A Gas-Phase Investigation of Oxygen-Hydrogen Exchange Reaction

Bull. Korean Chem. Soc. 2014, Vol. 35, No. 3

839

http://dx.doi.org/10.5012/bkes.2014.35.3.839

A Gas-Phase Investigation of Oxygen-Hydrogen Exchange Reaction of
0(31)) + C;Hs > H(ZS) + C;H4O'

Su-Chan Jang, Min-Jin Park, and Jong-Ho Choi’

Department of Chemistry, Research Institute for Natural Sciences, Korea University, Seoul 136-701, Korea
*E-mail: jhc@korea.ac.kr
Received September 25, 2013, Accepted October 11, 2013

The gas-phase radical-radical reaction O(P) + C,Hs (ethyl) — H(*S) + CH;CHO (acetaldehyde) was investi-
gated by applying a combination of vacuum-ultraviolet laser-induced fluorescence spectroscopy in a crossed
beam configuration and ab initio calculations. The two radical reactants O(*P) and C,Hs were respectively
produced by photolysis of NO, and supersonic flash pyrolysis of the synthesized precursor azoethane. Doppler
profile analysis of the nascent H-atom products in the Lyman-a. region revealed that the average translational
energy of the products and the average fraction of the total available energy released as translational energy
were 5.01 £ 0.72 kcal mol™ and 6.1%, respectively. The empirical data combined with CBS-QB3 level ab
initio theory and statistical calculations demonstrated that the title exchange reaction is a major channel and
proceeds via an addition-elimination mechanism through the formation of a short-lived, dynamical addition
complex on the doublet potential energy surface. On the basis of systematic comparison with several exchange
reactions of hydrocarbon radicals, the observed small kinetic energy release can be explained in terms of the
loose transition state with a product-like geometry and a small reverse activation barrier along the reaction
coordinate.
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Introduction

Preparation of short-lived radicals and investigation of
their microscopic reaction mechanisms at the molecular
level are considered to be extremely significant but un-
explored aspects of chemical reaction dynamics. The gas-
phase radical-radical reaction dynamics between ground-
state atomic oxygen O(’P) and hydrocarbon radicals is
archetypal of this class of reactions. Despite the ubiquity and
significance of elementary O(*P) + hydrocarbon radical reac-
tions in organic synthesis, combustion, plasma processes,
and atmospheric and interstellar chemistry, studies of this
class of reactions are quite limited relative to the plethora of
studies on the reactions of O(’P) with closed-shell hydro-
carbon molecules amassed over several decades.'? The lack
of intimate mechanistic information on this important study
is mainly due to the experimental difficulty in producing
high concentrations of pure radicals and implementing
reliable characterization methods. In conventional pyrolytic
effusion sources, radicals inevitably undergo recombination
and/or secondary dissociation due to the long residence time
inside the hot tube after pyrolysis. In contrast, in the super-
sonic flash pyrolysis source developed by Chen, labile
precursors entrained in a molecular beam experience a very
short residence time inside a hot SiC tube, resulting in rapid
thermal decomposition into clean, jet-cooled radical beams
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suitable for dynamical investigations in the gas phase.*

By adopting the supersonic flash pyrolysis source, a series
of combined crossed-beam and theoretical studies of the
prototypal oxidation reactions of both n-conjugated hydro-
carbon radicals such as allyl (CsHs), propargyl (CsH3), vinyl
(C;H3), and saturated hydrocarbon radicals such as #-butyl
(-C4Hy), ethyl (C,Hs), and iso-propyl (i-C3H7) have recently
been executed in our laboratory.”!! The analyses of the
energy distributions of the nascent reaction products have
demonstrated extraordinary reactivity and mechanistic charac-
teristics, which have not previously been observed in the
reactions of OC’P) + closed-shell hydrocarbon molecules.'*"
Based on the authors’ theoretical calculations, Leonori et al.
also studied the oxidation reaction of allyl radicals using a
universal crossed-beam apparatus.'*

The present paper describes the first account of gas-phase
oxygen-hydrogen exchange reaction dynamics of O(*P) with
C,Hs undertaken in our laboratory. In addition to the primary
significance in elementary reactive scattering processes, the
title reaction is known as an essential pathway under lean
fuel conditions. Supersonic flash pyrolysis of the synthe-
sized precursor (azoethane, CoHs-N»-C>Hs) was employed to
generate the C,Hs radicals, which may then react by the
following pathways:

OCP) + C;Hs — H + CH;CHO (acetaldehyde)
AH =-77.3 (-75.6) kcal mol™ (1)
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— OH + C,H, (ethene)
AH =-67.3 (—66.3) kcal mol™ )

— CHj; + H>CO (formaldehyde)
AH =-81.1 (-78.3) kcal mol !, 3)

where the reaction enthalpies were determined from ab initio
calculation of the heats of formation and the experimental
values are presented in parentheses for comparison.'® In the
previous kinetic experiments conducted by Gutman and
coworkers, the second-order rate constant and the branching
ratio of the three channels, (1)-(3), over the temperature
range of 295-600 K were determined to be k£ =2.2 + 0.4 x
107" cm® molecule™ s and k1 : k> : k3 =0.40 £ 0.04: 0.23 +
0.07 : 0.32 £+ 0.07, respectively. The observed high £ sug-
gests that the radical-radical reaction proceeds through fast
and irreversible mechanisms.'®?' In contrast, nascent OH
products with strongly non-statistical internal energy distri-
butions were observed in the dynamics experiments per-
formed by Leone and co-workers based on study of reaction
(2) by applying FT-IR spectroscopy.” The present authors
also examined the OH products in a crossed-beam study and
identified two competing pathways, i.e., the direct abstrac-
tion process (major) vs. the addition-complex-forming process
(minor).” Trajectory calculations were also attempted by
Harding and co-workers to obtain high-pressure recombi-
nation rate constants.” In addition, ab initio calculations
have been performed by several theoretical groups, includ-
ing the present authors, to examine various reaction channels
OfO(3P) + C2H5.15’24’25

No gas-phase dynamics study of the reactive scattering
process: OCP) + C,Hs — H(*S) + C,H,0 has been reported
to the best of our knowledge. Herein, the translational energy
distributions of the nascent H-atom products are examined
using tunable VUV-LIF spectroscopy in the Lyman-co. region.
With the aid of ab initio theory and statistical calculations,
the reactivity and mechanistic characteristics of the title
reaction at the molecular level are discussed on the basis of
systematic comparison with several oxygen-hydrogen ex-
change reactions of hydrocarbon radicals.

Experimental and Ab inito Calculations

The crossed-beam apparatus used in this study was made
in-house and has been described in detail elsewhere.*>!! In
brief, a pulsed OCP) radical beam was produced by irradiat-
ing 2 atm of He (ultra-high-purity helium: 99.999%) seeded
with 12% NO; (99.5%, MG Industries) with 30 mJ pulses
from a 355 nm Nd:YAG laser beam (Continuum Surelite II-
10) near the throat of the supersonic expansion. A second
C,H; radical beam was prepared by supersonic flash pyro-
lysis of the precursor, azoethane (C,Hs-N=N-C,Hs), synthe-
sized using the method of Renaud and Leitch.”® Due to the
low dissociation energy of the C-N bond (43.5 kcal mol™),
the azoethane seeded in He at 2 atm undergoes quantitative
thermal decomposition to C,Hs and N, within the hot SiC
(silicon carbide) tube, and expands supersonically into the
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scattering chamber. Both radical beams were crossed at right
angles under a single collision condition at the center of the
scattering chamber.

The Doppler spectra of the nascent atomic hydrogen pro-
ducts were obtained by recording the fluorescence from the
resonant “P «— %S VUV Lyman-a electronic excitation center-
ed at 121.6 nm. Here, the tunable, coherent VUV radiation
was obtained from a tripling cell using a nonlinear process:
the visible radiation at 729.6 nm generated from the Nd:YAG
laser-pumped dye laser system was frequency-doubled in a
BBO crystal, and the resulting UV laser beam was then
tightly focused onto the tripling cell filled with a Kr/Ar rare-
gas mixture, where the Lyman-a line was generated. After
passing though the center of the two intersecting radical
beams, the VUV radiation was directed into the photoioni-
zation cell (filled with 3% NO in He at 7 Torr), which was
directly affixed to the scattering chamber. The NO" (ioni-
zation energy of 9.26 eV) photocurrent signal was recorded
to normalize the LIF signals of the atomic hydrogen pro-
ducts. The resulting fluorescence was collected by a PMT
(Hamamatsu R1259) interfaced to the boxcar average (Stan-
ford SR250) and the IMB-PC for display and analysis. The
overall timing sequence of the pyrolysis, the photolysis, and
probe beam laser was controlled with a pulse delay gene-
rator (Stanford DG535).2%

We previously presented an in-depth theoretical investi-
gation of the O(°’P) + C,H; reaction, and thus only a relevant
account is presented herein.'” Ab initio calculations were
performed using the density functional method and the
complete basis set (CBS) model of Gaussian 09 systems on
an IMB PC and Compaq Workstation (XP-1000).%*! All
geometries of local minima and transition states along the
reaction coordinates were optimized at the hybrid density
functional B3LYP level using the 6-311G(d,p) basis sets as
the initial guesses. Subsequently, the CBS-QB3 level of
theory was employed to perform calculations that are more
reliable. It should be pointed out that several groups have
also performed independent ab initio calculations on a few
reaction pathways of OCP) + C,Hs using Gaussian pro-
grams.>**® Compared to those results, however, the estimat-
ed heats of formation and reaction enthalpies for various
species and pathways determined by the current protocol are
in stronger agreement with the known experimental values

within an accuracy of 1.5 kcal mol™."

Results

The Doppler-broadened spectral profiles of the atomic
hydrogen product released under single-collision conditions
are directly associated with the fraction of the total available
energy partitioned into translational energy and provide
important mechanistic information about the way in which
the reactive scattering process occurs at the molecular level.

Figure 1 displays the typical Doppler spectra of the
nascent H-atom products using the one-photon resonant P
< S Lyman-a transition in the VUV region, centered at
121.6 nm, along with the corresponding Newton diagram.
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Figure 1. Typical VUV-LIF Doppler spectra of the H-atom products
from the title reaction: OCP) + CoHs — H(S) + CoH40 (acetalde-
hyde) under a single collision condition. The interfering background
(c: black line) was subtracted from the measured raw line profile
(a: red line) to obtain the pure spectrum (b: green line) due solely
to the title exchange reaction. The inset shows the Newton dia-
gram of the title reaction.

The line profile (c: black line) in Figure 1 was acquired with
the photolysis laser off to obtain the background spectrum
through the direct Lyman-o photodissociation of C,Hs
radicals undergoing inelastic collisions with NO»/He. The
interfering background signals were subtracted directly from
the raw profile (a: red line) to obtain a pure spectrum (b:
green line) due solely to the title exchange reaction in
Equation (1). The symmetric profile in Figure 1 was obtain-
ed after evaluating 11 individual Doppler spectra.

The Doppler-broadened spectra demonstrate that some
fraction of the total available energy was released by con-
version into the translational energy of the H + CH3;CHO
products. Due to the high mass-partitioning factor [m(H) <<
m(CH3CHO)], most of the released translational energy is
expected to be directed to the H-atom products. In order to
quantify the released energy, the average translational energy
of the nascent H atoms <E7'*(H)> in the laboratory frame
was first evaluated from the spectra. Assuming a spatially
isotropic velocity distribution in the laboratory frame, <u,>>
= <uy»> = <v,*>, <E"™(H)> can be calculated directly from
the equation: <E*®(H)> = [3m(H)/2]<v,>>. Here, v, repre-
sents the velocity component of the absorbing H-atoms
along the propagation direction of the probe beam in the
scattering plane (see the Newton diagram in the inset of Fig.
1). The second momentum of the laboratory velocity distri-
bution, <v,*>, can be estimated using the following Doppler-
broadened Gaussian profile expression:*"*

<02 = (Avp / 2vo)/(2In2),

where ¢ is the speed of light, v is the central absorption
frequency of the H atom at rest, and Avp, is the full width at
half maximum (FWHM). In this study, the averaged FWHM
and <E7"°(H)> values were determined to be 2.44 + 0.26
cm ' and 5.00 + 0.69 kcal mol ™, respectively.

Because the average kinetic energy in the laboratory frame,
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<Er"™(0-CyHs)>, is given by the relation:
<Er'™(0-C,Hs)> = [m(0) <E1'*(0)> + m(C,Hs)
x <Er®(C,Hs)>] / m(C,H50),

the average translational energy of the H + C;H4O products
in the center-of-mass (COM) frame, <E1**">, can be estimated
from <E1'"®(H)> and the expression:

<E1*™> = [m(C,H;s0)/m(C,H,0)][<Er®(H)>
— m(H) <E1"*(0-C,Hs)>/m(C,H50)].

The averaged <E1®(0O-C,Hs)> and <E1*™> values obtained
herein were 5.97 and 5.01 + 0.72 kcal mol™', respectively.
The average fraction, f1, was eventually determined from the
relation: fr = <E7*">/E,y, where the total available energy,
Ea, is given by the equation: Eai = Ecom + Ein(CoHs) —
AH,xn, where Ecom is the COM collision energy of 5.2 kcal
mol ™!, Eiu(CoHs) is the internal energy of the C,Hs radical
reactant, which is negligible (0.4 kcal mole™) in supersonic
molecular beams, and AH, is the reaction enthalpy. The
fraction for the title reaction was estimated to be ca. 6.1%.

Discussion

Microscopic Mechanism of the Oxygen-Hydrogen Reac-
tion. The comprehensive mechanistic information necessary
to facilitate interpretation of the experimental data can be
obtained from ab initio calculations. A complete and detail-
ed description of all the pathways of the reaction O(P) +
C,Hs was presented in our previous paper,'’ and here we
focus on reaction pathway (1) where atomic hydrogen is
released. Figure 2 shows a schematic pathway of the title
reaction along with the geometries of the intermediate and
the transition state. The overall pathway is a conventional
addition—elimination process. As atomic oxygen attacks
C,Hs along the entrance reaction coordinate, the strong,
long-range attractive interaction between the two reactive
radicals leads to an energized C,HsO intermediate, denoted
as eINT1 in Figure 2.

(kcal mol')

0
-25

-50—

.75 H
acetaldehyde
(-77.3)

eINT1
-100 (-92.7)

Figure 2. Schematic pathway of the title reaction: OCP) + C;Hs —
H(*S) + CH;CHO (acetaldehyde) with the optimized geometries
computed at the CBS-QB3 level of theory. The values denote the
zero-point-energy-corrected total energies relative to OCP) + C,Hs,
and the values above the arrows denote the forward activation
barrier (positive) and released exit-channel energy (negative) in
kcal mol™.
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The barrierless initiation is typical of reactions between
two open-shell species, and the overall addition process was
estimated to be highly exothermic (-92.7 kcal mol™") with
respect to the reactants O + C,Hs. Due to very high internal
energy, subsequent isomerization and/or decomposition of
the energized eINT1, leading to various products, may pre-
clude redissociation into reactant radicals. As shown in
Figure 2, direct cleavage of the C(1)-H bond of eINT1
through the transition state aTS1 with a barrier height of
20.1 kcal mol™ results in the formation of acetaldehyde
(CH3;CHO) + H in the title reaction (1) (AH = —77.3 kcal
mol ™). Although the activation barrier appears to be con-
siderable, the value nevertheless lies well within the avai-
lable energy of the energized intermediate. After considering
the barrier height and reaction exothermicity along the
reaction coordinate, the title reaction is, in fact, predicted to
be a major channel, which is consistent with the gas-phase
kinetic experiments.”!

Statistical Analyses and Reaction Dynamics. The parti-
tioning of the energy into the H products and the micro-
scopic kinetic rate constants were derived using the aforemen-
tioned ab initio calculations. The Levine-Bernstein prior
method and microcanonical RRKM (Rice-Ramsperger-Kassel-
Marcus) theory are two simple but very efficient statistical
approaches to obtain quantitative information.** Both
schemes are based upon the assumption that energized inter-
mediates, such as eINT1 in Figure 2, are sufficiently long-
lived to allow the entire available energy to be equally parti-
tioned among all the degrees of freedom prior to unimole-
cular decomposition, and that the product state distribution
is determined wholly by the available volume in phase space
of the two fragment products. The Levine-Bernstein prior
fraction was predicted to be 13.0%, which is larger than the
experimental fr of 6.1%. For the energy-specific RRKM rate
constant, k{Ea), assuming a full expansion of the super-
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sonic radical beams, k{Ea = 97.9 kcal mol ™) was estimated
to be 5.75 x 10" s™! under the crossed-beam conditions. The
high value of ki(Eav) is attributed mainly to overcoming the
aTS transition state with a low barrier height of 20.1 kcal
mol .

The distinctive disagreement between the fr values of the
Levine-Bernstein prior estimate and the crossed-beam experi-
ment suggests that the H-atom release process has a clear
dynamical bias derived from short-lived addition complexes
rather than long-lived, statistical complexes. Most of the
available energy is released through the channel of internal
excitation of the counterpart product CH;CHO (acetalde-
hyde). The observed dynamics can be rationalized based on
comparison with other H-atom release reactions studied by
the authors. Figure 3 outlines the comparative energy pro-
files of four oxygen-hydrogen exchange reactions of #-butyl,
iso-propyl, allyl, and ethyl radicals on the spin-orbit state-
averaged energy surfaces, and Table 1 summarizes the corre-
sponding estimates of AH, Avp, <E1*">, and fr for com-
parison.

As revealed in the simplified profiles, the H-atom release
dynamics associated with the non-statistical fr values is
strongly correlated with both the structural characteristics of
the transition state and the magnitude of the reverse activa-
tion barrier. The transition state can be divided into three
different classes: tight, medium, and loose. In the case of the
tight transition state, due to the shorter C-H bond on a
repulsive state, a stronger instantaneous force is exerted dur-
ing unimolecular decomposition. In addition, after passing
through the transition-state region, the higher reverse barrier
along the reaction coordinates causes the reaction products
to move rapidly down the repulsive wall with considerable
energy, with lower probability of exchanging the available
energy through intramolecular energy redistribution. Conse-
quently, the tight transition-state geometry, having a large

Table 1. Comparative schematic pathways of four radical-radical oxidation reactions with the geometries of the intermediates and transition
states, and estimates of AH, Avp, <ET™™> and f1. The values above the arrows denote the forward activation barriers (positive) and released

exit-channel energies (negative) in kcal mol™
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Figure 3. (a) Comparative schematic pathways of four different
reactions; geometries of the transition states, estimates of reverse
activation barriers, and C-H distances are shown. (b) A compara-
tive diagram of four different transition states leading to the H-
atom products. The observed fr values are strongly correlated with
the geometric features of the transition states and the magnitude of
the reverse activation barriers along the reaction coordinates.
reference 8, “reference 3, “reference 6.

exit-channel energy, is expected to lead to the formation of
ejected H products with a higher fr of translational energy at
the molecular level, as illustrated by the O + #-butyl reaction
in Table 1.* On the other hand, in the case of the O + allyl
reaction, the situation is totally reversed due to the longer C-
H bond length in the loose, product-like transition state and
the small exit-channel energy, resulting in the low fr value.®
In the case of the medium transition state, the observed fr
value can be attributed to the medium C-H bond length and
reverse activation barrier, as shown in the O + iso-propyl
reaction.’ In the case of the title O(’P) + ethyl reaction, the
observed small fr value can be attributed to both the long C-
H bond length (1.85 A) and the small reverse activation
barrier (4.7 kcal mol™), which corresponds to occurrence of
the dynamics in the loose transition state.

As revealed in this comprehensive study, the unique H-
atom release dynamics in the oxidation reactions of hydro-
carbon radical systems can be effectively probed by apply-
ing a combined crossed-beam and ab initio investigation.
The observed non-statistical, kinetic energy release suggests
that the radical-radical reaction dynamics in the gas phase is
quite sensitive to the detailed profile of the potential energy
surface, particularly in the region of the transition state.

Conclusion

The H-atom products from the radical-radical reaction:
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OCP) + C,Hs — H(*S) + CH3CHO were examined using
combined crossed-beam and ab initio investigations. The
title oxygen-hydrogen exchange reaction was found to be a
major pathway and proceeded via an addition-elimination
mechanism involving the formation of a dynamical addition
complex on the doublet potential energy surface. Based on
systematic comparison with several exchange reactions of
hydrocarbon radicals, the observed small kinetic energy
release can be rationalized in terms of the loose, product-like
transition state and the internally excited counterpart product.
As established in this study, the gas-phase reaction dynamics
presented herein is a step forward in understanding elemen-
tary radical-radical reactive scattering processes. Extensive
crossed-beam investigations combined with theoretical cal-
culations on the oxidation reactions of various hydrocarbon
radicals, including aromatic transient species such as benzyl
and phenyl moieties, are currently being conducted. It is the
hope of the authors that this gas-phase study will provide
detailed mechanistic insights into the extremely reactive
radical-radical reactions at the molecular level.
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