + acrolein reaction are shown in Table 1.

In addition to the large peak at m/z = 68, there are two
smaller peaks at m/z = 40 and 42 that are due to detection of
species of the formulas C;H, and C,H,0, respectively. There
are three possible isomers of C;H,, allene, propyne, and
cyclopropene, and three of C,H,O, ketene, oxirene, and
ethynol. The structures and IEs of these six molecules are
shown in Table 2.

Experiments were carried out to examine the products
formed upon reaction of CD with acrolein. Here isomers
separate by m/z depending on whether they retain the
deuterium atom from CD. Sections of the mass spectra
collected after reaction of the CH and CD radicals with acrolein
are shown in Figure 4. In the CH + acrolein spectrum, there is a
minor peak at m/z = 69 that is larger than the expected 4.4%
3C contribution from m/z = 68. Thus, this additional signal at
m/z = 69 is likely to predominantly arise from dissociative
photoionization of a heavier, stable molecule. When using CD
radicals the large peak at m/z = 68 observed in the CH +
acrolein spectrum is still present but reduced in intensity and
the peak at m/z = 69 is larger than in the CH case, implying
contribution to this signal of H-loss channel products. A small
peak appears at m/z = 70 in the CD + acrolein spectrum, which
is due to dissociative photoionization of the same stable
molecule responsible for the signal at m/z = 69 in the CH +
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Table 2. Structures and IEs of Isomers of C;H, and C,H,0
Possibly Formed in the CH + Acrolein Reaction

Literature Values for CBS-APNO Adiabatic
Molecule Structure
Tonization Energy”/ eV | Ionization Energy® / eV
Allene —C== 9.692 9.69
Cyclopropene é 9.67 9.73
Propyne c 10.36 10.39
Oxirene N/A 8.60
A
Ketene o—C— 9.617 9.60
Ethynol =—oH N/A 10.01
FReference 69. This work.
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(b)

integrated over photon energies from 8.2 to 10.4 eV. The photolysis
laser is pulsed at t = 0.

Table 1. Possible Isomers of C;H,O Formed in the H-Loss

Intensity / Arbitrary Units

Channel upon Reaction of CH with Acrolein

Literature Values for CBS-APNO Adjabatic
Structure
Tonization Energy®” / eV | Ionization Energy®/ €V
1,3-Butadienal [°x, 8.30-8.45 8.38
utadi N N
1,2-Butadienal [*~e 8.68-8.9 8.80
¢,
~7
Furan ? 8.88 8.89
[ /)
n — d
2,3-Butadienal i /\/C/ >9.5 9.95
- Z. -
3-Butynal 0/\// 9.85-10.2 10.03
3-Butyn-2-one /1\ 10.17-10.28 10.18
i
2-Butynal \/ 10.20-10.28 10.22
N

“Reference 69. "Combination of vertical and adiabatic values. “This
work. “Reference 70.

acrolein reaction, but in the CD + acrolein case this heavier
molecule incorporates the D atom. The peak at m/z = 40 in the
CH + acrolein spectrum reduces in relative intensity in the CD
+ acrolein spectrum and an additional peak appears at m/z =
41. The peak at m/z = 42 in the CH + acrolein spectrum is still

;
%
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Figure 4. Mass spectra collected following reaction of CH (dotted
black line) and CD (solid red line) with acrolein, integrated over
photon energies from 8.2 to 10.4 eV. (a) Shows the region from m/z =
67—71, (b) shows the region from m/z = 39.5—41.5, and (c) shows
the region from m/z = 41.5—43.5.

present in the CD + acrolein spectrum but there is an
additional small peak at m/z = 43.

In order to distinguish the constituent isomers that make up
a particular product peak the photoionization spectrum for this
signal is compared to known photoionization spectra of
possible products. For the H-loss channel (m/z = 68 for CH
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+ acrolein and m/z = 68 and 69 for CD + acrolein) the
photoionization spectra of the seven possible product isomers
shown in Table 1 are needed for the analysis. Of these seven
isomers, only the photoionization spectrum of furan has been
measured. The photoelectron szpectra of 1,3-butadienal,”" 1,2-
butadienal,” and 2-butynal’> have been reported. The
integration of a photoelectron spectrum can generally yield
an approximation of the shape of the photoionization
spectrum.”” Indeed, the integrated photoelectron spectra of
1,2-butadienal and 2-butynal can be used to approximate
the shape of their respective photoionization spectra in the
following analysis. However, 1,3-butadienal (also known as
vinylketene) contains a ketene-based functional group
(O=C=C-). The photoionization spectra of ketene’® and a
variety of substituted ketenes’* exhibit strong resonances,
meaning that the shape of the photoionization spectrum will
differ from the integrated photoelectron spectrum. The range
of photon energies at which these resonances occur is found to
be very similar for ketene, methylketene, ethylketene, and
dimeth}rll<eter1e.74’75 The photoionization spectrum of 1,3-
butadienal (vinylketene) might be expected to exhibit such a
resonance. Dimethylketene and 1,3-butadienal have the same
ionization energy (8.38 eV) and masses different by only 2
amu. Therefore, in the analysis of the m/z = 68 photoionization
spectrum, dimethylketene is used as an approximation for that
of 1,3-butadienal. For the remaining three isomers (2,3-
butadienal, 3-butynal and 3-butyn-2-one), which are not
ketene-type species, the photoionization spectra are simulated
by integrating their calculated photoelectron spectra, as
described above.

The photoionization spectra for the products detected at m/z
= 68 for CH + acrolein and m/z = 68 and 69 for CD + acrolein
are shown in Figure 5. In each spectrum, the ionization onset is
at 8.4 eV, closely matching the literature and calculated values
for the IE of 1,3-butadienal, as shown in Table 1. As 13-
butadienal is the only isomer of C,H,O that ionizes at this low
energy (the next lowest being 1,2-butadienal at around 8.8 eV
and furan at 8.88 eV), the photoionization onset clearly
indicates formation of this product in the H- and D-loss
channels, even in the absence of an accurate photoionization
spectrum for this species. Using dimethylketene as a proxy for
1,3-butadienal introduces a systematic error in the extracted
branching ratios, because it is not known how well the
dimethylketene spectrum replicates 1,3-butadienal’s spectrum.
The photoionization spectrum for the signal at m/z = 68 when
using CD radicals exhibits a decrease in ionization efficiency at
photon energies above 10.5 eV, a feature that is anticipated for
ketene-like species due to the expected resonances. This
decrease is commensurate with the hypothesis that 1,3-
butadienal exhibits a resonant feature and therefore that the
photoionization spectrum of dimethylketene is a reasonable
substitute for that of 1,3-butadienal.

The photoionization spectrum for m/z = 68 in the CH +
acrolein data could potentially include contributions from all
seven isomers given in Table 1 and the spectrum itself does not
offer many characteristic features to identify these isomers.
However, in the CD + acrolein reaction, contributions from D
loss can be separated from H loss (Figure S) at m/z = 68 and
69, revealing structural features of the constituent spectra. The
photoionization spectrum at m/z = 68 exhibits a decrease in
intensity at photon energies above about 10.5 eV, which is
indicative of a ketene-like species. In the m/z = 69
photoionization spectrum the onset at 8.4 eV persists,
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Averaged sum of the caleulated photoionization spectra of
3-butynal and 3-butyn-2-one and the integrated photoelectron
spectrum of 2-butynal

Figure S. Photoionization spectra for the signals measured at (a) m/z
= 68 in the CH + acrolein reaction, (b) m/z = 68 in the CD + acrolein
reaction, and (c) m/z = 69 in the CD + acrolein reaction, fitted using
the calibration spectra of dimethylketene (green dashed line), furan
(blue dotted line), 1,2-butadienal (not shown), 2,3-butadienal (not
shown), and a curve that represents the three highest-ionizing isomers:
3-butynal, 2-butynal, and 3-butyn-2-one (orange dot-dashed line). The
fit is shown by the solid red line and the constituent species are scaled
by their contribution to the fit. It is found that 1,2-butadienal and 2,3-
butadienal contribute a fraction of essentially zero to the fit and so
their calibration spectra are not shown in the figure.

indicating 1,3-butadienal formation, but there is a sharp
increase in intensity around 8.85 eV, indicating another species
is formed. To reproduce the shape of the experimental
spectrum above 8.85 eV, a contribution from furan must be
included. The only other isomer that could account for this
increase in the photoionization spectrum at around 8.85 eV
(Figure S) is 1,2-butadienal, but the integrated photoelectron
spectrum for this species indicates a more gradual onset at a
slightly lower energy. Therefore, the evidence implies formation
of furan, a noteworthy finding for combustion chemistry given
the important role furan plays in combustion environments, as
well as the interesting cyclization step involved. The sum of the
dimethylketene and furan spectra does not fully replicate the
photoionization spectrum at energies above 10.2 eV. Thus, it is
necessary to invoke a further isomer or multiple isomers that
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ionize in this photon energy range to explain the observed
spectrum.

The close proximity of the IEs and similar shape of the
photoionization spectra of 3-butynal, 2-butynal, and 3-butyn-2-
one make it difficult to distinguish between these three species
to extract a unique fit to the measured spectra for these isomers.
Therefore, the calibration spectra of 3-butynal, 2-butynal and 3-
butyn-2-one are averaged to give a photoionization spectrum
that represents the isomers that ionize at energies between
10.03 and 10.22 eV. Fits were made to the measured
photoionization spectra at m/z = 68 with CH radicals and
m/z = 68 and 69 with CD radicals using the calibration curves
of five species: dimethylketene, furan, 1,2-butadienal, 2,3-
butadienal, and the average of the remaining isomers that ionize
at the highest energies; the resultant fits are shown in Figure S
and the branching ratios are given in Table 3. It is found that

Table 3. Branching Fractions for the Proposed Products of
the H-Loss Channel in the CH + Acrolein Reaction (Left-
Most Column) and CD + Acrolein Reaction (Two Right-
Hand Columns)“

Branching Fraction / %
Tsomer miz =68 m/z =68 miz =69
CH+ CD+ CD +

acrolein acrolein acrolein

1,3-butadienal 60+12 83 (+17, - 25+ 10
22)

Furan 17+10 <14 59+20
1,2-Butadienal <10 <10 <10
2,3-Butadienal <10 <10 <10
3-Butynal
2-Butynal 23+6 17+6 16+6
3-Butyn-2-one

“Branching fractions are extracted by determining the best fit to the
experimental photoionization spectra using a least-squares fitting
routine and the calibration spectra of dimethylketene, furan, 1,2-
butadienal, 2,3-butadienal, and an average between the 3-butynal, 2-
butynal, and 3-butyn-2-one calibration spectra. Errors are given by 20.
It is found that 1,2-butadienal and 2,3-butadienal have essentially zero
contribution to the fit and so an upper limit of 10% is placed on these
isomers.

1,2-butadienal and 2,3-butadienal have essentially zero
contribution to the fits of the measured photoionization
spectra. Hence, an upper limit of 10% is placed on each of the
1,2-butadienal and 2,3-butadienal contributions to the H-loss
channel. The remaining three contributions have statistically
significant amplitudes, allowing assignment of the product
branching fractions, as indicated in Table 3.

To determine the contributions of allene, propyne and/or
cyclopropene to the peaks at m/z = 40 and 41 in the CH and
CD + acrolein data, the photoionization spectra of these species
are examined, Figure 6a. Also shown in Figure 6a are the
experimentally determined calibration photoionization spectra
for allene and propyne’® and the integrated photoelectron
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Figure 6. (a) shows the photoionization spectra for m/z = 40 in the
CH + acrolein data (black circles) and m/z = 40 (blue triangles) and
41 (green squares) in the CD + acrolein data. Also shown is the fit
(red line) to the black circles, and the experimental photoionization
spectra of allene (purple dotted line) and propyne (orange dot-dashed
line), with these latter two spectra scaled to show their contribution to
the fit. (b) shows the photoionization spectra for m/z = 42 in the CH
+ acrolein data (black circles) and m/z = 42 (blue triangles) and 43
(green squares) in the CD + acrolein data, along with the experimental
photoionization spectrum of ketene (red line) scaled to the same
maximum intensity as the spectrum measured at m/z = 42 with CH
radicals.

spectrum of cyclopropene, scaled to show their contribution to
the fit.*” Using a least-squares fit to the data collected with CH
radicals and the absolute cross sections for the constituent
isomers, it is determined that the signal at m/z = 40 in the CH
+ acrolein data and those at m/z = 40 (C;H,) and 41(C;H;D)
in the CD + acrolein data comprise of (24 + 14)% allene and
(76 + 22)% propyne. An upper limit of 8% is placed on the
branching fraction of cyclopropene. Errors are given as two
standard deviations of the fit parameter for each isomer. The
integrated signal at m/z = 40 is 2 times larger than that at 41
(shown in Figure 4), indicating a relative C;H,: C;H;D
branching of (2 + 0.2): 1. The peak that was originally at m/z =
42 with CH radicals also splits into two peaks upon deuteration
of the radical, corresponding to detection of C,H,0 (m/z =
42) and C,HDO (m/z = 43). The photoionization spectra for
these signals at m/z = 42 in the CH data and m/z = 42 and 43
in the CD data, shown in Figure 6b, reveal that ketene”® is the
only isomer of C,H,O contributing to these peaks. Oxirene has
an IE lower than the experimentally measured ionization onset
of the species at m/z = 42 and 43 and can therefore be
disregarded. The photoionization spectrum of ethynol has been
simulated and it is found to have zero contribution to the
spectra at m/z = 42 and 43. In the CD + acrolein spectrum, the
integrated signal at m/z = 42 and 43 (shown in Figure 4) give a
relative C,H,0:C,HDO branching of (7 = 0.4):1.

With the estimates of the isomeric composition for each
observed peak, in conjunction with the absolute photo-
ionization cross sections of the isomers, it is possible to
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Figure 7. (a) Schematic of the possible CD cycloaddition mechanisms onto either the C=0 or C=C bond of acrolein. This mechanism proceeds
via a cyclic intermediate that rapidly isomerizes to complexes 1 or 2 after cycloaddition onto C=O or C=C, respectively. The only difference
between complexes 1 and 2 is that the D atom that originally resided on the CD radical (in red) attains a different molecular position depending on
the cycloaddition site. (b) Schematic of the possible CD insertion mechanisms in the reaction with acrolein. There are three possible sites for CD
insertion, which give rise to complexes 3—S. (c) Schematic of the possible addition mechanism in the CD reaction with acrolein, followed by 1,2- or

1,4-H-atom shift giving complex 6 or 7.

suggest the overall branching into each channel from the peak
areas. It is calculated that if the peaks at m/z = 68, 42, and 40
are all indeed due to direct reaction between CH and acrolein,
then their relative branching fractions are (78 + 10)%, (14 +
10)%, and (8 +10, —8)%, respectively. The error predom-
inantly arises from uncertainties in the shape and absolute
magnitude of the photoionization cross-section of the
constituent isomers of each peak rather than in the relative
areas of the peaks in the mass-spectrum. Therefore a
conservative 10% error in the overall relative branching
fractions has been estimated.

B DISCUSSION

Here we discuss the above data in light of potential energy
surfaces (PESs) and mechanisms, presenting a partial reactive
PES and specific RRKM (Rice—Ramsperger—Kassel—Marcus)
theory rate coefficients to rationalize the detected species. In
the final section we consider the significance of the findings in
the context of combustion chemistry.

There are three initial reaction steps that could take place in
the reaction of CH/CD with unsaturated molecules that result
in association of the reactants in an encounter complex:
addition onto a C site, insertion into a C—H bond, and
cycloaddition to the unsaturated site.****”” Lastly, H-
abstraction could occur, which might proceed without
intermediate formation of a CH — acrolein complex. After
these initial steps, several adducts could be formed, which are
shown schematically in Figure 7 and labeled 1-7. To facilitate
further mechanistic discussion, the CD radical reaction
mechanisms with acrolein are shown in Figure 7 rather than
CH. Upon cycloaddition onto C=0O (Figure 7a), the radical
but-3-enal-2-yl is formed, which is resonant with but-2-enal-4-
yl; this radical will be referred to as 1. Similarly, if cycloaddition
is onto C=C then the same resonant structures of but-3-enal-
2-yl are formed, referred to as 2. Insertion of the radical into
one of the C—H bonds of acrolein (Figure 7b) would also
result in either but-3-enal-2-yl (3) or the radical complexes 4 or
5. Addition of the CH radical onto the terminal carbon site of
acrolein (Figure 7c) would result in a carbine radical that could
rearrange by 1,2- or 1,4-H-shift to give but-3-enal-2-yl (6) or
complex 7, respectively. Although complexes 1, 2, 3, and 6 have
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nominally the same but-3-enal-2-yl structure, the D atom from
the radical reactant (shown in red) ends up at a different
molecular site after cycloaddition, insertion or addition; the
position of the D in the encounter complex is dependent on the
initial reaction step.

The key result of the experimental investigation is that the
photoionization spectra measured at m/z = 68 and 69 in the
CD + acrolein reaction are dominated by 1,3-butadienal and
furan, respectively. Using the complexes 1—7 as starting points,
pathways to the formation of furan and 1,3-butadienal are
proposed in order to determine the molecular position attained
by the D in the furan and 1,3-butadienal products after the CD
+ acrolein reaction; schematics of these pathways are shown in
Figure 8. The complexes labeled 4 and S, which arise from
insertion of the CH radical into the carbonyl C—H or central
C—H bond of acrolein, do not readily rearrange to an
intermediate that would undergo H-loss to give furan or 1,3-
butadienal. The schematic pathways in Figure 8 suggest that
1,3-butadienal formed via cycloaddition of CD to the C=0O
bond of acrolein will not incorporate the D atom, thereby
appearing at m/z = 68 in the mass spectra, whereas 1,3-
butadienal formed via insertion, addition or cycloaddition of
CD to the C=C bond of acrolein will incorporate the D,
appearing at m/z = 69 in the mass spectra. Furan formed via an
initial cycloaddition step would always incorporate the D from
the CD radical, thus appearing at m/z = 69 in the mass spectra.
Conversely, furan formed via the insertion or addition
mechanism could eliminate either D or an H from the acrolein
and so this product could appear at either m/z = 68 or m/z =
69 in the mass spectra. The observation that, in the CD +
acrolein experimental data, the peak at m/z = 68 (D-loss) is
dominated by 1,3-butadienal and that at m/z = 69 (H-loss) is
dominated by furan, strongly suggests that cycloaddition of the
CH to the C=0 bond of acrolein is the major initial reaction
step. The observation of a small branching fraction of (25 +
10)% for 1,3-butadienal at m/z = 69 in the CD + acrolein data
suggests that cycloaddition to the C=C bond, insertion or
addition mechanisms, also play a role in the reactivity, but to a
lesser extent. Given that cycloaddition to C=C unsaturated
bonds has been observed and has been noted to be more
favorable than the insertion or addition mechanisms,>**”* it
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Figure 8. Proposed mechanisms for forming 1,3-butadienal and furan
in the CD + acrolein reaction.

seems likely that cycloaddition of the CH radical to the C=C
bond of acrolein is the second most probable initial reaction
mechanism after cycloaddition to the C=0O bond.

In light of the experimental results, a computational
investigation of the cycloaddition of CH to both the C=0
and C=C bonds of acrolein is carried out. Relevant minima
and first-order saddle points on the PES for the CH + acrolein
reaction are explored using the CBS-QB3 method and specific
rate coefficients calculated employing RRKM theory. These
methodologies combined can provide an estimate of the
product branching fractions in the CH + acrolein reaction.
Pertinent stationary points on the CH + acrolein surface are
shown graphically in Figure 9 and a complete list of the species
considered can be found in the Supporting Information.

H-loss from the initial C=O and C=C cycloadducts to
form 2-ethenyloxirene + H (from the C=0 adduct) and 1-
cyclopropene-1-carboxaldehyde/2-cyclopropene-1-carboxalde-
hyde + H (from the C=C cycloadduct) is negligible, as

explained in more detail in the Supporting Information. From
the resonantly stabilized but-3-enal-2-yl (referred to as 1—3 and
6 in Figures 7 and 8), cyclization, H-loss, and H-isomerization
channels were taken into account. Low-lying decomposition
pathways for the cyclization and H-isomerization products were
also explored. The calculations predict two energetically low-
lying pathways for but-3-enal-2-yl. One of them involves an H-
shift via a five-membered ring saddle point to but-2-enal-1-yl.
The second pathway involves cyclization to a furan-H adduct,
which can subsequently lose an H atom and form furan. As
shown in Figure 9, the H-loss channels have substantially
higher barriers than product formation involving either
cyclization or H-isomerization, but the latter are entropically
disfavored over the H-loss channels. Whereas energetic
arguments favor the channels with low-lying barriers, entropic
effects become increasingly important as the internal excess
energy E increases. According to the calculations, formation of
but-3-enal-2-yl from CH + acrolein is exothermic by 490 kJ
mol ™. Therefore, in the absence of collisional stabilization, and
neglecting the thermal distribution in the CH + acrolein
reactants, the but-3-enal-2-yl is formed with an internal energy
of 490 kJ mol™', which is substantially above the barriers for
isomerization or fragmentation of this radical. To address the
question whether the energetically favored, but entropically
disfavored channels discussed above, particularly the channel
forming furan + H, can compete with the entropically favored
H-loss reactions at this high excitation energy, specific rate
coefficients k(E) for reactions of but-3-enal-2-yl and its first
generation products were calculated using RRKM theory.

All RRKM calculations were carried out employing the rigid
rotor/harmonic oscillator approximation. Since essentially all
relevant saddle-point structures contain either one or no
hindered internal rotations about a C—C (partial) single bond,
all internal degrees of freedom were treated as harmonic
oscillators. Direct counting procedures for the sums and
densities of states were used and k(E) was calculated for a total
angular momentum quantum number | = 0. For reactions over
pronounced saddle points the J-dependence of the specific rate
coefficients is usually minor.”® The results of the RRKM
calculations are shown in Figure 10. The competition between
energetic and entropic effects on the channel branching can be
illustrated by comparing the specific rate coeflicients for the
cyclization reaction (formation of the furan-H adduct) and 1,3-
butadienal + H from but-3-enal-2-yl in Figure 10a. The barrier
for cyclization is lower, so that its k(E) curve starts at lower
energy. As the internal energy increases, the H-loss channel
opens, and the entropic preference of this channel results in the
steeper slope of k(E) as a function of internal excess energy
compared to k(E) for cyclization. The two k(E) curves cross at
E = 500 kJ mol™%; at lower energies, cyclization dominates, and
at higher energies, 1,3-butadienal + H formation is favored. The
vertical line in Figure 10a marks the difference in energy
between the CH + acrolein reactants and but-3-enal-2-yl at 0 K,
490 kJ mol™', which we set equal to the available internal
energy of but-3-enal-2-yl. The three dominant reactions of but-
3-enal-2-yl at this internal energy, in decreasing order of
importance, are 1,4-H shift to but-2-enal-1-yl, cyclization to the
furan-H adduct, and H-loss yielding 1,3-butadienal. H-loss
yielding 2,3-butadienal is predicted to be a minor channel (see
the discussion below), along with H-shift to the oxygen atom
and 1,2-H shift to but-3-enal-1-yl. Once formed, the but-2-enal-
1-yl and but-3-enal-1-yl radicals preferentially react by a-C—C
bond fission to CO + 2-methylvinyl and CO + allyl,
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Figure 10. Specific rate coefficients for reactions of (a) but-3-enal-2-yl
and (b) the furan-H adduct calculated with RRKM theory. The vertical
lines mark the energy of the CH + acrolein reactants relative to but-3-
enal-yl and the furan-H adducts, respectively. The calculations use the
harmonic frequencies from the B3LYP/6-311G(d,p) level of theory
included in the CBS-QB3 scheme, except for the reaction but-3-enal-2-
yl = 2,3-butadienal + H, for which frequencies from the M06-2X/6-
311++G(d,p) level of theory were employed.

respectively, and back-reaction to but-3-enal-2-yl is unim-
portant. For the furan-H adduct, however, back-dissociation to
but-3-enal-2-yl is predicted to be slightly favored over
formation of furan + H, as shown in Figure 10b.

To obtain product branching fractions to bimolecular
products in the zero pressure limit at a single energy of but-
3-enal-2-yl of 490 kJ mol ™, the set of first-order differential
equations was numerically integrated. The resulting branching
fractions are shown in Table 4 along with the experimental

Table 4. Predicted Branching Fractions in the CH + Acrolein
Reaction, Calculated Using RRKM Theory Based on the

Potential Energy Surface Calculated at the CBS-QB3 Level
and Harmonic Frequencies at the B3LYP/6-311G(d,p) Level

of Theory”
Theoretical
Branching Total Experimental
Product channel Fraction/% Branching Fraction/%

2-Methylvinyl + CO 49 <2
1,3-Butadienal + H 27 47 + 11
2,3-Butadienal + H 3b <8
Furan + H 12 13+38
Allyl + CO S <2
Butanol-3-yne-1-ene + H 3 <$

“In the right-hand column are the experimental branching fractions for
each of the computationally predicted products, which are extracted
from the photoionization and mass spectra. The specific rate
coefficients for this channel were calculated based on frequencies for
the saddle point and but-3-enal-2-yl obtained at the M06-2X/6-311+
+G(d,p) level of theory.

branching fractions for these products. The remarkable result is
that, even at these high internal excitation energies, formation
of furan + H involving an entropically disfavored cyclization
and the 1,4-H shift via a five-membered cyclic transition state
can compete with C—H bond-fission reactions that have more
entropically favorable transition states. Given the limitations of
the current calculations and the errors in branching fractions
extracted from experimental photoionization spectra, these
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RRKM and experimental results are in fair agreement with
regards to the formation of furan and 1,3-butadienal. An
accurate estimation of the branching into 2,3-butadienal was
hindered by the presence of an unreasonably low vibrational
frequency of 12 cm™" for rocking motion of the leaving H atom
at the B3LYP/6-311G(d,p) level at the saddle point to 2,3-
butadienal + H formation from but-3-enal-2-yl. Such a low
frequency has a substantial contribution to the sum of states
and would result in a predicted branching fraction for the 2,3-
butadienal + H channel of 15%. At the MO06-2X/6-311+
+G(d,p) level of theory” this frequency has a more reasonable
value of 60 cm™'. For the calculation of the specific rate
coefficient for this channel, we therefore used the frequencies
for the saddle point and also for the but-3-enal-2-yl reactant
obtained at the M06-2X/6-311++G(d,p) level of theory. Using
the M06-2X frequencies changed the branching fraction for the
2,3-butadienal + H channel to 3%, a value that is in better
agreement with the experimental results. We note that for all
other relevant reactions of but-3-enal-2-yl, the specific rate
coefficients at 490 kJ mol™" calculated using the harmonic
frequencies from the M06-2X calculations agree to within 11%
with the rate coeflicients derived using the B3LYP frequencies.

The largest discrepancy between the RRKM and exper-
imental branching fractions exists for 2-methylvinyl, where the
calculations predict 49% and the experiment suggests <2%. It is
conceivable but unlikely that formation of 2-methylvinyl would
remain undetected in the present experiments. The 2-
methylvinyl can be formed with a maximum internal energy
of 370 kJ mol™", which is much higher than the energy required
to decompose this radical; the barrier for fragmentation of 2-
methylvinyl into CH; + C,H, is 140 k] mol™" and the barrier
for fragmentation into H + propyne is 156 kJ mol™.%%*!
Substantial decomposition of the hot 2-methylvinyl radicals
could explain its absence in the mass spectra. Calculations by
Bentz et al. indicate that the CH; + C,H, pathway is strongly
favored over the H + propyne pathway.*® Thus, if 2-methylvinyl
is formed and then immediately decomposes in our experi-
ments, one might expect methyl radicals (IE = 9.86 eV**) to
appear in the product mass spectra, but no peak is observed at
m/z = 15. The IE of acetylene is 11.4 eV and spectra are
measured only up to a photon energy of 11 eV, so the acetylene
product would not appear in the data even if it were formed.
Although propyne is detected in the experiments, it seems
unlikely that it is produced by decomposition of 2-methylvinyl
since the CH; + C,H, channel is predicted to be more
favorable and there is no evidence for methyl radicals in the
data.

The observations of allene, propyne, and ketene in the
experimental data are also not readily explained by the quantum
chemical investigation of the PES for cycloaddition of the CH
to the unsaturated bonds of acrolein, and the associated RRKM
calculations. The present calculations predict that HCO-loss
from but-3-enal-2-yl, or its accessible H-isomerization products,
is strongly disfavored compared to CO-loss via a-C—C bond
fission. HCO-loss could occur from but-2-enal-3-yl or but-3-
enal-3-yl, but the H-isomerization from but-3-enal-2-yl to these
isomers involves prohibitively high barriers. The calculations
also suggest that there are no favorable low-lying pathways to
ketene + C,H; after formation of the but-3-enal-2-yl adduct.
The direct coproduct in the ketene formation channel would be
the C,H; radical (m/z = 27), which is not observed in the CH
+ acrolein data. Ketene + C,H; formation from CH + acrolein
is exothermic by around 280 kJ mol ™", but H-loss from C,H; to

acetylene + H is endothermic by only 142 kJ mol™" meaning
secondary C,Hj dissociation is a possibility and may explain the
absence of this radical in the mass spectra. Clearly, for a
determination of the full branching fractions accounting for
collisional stabilization, time-dependent multiple-well master-
equation calculations with a more realistic description of
anharmonic effects in the internal degrees of freedom and
including a treatment of the CH + acrolein cycloaddition,
insertion and addition reactions are necessary, which is beyond
the scope of the present study. Nevertheless, despite
uncertainties, both the computational and experimental
investigation suggest comparable branching fractions for 1,3-
butadienal and furan formation upon reaction of CH and
acrolein.

In the CH + acetaldehyde reaction, an H-abstraction channel
was observed, yielding CH;CO radicals. It was shown that the
abstracted hydrogen was exclusively from the more weakly
bound aldehydic site of acetaldehyde. An analogous channel in
the CH + acrolein reaction would yield the propenoyl radical
CH,CHCO. A small signal is detected at the m/z of propenoyl
but it has a time-dependence that indicates that is does not arise
from a direct reaction between CH and acrolein. Nevertheless,
from the area of this peak it is possible to place an estimate for
the maximum branching fraction into the propenoyl-formation
channel of 3.5%, suggesting that H-abstraction is not a
significant pathway in the CH + acrolein reaction.

B CONCLUSIONS AND IMPLICATIONS FOR
COMBUSTION

The experimental investigation into the CH + acrolein reaction
suggests that three reaction channels take place. These channels
correspond to formation of C,H,O, C,H,O, and C;H, and
have branching fractions of (78 + 10)%, (14 = 10)%, and (8
+10, —8)%, respectively. Examination of the photoionization
spectra measured upon reaction of both CH and CD with
acrolein reveals that the isomeric composition of the C,H,O
product is (60 + 12)% 1,3-butadienal and (17 + 10)% furan.
Unfortunately, until accurate experimental photoionization
spectra are available for all possible isomers it is difficult to
decipher which isomers make up the remaining 23% of
products in this channel, although the likely candidates that fit
the ionization data are oxygenated butyne species. The C,H,0
that is detected is exclusively ketene and the C;H, signal has a
composition of (24 + 14) % allene and (76 + 22) % propyne,
with an upper limit of 8% cyclopropene.

Studies of the CD + acrolein reaction strongly suggest that
the title reaction proceeds predominantly via cycloaddition of
the radical onto the C=0 bond of acrolein, with cycloaddition
to the C=C bond being the second most probable reactive
mechanism. Addition to the terminal carbon atom of acrolein
and insertion mechanisms probably also play a part in the
reactivity and may explain the apparent C,H,0 and C;H,
formation or minor products of the H-loss channel. One might
expect cycloaddition mechanisms to both the C=0 and C=C
bonds of acrolein to be operating in this reaction because these
types of mechanism have been shown to take glace in the CH +
acetaldehyde®” and CH + propene reactions.”®

A computational investigation has been undertaken that
corroborates the main experimental findings. Specifically, the
theoretical branching fractions for the 1,3-butadienal (27%) and
furan (12%) products are in fair agreement with those extracted
from the experimental data. The remarkable result from both
experiment and theory is that the entropically disfavored, but
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energetically favored, cyclization reaction leading to furan can
compete effectively with H-loss, which is energetically less
favored but entropically favored. Such a result is surprising in a
system with high internal energy, as is the case in the current
investigation of CH + acrolein.

Both experimental and theoretical evidence suggest that one
of the major products in the CH + acrolein reaction is furan, an
oxygen heterocycle. This is a particularly important product
from the combustion chemistry perspective because cyclization
and molecular weight growth are involved. Oxygen heterocycles
are ubiquitous pollutants emitted from combustion engines.*®
In contrast to the well-known mechanisms of carbon-chain
lengthening and cyclization that precede carbocyclic soot
formation, the chemistry that leads to higher mass oxygen-
containing heterocyclic compounds is not at all well under-
stood. In the context of the current work it is very interesting
that comparatively high concentrations of C,H,O species have
been detected during Cs-oxygenate combustion.'”®* For
example, significant amounts of C,H,O, C,HO, and C;H,,0
were detected in a propanal flame study.** Unfortunately, in
this propanal study only the m/z of the species could be
determined and not the molecular structures, meaning we can
only speculate as to whether these are open-chain (e.g,
butanone and butenol) or cyclic (e.g., tetrahydrofuran) isomers.

The reaction of CH with acrolein should be incorporated
into combustion models. In particular, understanding this
reaction may expand our knowledge of oxygen heterocycle
formation during the combustion of oxygenated fuels. More
generally, the reactive pathways operating in the CH + acrolein
reaction present an interesting competition between entropic
and energetic driving forces, which deserve further study.

B ASSOCIATED CONTENT

© Supporting Information

Temporal profiles of the three principal peaks in the product
mass spectrum that likely arise from the reaction between CH
and acrolein (Figure S1). The structures and ionization
energies of the twelve isomers of C,H,O that are not
considered as feasible products in the H-loss channel are
given (Table S1) with a brief discussion. In addition, the
calibration photoionization spectra for each of the individual
isomers that have been used to fit the product photoionization
spectra are given (Figures S2 and S3). Lastly, the relative
energies at 0 K of reactants, intermediates, products and saddle
points calculated at the CBS-QB3 level of theory are presented
in Table S2. This material is available free of charge via the
Internet at http://pubs.acs.org.
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