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Abstract We present density functional theory (DFT)

and complete basis set (CBS) calculations of the proto-

typical radical–radical reaction of ground–state atomic

oxygen [O(3P)] with ethyl (C2H5) radicals. The respective

reaction mechanisms and dynamics were investigated on

the doublet potential energy surfaces using the DFT

method and CBS model. In the title reaction, the barrierless

addition of O(3P) to C2H5 led to the formation of energy-

rich intermediates that underwent subsequent isomerization

and decomposition to yield various products. The products

predicted to be found were: H2CO ? CH3, CH3CHO ? H,

c–CH2OCH2 ? H, 1,3CH3COH ? H, 1,3HCOH ? CH3,

CH2CHOH ? H, C2H3 ? H2O, and CH2CH2 ? OH. In

particular, unlike previous kinetic results, proposed to

proceed only through the direct H-atom abstraction pro-

cess, two distinctive pathways to the formation of

CH2CH2 ? OH were predicted to be in competition: direct,

barrierless H-atom abstraction mechanism versus addition

process. The competition was consistent with the recent

crossed-beam investigations, and their microscopic

dynamic characteristics are discussed at the molecular

level.

Keywords Ab initio calculation � Radical–radical

reactions � Reaction dynamics � Crossed-beam

1 Introduction

Gas-phase radical–radical reaction dynamics play a sig-

nificant role in understanding the mechanisms of elemen-

tary reactive processes including combustion, hydrocarbon

synthesis, interstellar space, and atmospheric chemistry.

Despite their mechanistic importance, there have been few

theoretical and experimental studies of such radical–radical

reactive scattering processes at the molecular level, par-

ticularly in the field of reaction dynamics. Most gas-phase

experimental investigations conducted thus far are related

to bulk kinetics under thermally relaxed conditions. This

limited progress is primarily due to the difficulties involved

in satisfying the critical prerequisites, which include gen-

eration of sufficient amounts of clean hydrocarbon radicals

and the implementation of reliable and facile character-

ization schemes [1].

Several bimolecular scattering experimental studies of

oxidation reactions have been reported so far. Donalson

and coworkers studied the exoergic reactions of O(3P) with

vinyl (C2H3) radicals using arrested relaxation FT-IR

spectroscopy and observed the reaction products with

strongly nonstatistical vibrational distributions [2].

Bersohn et al. investigated the reactions of O(3P) with

methyl (CH3) radicals under low-pressure flow conditions

using the spectroscopic method and favored an indirect

addition mechanism to explain the rovibrationally excited

states of the products [3]. Leone and coworkers studied the

reactions of O(3P) with alkyl radicals using time-resolved

FT-IR spectroscopy and observed the OH products [4, 5].

Direct abstraction and indirect addition mechanisms were

proposed to account for the nonstatistical vibrational dis-

tributions of the products. Several groups have performed

gas-phase kinetic studies to obtain the rate constants and

branching ratios using mass spectrometry and laser
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spectroscopy [6–8]. In recent years, Choi and coworkers

carried out a series of reaction dynamics studies on the

oxidation reactions of O(3P) with saturated ethyl (C2H5)

and t-butyl (t-C4H9) hydrocarbon radicals and unsaturated

p-conjugated hydrocarbon radicals such as allyl (C3H5) and

propargyl (C3H3), using high-resolution laser spectroscopy

in a crossed-beam configuration [9–19]. A supersonic flash

pyrolysis source was adopted to produce clean, jet-cooled

radical beams without experiencing recombination and/or

secondary dissociation [20]. Analyses of the nascent state

distributions of the various reaction products demonstrated

the existence of unusual reaction pathways and dynamic

features. These distinctive aspects were found to be in

sharp contrast with those of the oxidation reactions of

closed-shell hydrocarbon molecules [21–24].

In contrast, only a few theoretical studies of radical–radical

oxidation reaction dynamics have been reported. Knyazev

and Leone et al. carried out quantum chemical and classical

trajectory calculations in an attempt to understand the oxi-

dation reaction of CH3 radicals, respectively [25, 26]. Yagi

and coworkers studied the role of nonadiabatic transitions in

the fast reaction: O(3P) ? CH3 ? CH3O [27]. Harding et al.

performed quantum chemical and classical trajectory calcu-

lations in an attempt to obtain high-pressure recombination

rate constants [28]. Gupta et al. and Yang et al. carried out

independent ab initio calculations on a few reaction channels

of O(3P) ? C2H5 [29, 30]. With the aid of quantum statistical

calculations, Choi and coworkers performed ab initio calcu-

lations on the oxidation reactions of allyl, propargyl and

t-butyl radicals in order to elucidate the reaction mechanisms,

kinetics, and dynamic characteristics [31–33].

In this work, the extensive ab initio investigations of the

prototypical oxidation reaction of O(3P) with ethyl (C2H5)

radicals are described. This study was motivated by this

laboratory’s efforts to understand the reaction dynamics of

gas-phase organic hydrocarbon radicals and to identify the

general principles that determine their reactivity and

mechanisms [10–19]. Apart from their fundamental

importance in elementary reactive scattering processes, the

oxidation reaction of the ethyl radical is an important

pathway under lean fuel conditions. Therefore, theoretical

studies can provide significant mechanistic insights into the

oxidation reaction dynamics of saturated hydrocarbon

radicals at the molecular level as a model system.

According to the ab initio calculations described herein,

several pathways were predicted to be accessible through

the following channels:

O(3P)þ C2H5 ! H2CO ðformaldehydeÞ þ CH3

DH ¼ �81:1 kcal mol�1;
ðR1Þ

! CH3CHO ðacetaldehydeÞ þ H

DH ¼ �77:3 kcal mol�1;
ðR2Þ

! c-CH2OCH2ðoxirane)þ H

DH ¼ �50:7 kcal mol�1; ðR3Þ

! 1CHOHþ CH3 DH ¼ �23:8 kcal mol�1; ðR4Þ

! 3CHOHþ CH3 DH ¼ �2:1 kcal mol�1; ðR5Þ

! 1CH3COHþ H DH ¼ �25:8 kcal mol�1; ðR6Þ

! 3CH3COHþ H DH ¼ �4:8 kcal mol�1; ðR7Þ

! CH2CHOH ðethenol)þ H DH ¼ �65:8 kcal mol�1;

ðR8Þ

! C2H3 þ H2O DH ¼ �75:8 kcal mol�1; ðR9Þ

! CH2CH2 ðethene) þ OH DH ¼ �67:3 kcal mol�1;

ðR10Þ

where the reaction enthalpies were determined using our

ab initio heats of formation at 298.15 K. In the previous

mass spectroscopy experiments conducted by Gutman and

coworkers, the temperature-independent rate constant of

2.2 ± 0.4 9 10-10 cm3 molecule-1 s-1 for the title reac-

tion was obtained over a temperature range of 295–600 K,

and the branching fraction was estimated to be 0.32, 0.40,

and 0.23 for the three respective channels (R1), (R2), and

(R10) [6, 34]. The high reaction rate suggests that the title

reaction proceeds through fast, irreversible association–

fragmentation mechanisms. In particular, the reaction

channel (R10) was proposed to proceed only through a

direct H-atom abstraction pathway.

In the present paper, the computational methods

employed are initially described. Afterward, the respective

reaction mechanisms on the doublet potential energy sur-

face are presented. In addition, on the basis of the popu-

lation analysis and comparison with the statistical theory,

the results are compared with the experimental results

reported in gas-phase kinetics and recent crossed-beam

investigations in an attempt to understand the kinetic and

dynamic characteristics of the title radical–radical reaction.

Finally, the conclusions are presented.

2 Computational methods

Ab initio and statistical calculations were carried out to

ascertain the reaction mechanisms, the major reaction

pathways, and the kinetic and dynamic characteristics on

the lowest doublet potential energy surfaces (PESs) for the

title reaction of O(3P) ? C2H5. The density functional

method and complete basis set (CBS) model were employed

[35–41]. Various geometries of local minima and transition

states along the reaction coordinates were optimized at the

hybrid density functional B3LYP levels using the
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6–311G(d) and 6–311 ? G(3df,2p) basis sets as the initial

guesses. In addition, the vibration frequencies were also

computed to characterize the stationary points and zero-

point energy (ZPE) corrections with a scaling factor of 0.98.

To locate the transition structures, the synchronous transit-

guided quasi-Newton method was utilized, by which a

starting structure for transition state optimization was

automatically generated based upon the connection of the

transition structure to the reactants and products. All tran-

sition states were verified by determination of both the

single imaginary frequency and the connections between

the designated reactants and products through intrinsic

reaction coordinate calculations. Afterward, the complete

basis set model of CBS-QB3 was employed to perform

more reliable calculations. Unless otherwise specified, the

single-point energies computed at the CBS-QB3 levels are

presented in the discussion below. All calculations were

performed using the Gaussian 03 system of programs on an

IBM-PC and Compaq-Workstation (XP-1000) [42].

3 Results and discussion

The optimized structures of the reactants, products, inter-

mediates, and transition states involved in pathways

(R1)–(R10) of the title reaction O(3P) ? C2H5 are shown

in Figs. 1 and 2. The ZPE-corrected energies, relative to

the reactants at various levels of theory and their scaled

harmonic vibrational frequencies, are also listed in

Tables 1 and 2, respectively. Here, it should be noted that

in comparison with the heats of formation and reaction

enthalpies calculated on a few channels reported by Gupta

et al. and Yang et al. [29, 30] as clearly manifested in

Table 1, the estimated values herein were in strong

agreement with the previously reported experimental

values within an accuracy of 1.5 kcal mol-1.

Figure 3 shows a diagram of the different pathways on

the lowest doublet PES. The diagram displays two char-

acteristic reaction mechanisms: addition versus abstraction.

Four addition intermediates responsible for reactions

(R1)–(R10) are involved in the addition processes, and

there exists only one competing abstraction pathway rela-

ted to the direct H-atom transfer reaction, leading to for-

mation of CH2CH2 ? OH in reaction (R10). As atomic

oxygen attacks C2H5 along the entrance reaction coordi-

nate, the strong, long-range attractive interactions between

the two open-shell radical reactants result in the formation

of an energized C2H5O intermediate denoted as eINT1.

This overall association process was estimated to be highly

exothermic by -92.7 kcal mol-1 with respect to the
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Fig. 1 Optimized geometries of the reactant and products for O(3P) ? C2H5 at the CBS-QB3 level of theory. Symmetry and electronic terms for

each optimized geometry are shown in parentheses
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reactants. Due to the plentiful internal energy, eINT1 can

undergo further, different isomerization steps leading to the

formation of another three isomers, eINT2, eINT3, and

eINT4. As shown in Fig. 4, eINT1 might undergo H-atom

migration from either C(1) or C(2) to the oxygen atom to

form eINT2 (CH3CHOH) and eINT3 (CH2CH2OH) by

overcoming the respective three- and four-membered

transition states, aTS and bTS. The respective barrier

heights were calculated to be 27.2 and 28.0 kcal mol-1 and

belong in the typical range of 20–40 kcal mol-1 for

H-atom migration processes. The isomers, eINT2 and

Table 1 ZPE-corrected total energies (in kcal mol-1) of the various

species relative to O(3P) ? C2H5 at various levels of theory at

298.15 K. The estimated heats of formation and reaction enthalpies

were in strong agreement with the previously reported experimental

values within the accuracy of 1.5 kcal mol-1

Species CBS-QB3 CBS-QB3a B3LYP/6–311**a QCISD(T)/6–311 ? G(d,p)b Experiment

O(3P) ? C2H5 0.0 0.0 0.0 0.0 0.0

CH3CH2O (eINT1) -92.7 -88.6 -89.8 -85.6

CH3CHOH (eINT2) -102.3 -97.2 -96.3 -94.8

CH2CH2OH (eINT3) -95.4 -90.4 -90.0 -87.8 -95.1

CH3OCH2 (eINT4) -89.7 -81.3 -87.7

etC -69.1

H2CO (formaldehyde) ? CH3 -81.1 -83.3 -77.8 -71.7 -78.6

CH3CHO (acetaldehyde) ? H -77.3 -79.6 -71.4 -66.5 -75.4

c–CH2OCH2 (oxirane) ? H -50.7 -51.4 -40.9 -48.3
1CHOH ? CH3 -23.8
3CHOH ? CH3 -2.1
1CH3COH ? H -25.8
3CH3COH ? H -4.8

CH2CHOH (ethenol) ? H -65.8 -54.7

C2H3 ? H2O -75.8 -74.1

CH2CH2 (ethene) ? OH -67.3 -72.4 -62.3 -60.1 -66.3

aTS -65.5c -63.0 -59.7

bTS -64.7c -61.5 -58.4 -52.9

cTS -56.7c -54.5 -50.5 -44.2

dTS -42.1c -29.2

fTS1 -76.5c -74.3 -72.0 -64.9

fTS2 -63.8c -51.7

aTS1 -72.6c -72.8 -66.4 -58.7

aTS2 -68.1d -53.7

oTS1 -40.5c

oTS2 -35.8c -35.38 -28.9

oTS3 -31.9c

eTS1 -63.6e

eTS2 -63.4c -48.5

wTS1 -26.2e

wTS2 -23.1c

wTS3 -21.0e

etTS -69.1e

a Ref. [29]
b Ref. [30]
c Calculated using the B3LYP/6–311G(d) basis set
d Calculated using the B3LYP/6–311 ? G(3fd,2p) basis set
e Calculated using the B3LYP/6–311 ? G(3fd,2p) basis set

Fig. 2 Optimized geometries of the intermediates and transition

states at the CBS-QB3 level of theory. The values in parentheses
denote the ZPE-corrected total energies relative to O(3P) ? C2H5 at

298.15 K, together with symmetry and electronic terms

b
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eINT3, are slightly lower in energy than eINT1 by 9.6 and

2.7 kcal mol-1, respectively. Here, eINT2 and eINT3 were

calculated to be mutually convertible by overcoming the

barrier height of 45.6 kcal mol-1 for the formation of the

three-membered transition state cTS. The fourth interme-

diate, eINT4 (CH2OCH3), is an ether species that is slightly

higher in energy than eINT1 by 3.0 kcal mol-1. The eINT4

might be formed by the insertion of an O-atom between the

C(1)–C(2) bond of eINT1, through an O-atom bridged dTS

with a barrier height of 50.6 kcal mol-1. Since the four

addition intermediates possess plentiful internal energy due

to their deep potential wells relative to the reactants, they

would clearly not be expected to redissociate into the

radical reactants, but rather undergo subsequent isomeri-

zation or decomposition steps that lead to a variety of

products in reactions (R1)–(R10).

Herein, the respective addition reaction mechanisms for

pathways (R1)–(R10) are first described through the four

Table 2 Summary of scaled harmonic frequencies and ZPEs of species involved in the reaction of O(3P) ? C2H5 at 298.15 K using the

6–311G(d) basis set at the CBS-QB3 level of theory

Species Frequency (cm-1)a ZPE

(kcal mol-1)

C2H5
b 106, 476, 813, 980, 1,062, 1,191, 1,401, 1,465, 1,483, 1,483, 2,943, 3,035, 3,078, 3,139, 3,239 36.6

H2COb 1,202, 1,270, 1,539, 1,827, 2,869, 2,919 16.5

CH3CHOb 161, 508, 777, 882, 1,125, 1,135, 1,374, 1,426, 1,460, 1,471, 1,824, 2,857, 3,022, 3,077, 3,137 34.3

CH2CH2
b 834, 973, 973, 1,066, 1,238, 1,380, 1,472, 1,692, 3,122, 3,137, 3,193, 3,222 31.6

CH2CHOHb 479, 493, 715, 824, 961, 999, 1,127, 1,328, 1,360, 1,449, 1,703, 3,139, 3,184, 3,238, 3,802 35.1

c–CH2OCHb 817, 846, 890, 1,039, 1,139, 1,142, 1,167, 1,171, 1,300, 1,504, 1,541, 3,078, 3,086, 3,159, 3,174 35.5
1CH3COHb 106, 511, 737, 912, 979, 1,051, 1,294, 1,339, 1,374, 1,445, 1,465, 2,986, 3,067, 3,074, 3,763 34.1
3CH3COHb 172, 308, 403, 894, 1,004, 1,075, 1,158, 1,345, 1,384, 1,458, 1,467, 2,940, 2,984, 3,101, 3,658 33.0
1CHOHb 1,022, 1,210, 1,335, 1,477, 2,722, 3,521 16.0
3CHOHb 461, 1,077, 1,156, 1,300, 3,045, 3,671 15.2

C2H3
b 713, 820, 922, 1,047, 1,391, 1,651, 3,037, 3,133, 3,231 22.6

CH3
b 506, 1,403, 1,403, 3,104, 3,283, 3,283 18.4

OHb 3,705 5.2

H2Ob 1,639, 3,808, 3,906 13.2

etCb 5, 71, 119, 283, 323, 835, 987, 994, 1,069, 1,239, 1,379, 1,474, 1,683, 3,126, 3,139, 3,198, 3,226, 3,642 37.9

aTSc 2,008i, 184, 425, 601, 871, 900, 1,060, 1,111, 1,172, 1,357, 1,403, 1,470, 1,483, 2,400, 2,994, 3,048, 3,069, 3,112 37.7

bTSc 1,985i, 350, 720, 821, 923, 962, 1,072, 1,073, 1,151, 1,208, 1,300, 1,429, 1,530, 1,929, 3,037, 3,082, 3,110, 3,219 38.1

cTSc 1,908i, 247, 434, 435, 671, 768, 928, 1,079, 1,199, 1,286, 1,322, 1,395, 1,431, 2,148, 3,130, 3,134, 3,247, 3,705 37.6

dTSc 2,008i, 184, 425, 601, 871, 900, 1,060, 1,111, 1,172, 1,357, 1,403, 1,470, 1,483, 2,400, 2,994, 3,048, 3,069, 3,112 37.7

etTSe 136i, 37, 75, 219, 448, 836, 973, 984, 1,072, 1,242, 1,377, 1,474, 1,679, 3,125, 3,140, 3,201, 3,233, 3,706 38.0

fTS1c 342i, 137, 267, 499, 547, 600, 896, 1,105, 1,249, 1,410, 1,428, 1,489, 1,636, 2,880, 2,925, 3,092, 3,256, 3,268 37.8

fTS2c 559i, 83, 140, 295, 647, 686, 930, 992, 1,217, 1,348, 1,425, 1,430, 1,557, 2,955, 3,033, 3,094, 3,252, 3,265 37.3

aTS1c 810i, 178, 386, 453, 501, 810, 896, 1,098, 1,125, 1,375, 1,402, 1,464, 1,474, 1,695, 2,851, 3,022, 3,090, 3,135 35.3

aTS2d 1,209i, 84, 182, 482, 594, 754, 910, 1,088, 1,122, 1,374, 1,402, 1,455, 1,472, 1,652, 2,947, 3,001, 3,071, 3,130 35.0

oTS1c 1,097i, 394, 527, 657, 808, 928, 1,084, 1,147, 1,154, 1,167, 1,195, 1,249, 1,464, 1,529, 3,040, 3,115, 3,140, 3,250 36.6

oTS2c 1,313i, 92, 502, 765, 774, 886, 890, 987, 1,132, 1,179, 1,190, 1,282, 1,474, 1,538, 3,058, 3,126, 3,157, 3,270 35.8

oTS3c 1,304i, 469, 568, 712, 792, 950, 1,028, 1,068, 1,153, 1,164, 1,216, 1,220, 1,449, 1,504, 3,048, 3,062, 3,166, 3,180 36.4

eTS1e 193i, 132, 180, 472, 487, 731, 837, 963, 997, 1,128, 1,323, 1,351, 1,441, 1,685, 3,152, 3,193, 3,255, 3,836 36.0

eTS2e 742i, 393, 451, 457, 498, 675, 800, 958, 1,023, 1,123, 1,311, 1,353, 1,447, 1,608, 3,145, 3,192, 3,248, 3,809 36.1

wTS1e 1,760i, 327, 434, 546, 658, 746, 812, 891, 1,063, 1,177, 1,278, 1,330, 1,468, 1,692, 3,068, 3,145, 3,168, 3,714 36.5

wTS2c 2,390i, 49, 245, 452, 620, 691, 701, 805, 961, 1,005, 1,214, 1,422, 1,459, 2,101, 3,083, 3,125, 3,170, 3,771 35.6

wTS3e 1,929i, 222, 412, 546, 621, 722, 787, 948, 997, 1,107, 1,236, 1,345, 1,465, 1,682, 3,039, 3,129, 3,158, 3,756 35.6

a i represents imaginary frequency
b Calculated using the CBS-QB3 basis set
c Calculated using the B3LYP/6–311G(d) basis set
d Calculated using the 6–311 ? G(d,f) basis set
e Calculated using the 6–311 ? G(3fd,2p) basis set
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energy-rich intermediates eINT1–eINT4. After describing

the H-atom abstraction for the production of OH in (R10),

the kinetic and dynamic characteristics are compared to the

gas-phase kinetics and recent crossed-beam experimental

results.

3.1 Reaction pathways of eINT1

The ab initio calculations in Figs. 3 and 4 predicted that

three different single-step processes exist for the energy-

rich addition intermediate eINT1. First, the direct C–C

bond cleavage of eINT1, through the transition state fTS1

with a barrier height of 16.2 kcal mol-1, leads to formation

of H2CO (formaldehyde) ? CH3 in reaction (R1)

(DH = -81.1 kcal mol-1). While the C–C bond in the

process of breaking is elongated from 1.527 Å in eINT1 to

2.213 Å in fTS1, the C(1)–O bond is shortened from 1.365

to 1.227 Å (Fig. 4). Second, the direct rupture of the C(1)–H

bond through the transition state aTS1, with a barrier height

of 20.1 kcal mol-1, leads to the formation of acetaldehyde

(CH3CHO) ? H in reaction (R2) (DH = -77.3 kcal

mol-1). Finally, the direct C(2)–H bond decomposition

through the three-membered-ring transition state oTS1

results in the formation of c–CH2OCH2 (oxirane) ? H in

reaction (b3) (DH = -50.7 kcal mol-1). The correspond-

ing barrier height was estimated to be 52.2 kcal mol-1,

which is significantly higher than that for the other two

transition states, due to the high angle strain occurring in the

formation of the cyclic three-membered transition state.

Here, the barrier height appeared considerable, but were still

well within the available energy of the eINT1 adduct. The

optimized geometries of fTS1, aTS1, and oTS1 in Fig. 4

were found to be close to those of the corresponding prod-

ucts, indicating that the whole transition state shows the

product-like features with late barriers.

After considering the barrier height and reaction exo-

thermicity along the reaction coordinate, the major path-

ways were predicted to be reactions (R1) and (R2). In fact,

two channels were found to be the most favorable in terms

of both their thermodynamics and kinetics. The predicted

major channels are also consistent with the gas-phase

kinetic experiments, where two products, formaldehyde

and acetaldehyde, were detected as the major species in the

mass spectrometric analysis [7].

3.2 Reaction pathways of eINT2

The intermediate eINT2 showed a larger exothermicity of

-102.3 kcal mol-1 compared to the other three interme-

diates (eINT1, eINT3, eINT4) as displayed in Fig. 3.

Several reaction pathways starting from the highly ener-

gized eINT2 were predicted. First, O–H bond fission of

eINT2 leads to the formation of acetaldehyde (CH3CHO) ?

H in reaction (R2) by overcoming the aTS2 transition state.

While the O–H bond in the process of breaking is elongated

from 0.963 Å in eINT2 to 1.543 Å, the C–O bond is

shortened from 1.375 to 1.233 Å (Fig. 4). Although the

barrier height for bond rupture is 38.5 kcal mol-1, it is still

well within the available energy of the system, and the

overall process was calculated to be highly exothermic by
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-77.3 kcal mol-1. Second, four channels were calculated

to be in competition for producing two pairs of carbene

products. Direct C–C bond cleavage results in the formation

of 1,3CHOH ? CH3 in reactions (R4) and (R5) with

respective energies of 78.5 and 100.2 kcal mol-1 needed

for the reactions. In contrast, direct C(1)–H bond dissocia-

tion leads to the formation of 1,3CH3COH ? H in reactions

(R6) and (R7), with respective energies of 76.5 and

97.5 kcal mol-1 required for the reactions. The products
1CHOH and 1CH3COH were calculated to be significantly

more stable than their corresponding carbene isomers in the

higher energy states, by 21.7 and 21.0 kcal mol-1, respec-

tively. Third, direct cleavage of the C(2)–H bond through

transition state eTS1 with a barrier height of
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38.7 kcal mol-1 leads to the formation of CH2CHOH

(ethenol) ? H in reaction (R8) (DH = -65.8 kcal mol-1).

While the C(2)–H bond in the process of breaking is

elongated from 1.092 Å in eINT2 to 2.407 Å, the C–C bond

is shortened from 1.489 to 1.332 Å (Fig. 4). Finally, the

H-atom shift from C(2) to O accompanied with the C(1)–O
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bond rupture through the transition state wTS1 results in

the formation of C2H3 ? H2O in reaction (R9) (DH =

-75.8 kcal mol-1). The corresponding barrier height was

estimated to be 69.2 kcal mol-1, an unfavorably high value

due to both the high angle strain occurring in the formation

of the tight four-membered-ring transition state and the

ensuing successive bond cleavage pathway.

3.3 Reaction pathways of eINT3

Five competing pathways were calculated for the energy-

rich eINT3 in Fig. 4. First, the direct O–H bond rupture

conversion through the three-membered-ring transition

state oTS2 results in the formation of c–CH2OCH2 (oxi-

rane) ? H in reaction (R3) (DH = -50.7 kcal mol-1).

The optimized geometry of oTS2 in Fig. 4 displays prod-

uct-like features. The corresponding barrier height was

estimated to be 59.6 kcal mol-1, which is quite high due to

the angle strain resulting from the formation of the

oTS2 cyclic transition state. Second, direct cleavage of the

C(1)–H bond through transition state eTS2 leads to for-

mation of the CH2CHOH (ethenol) ? H in reaction (R8)

(DH = -65.8 kcal mol-1), with a barrier height of

32.0 kcal mol-1. While the C(1)–H bond, in the process of

breaking, is elongated from 1.101 Å in eINT3 to 1.919 Å,

the C–C bond is shortened from 1.485 to 1.348 Å. In

contrast, the formation of C2H3 ? H2O in reaction (R9)

(DH = -75.8 kcal mol-1) results from two competing

channels involving the H-atom migration to the neighbor-

ing oxygen atom. As can be seen in Fig. 4, both transition

states wTS2 and wTS3 have the strained three- and four-

membered-ring geometries; the corresponding respective

barrier heights were estimated to be 72.3 and 74.4 kcal -

mol-1, stemming from the high angle strain occurring in

the formation of tight cyclic transition states. Finally, the

pathway of eINT3, leading to the formation of C2H4

(ethene) ? OH in reaction (R10) (DH = -67.3 kcal

mol-1), involves a peculiar isomerization process as the

initial step. After the direct C(1)–OH bond rupture through

the etTS transition state, with a barrier height of

26.3 kcal mol-1, the H-atom of the OH radical is rotated

toward C2H4 to form an apparent van der Waals complex

etC. The complex has a weakly bound structure, in which

the electron-deficient H-atom of the OH radical perpen-

dicularly interacts with the C=C p bond of C2H4. The

OH–C bond length and the stabilization energy with

respect to products C2H4 ? OH were estimated to be

2.508 Å and -1.8 kcal mol-1 at the CBS-QB3 level of

theory, respectively. Here, it should be noted that due to the

very shallow character of the etTS-etC part of the pathway

on the potential energy surface, the energy difference

between the etTS and etT structures could be dependent on

the computational methods. The results were quite consistent

with the recent theoretical studies on the reverse reaction of

ethylene ? OH, in which as the OH radical attacks ethylene,

the association complex was predicted to exist as the

pre-reaction association adduct along the entrance channel

[43–46].

3.4 Reaction pathways of eINT4

The calculations predicted two different reaction pathways

for eINT4. The direct C(2)–O bond cleavage of eINT4,

through the transition state fTS2, leads to formation of

formaldehyde (H2CO) ? CH3 in reaction (R1). While the

C(2)–O bond in the process of breaking is elongated from

1.422 Å in eINT4 to 1.937 Å in fTS2, the C(1)–O bond is

shortened from 1.356 to 1.254 Å (Fig. 4). The barrier

height for the bond fission is 25.9 kcal mol-1, and the

overall process was calculated to be highly exothermic by
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-81.1 kcal mol-1. In contrast, the direct C(2)–H bond

decomposition through the three-membered-ring transition

state oTS3 results in the formation of c–CH2OCH2 (oxi-

rane) ? H in reaction (R3) (DH = -50.7 kcal mol-1).

The formation of the cyclic transition state entails over-

coming a high barrier height of 57.8 kcal mol-1. Both

channels also show high reaction exothermicities due to the

formation of both stable closed-shell molecules and radical

species. The optimized geometry of oTS3 in Fig. 4 shows

the features of a product-like late barrier. The eINT4-oTS3

pathway was found to be in competition with the eINT1-

oTS1 and eINT3-oTS2 pathways described in previous

sections.

3.5 A direct, barrierless abstraction pathway

for O(3P) ? C2H5 ? CH2CH2 ? OH

In comparison with the aforementioned eINT3-etTS-etC.

addition pathway, which has not been reported in the pre-

vious kinetic experiments, a second, straightforward and

facile pathway in reaction (R10) was predicted to proceed

through the direct H-atom abstraction shown in Figs. 3 and

5. The abstraction mechanism has been commonly observed

in the reactions of O(3P) with closed-shell hydrocarbon

molecules [21–24]. The abstraction reaction results from

the dynamics of a direct H-atom transfer via a collinear

transition state. In general, for a series of primary, sec-

ondary, and tertiary hydrocarbon molecules, as the reaction

exothermicity increased, the barrier to the abstraction of the

H-atom from the C–H bond of a hydrocarbon molecule

gradually decreased from *7 to *3 kcal mol-1, as sum-

marized in Fig. 5.

For reaction (R10), the entrance barrier along the reac-

tion coordinate was calculated to be negligible, like that in

the barrierless addition processes. The absence of a barrier

height can also be attributed to the unusually small C–H

bond dissociation energy of C2H5 (BDE = 36.2 kcal

mol-1) and the high reaction exothermicity of DH =

-67.3 kcal mol-1, leading to formation of a stable ethyl-

ene product. Similar barrierless systems can be found in the

reactions of allyl and t-butyl radicals, as indicated in Fig. 5.

Both radical systems show the unusually small C–H bond

dissociation energy (BDE = 57.6 and 35.5 kcal mol-1 for

allyl and t-butyl, respectively) and the high reaction exo-

thermicities (DH = -46.0 and -67.2 kcal mol-1 for allyl

and t-butyl, respectively) [31–33]. This observation can

also be rationalized in terms of the Hammond postulate,

which states that for exothermic reactions, low-activation

barriers indicate the structural similarity of the reactants

and transition states as that in the title reaction [47]. For the

reaction channel (R10), the extent is particularly significant

due to the high exothermicity and the very early barrier in

the entrance channel, giving rise to a direct, barrierless

abstraction channel [48].

3.6 Comparison with the crossed-beam experiments:

statistical versus dynamic

It is worth comparing the presented theoretical predictions to

the recent experimental results for channel (R10). The nas-

cent rovibrational state distributions of the OH product

investigated by high-resolution, laser-induced fluorescence

(LIF) spectroscopy in a crossed-beam configuration

revealed bimodal rotational excitations consisting of low-

and high-N00 components with the ratio of about 1.5:1. In

particular, the high rotational temperatures for high-N00

components were estimated to be up to 4,750 K (Fig. 6a).

Neither spin–orbit nor K-doublet propensities in the ground

and first excited vibrational states were observed. The

averaged vibrational population (Pt00), partitioning with

respect to the low-N00 components of the t00 = 0 level,

showed population inversion with a ratio of P0 : P1 = 1 :

1.06, which is consistent with the observed nonstatistical

inversion using time-resolved FT-IR spectroscopy [4, 5, 19].

To better characterize such nascent populations, the

statistical surprisal approach based upon the calculation of

the prior distribution was used. The prior approach assumes
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Fig. 5 Comparative schematic energy diagram for the H-atom

abstraction processes in the reactions of O(3P) with C2H5 and a

series of hydrocarbon molecules and radicals
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that for the decomposing energized intermediate, all

allowed quantum states of products are equally accessible

and that the product state distribution is solely determined

by the available volumes in phase space of the two frag-

ment products. The prior distribution shown in Fig. 6b

appeared nearly Boltzmann-type over the whole range. The

comparison of the prior plot with the LIF spectrum of

nascent OH distributions demonstrates significant rota-

tional excitations, together with an evident bimodal feature

in t00 = 0. The statistical surprisal analysis was applied to

deduce the relative contribution of each component in the

bimodal distribution of the t00 = 0 level. The surprisal

represents the extent of the deviation from the statistical

distribution; the rotational surprisal (I) is given by:

Iðfr=fvÞ ¼ � ln n t00; J00ð Þ=no t00; J00ð Þ½ �;

where fr and fv are the respective fractions of the rotational

and vibrational energies of the OH products [49]. The

terms n(t00, J00) and no(t00, J00) are the experimental and prior

populations in a specific rovibrational state, respectively.

As shown in the inset of Fig. 6b, however, it was not

possible to deconvolute the rotational populations due to

the poor surprisal fit. This discrepancy between the nascent

distributions and the prior estimations strongly means that

the statistical picture of the prior theory is not entirely

appropriate to depict the population distributions of the OH

products, and that the observed experimental distributions

evidently exhibit dynamic characteristics in the formation

of ethene ? OH.

The observed distinctive bimodal distributions and

vibrational population inversion in reaction channel (R10)

can be properly explained by the competing abstraction and

addition mechanisms described in the previous sections.

The major pathway can be ascribed to the direct abstraction

process leading to the inversion of the vibrational popula-

tions, while the minor pathway is described in terms of the

short-lived, addition complexes responsible for the hot

rotational distributions obtained in the t00 = 0 level.

Especially, unusually high rotational temperatures for high-

N00 components can be understood in terms of a peculiar

decomposition process through the eINT3-etTS-etC-(R10)

pathway. At the moment of the direct C(1)–OH bond

rupture through the etTS transition state, a strong torque is

expected to be exerted on the OH radical bent with respect

to the ethylene moiety, which results in an usually high

rotational excitation. The observed nonpreferential

dynamic propensities for the K-doublet and spin–orbit

distributions in all of the examined vibrational states can be

understood in terms of the fast and random decomposition

of the short-lived, dynamic intermediates along the reac-

tion coordinate, although a detailed adiabatic correlation

diagram, including all possible orientations of the O(3P)

approach and spin–orbit levels, is not available.

4 Conclusions

Ab initio calculations based upon the density functional

method and complete basis set model were carried out in

order to study the radical–radical reaction of O(3P) ?

C2H5. Two distinctive pathways were calculated to be in

competition: addition and abstraction. The barrierless

addition of O(3P) to C2H5 resulted in the formation of

energy-rich intermediates that led to various products

through direct elimination or isomerization–elimination

processes. The major pathways were predicted to be the

formation of H2CO ? CH3 and CH3CHO ? H through the

low-barrier, single-step cleavages of the addition interme-

diates. Unlike previous kinetic results, proposed to proceed

only through the direct H-atom abstraction process, the

direct, barrierless H-atom abstraction mechanism produc-

ing CH2CH2 ? OH was calculated to compete with the

addition processes. The OH reaction channels were com-

pared with the crossed-beam investigations to understand
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the kinetic and dynamic characteristics, respectively. The

work herein represents a step forward in understanding the

elementary oxidation reactions of saturated hydrocarbon

radicals. Extensive ab initio calculations, combined with

crossed-beam experiments on several radical–radical

reactions of second-row atomic species with organic

hydrocarbon radicals, are currently being conducted. It is

the hope of the authors that the gas-phase reaction

dynamics studies presented will provide valuable mecha-

nistic insights into radical–radical reactions at the molec-

ular level that have, thus far, remained unexplored.
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