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The potential energy surface for the reaction between OH and acetylene has been calculated using the
RQCISD(T) method and extrapolated to the complete basis-set limit. Rate coefficients were determined for
a wide range of temperatures and pressures, based on this surface and the solution of the one-dimensional
and two-dimensional master equations. With a small adjustment to the association energy barrier (1.1 kcal/
mol), agreement with experiments is good, considering the discrepancies in such data. The rate coefficient
for direct hydrogen abstraction is significantly smaller than that commonly used in combustion models. Also
in contrast to previous models, ketene+ H is found to be the main product at normal combustion conditions.
At low temperatures and high pressures, stabilization of the C2H2OH adduct is the dominant process. Rate
coefficient expressions for use in modeling are provided.

I. Introduction

The reaction of acetylene with hydroxyl radicals is important
in combustion,1 atmospheric,2 and astrophysical3 processes.
Acetylene is one of the major intermediates of rich hydrocarbon
flames, and its reaction with OH can be an important degradation
pathway.4,5 The rate and mechanism of this reaction have a
strong influence on the post-flame behavior of small hydrocar-
bons, and the resulting radicals are potentially crucial in the NO
chemistry1,6 of the flame. Because of its significance, this reac-
tion has been the subject of numerous experimental studies.6-39

However, to our knowledge, there has been only one comprehen-
sive theoretical investigation of the kinetics of the title reaction.40

At low temperatures, the reaction between OH and C2H2

proceeds by simple electrophilic addition. The resulting inter-
mediate can be stabilized by collisions with a third body or
dissociate back to reactants, resulting in a pressure dependence
and markedly non-Arrhenius behavior:

The pressure dependence has been studied extensively at room
temperature;16,18,19,22,23,33,34,39but, data at other temperatures are
limited.16

At higher temperatures, direct hydrogen abstraction, as well
as isomerization of the addition complex and subsequent
dissociations, giving rise to several bimolecular channels:

In most of the high-temperature studies, rate coefficients were
obtained indirectly. The difficulty of deconvoluting flame or
shock-tube data has resulted in a lack of consensus for the rate
coeffcients and product branching ratios at high temperatures.
For example, the shock-tube experiments by Hwang and co-
workers25 found rate coefficients for channels other than
hydrogen abstraction that are markedly higher than those of ref
40. Later, atmospheric flame studies by Kaiser29 and Woods
and Haynes6 coincided roughly with ref 40 and older values of
this rate coefficient.7,17 Nonetheless, newer counter-flow flame
studies by Waly et al.36,37 required the value ofk4 to be
substantially higher to reconcile their numerical model with
measured profiles.

There have been several first-principles studies of the C2H3O
potential energy surface (PES). With the exception of the papers
by Miller and Melius,40 Ding et al.41 and Carl et al.,42 these
have concentrated on single elementary steps.34,38,43-52 Other
theoretical works have studied the kinetics of the related H+
CH2CO38 and H2O + C2H41 reactions, as well as the decom-
position of acetyl46,53-55 and vinoxy radicals.43,48,54,57,58

Currently, many combustion models use rate coefficients that
have been derived from the theoretical work of Miller and
Melius.40 Since this study, progress in the fields of theoretical
chemical kinetics and quantum chemistry has been such that a
theoretical re-examination of this reaction is warranted. The
present work uses a high-level potential energy surface and state-
of-the-art, master-equation methods to compute the rate coef-
ficients as a function of temperature and pressure and to clarify
existing questions about the product branching ratios.

II. Quantum Chemistry and the C2H3O Potential Energy
Surface

In order to calculate accurate rate coefficients, energies,
frequencies, and torsional potentials need to be evaluated at
several geometries along the intrinsic reaction coordinate (IRC).
These were computed using density functional theory (DFT)
with the hybrid B3LYP functional59,60 in its spin-unrestricted
form and the 6-311++G(d,p) basis set. This method has been
shown to achieve accurate geometries, zero-point energies
(ZPEs),61 and frequencies62 while having a high computational
efficiency. Vibrational frequencies and rotational constants of
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the stable intermediates and transition states involved are
provided in Tables 1 and 2, respectively.

Unfortunately, the energies obtained with this model chem-
istry are insufficiently accurate for the purpose of calculating
chemical kinetics. For this use, we carried out calculations with
the restricted quadratic configuration-interaction method, with
single and double excitations and a perturbative treatment of
triple excitations,63 using Dunning’s correlation-consistent
triple-ú and quadruple-ú basis sets, i.e., RQCISD(T)/cc-pVnZ,
n ) {3,4}. Here, the RQCISD(T) method was preferred over
the similar RCCSD(T) method, because our own unpublished
tests showed that the RCCSD(T) yielded an unphysical turnover
in simple bond dissociation potentials at shorter separations than
does RQCISD(T). DFT calculations were made using Gaussian
98;64 all other quantum chemistry calculations were performed
using the MolPro collection of programs.65

Following the work of Martin66 and Feller and Dixon,67 the
final energies were then computed by extrapolating to the

complete-basis-set (CBS) limit, using the following expression:

wherelmax is the maximum component of angular momentum
in the basis set andE∞ is the CBS energy.68 The related RCCSD-
(T) method has been shown to achieve “chemical accuracy”,
even in situations where spin contamination would normally
be a problem (see, for example, ref 69).

The energies of the stationary points on the potential energy
surface are provided in Tables 3 and 4 and are illustrated in
Figure 1. We note that our attempts to optimize the saddlepoint
corresponding to the3 f P3 transition state using the UB3LYP
method were unsuccessful, yielding a structure corresponding
to the transition state for the H+ CH2CO f H2 + HCCO
reaction. Thus, the geometry of the3 f P3 transition state was
optimized using the UMP2 method.70 The energies calculated

TABLE 1: Rovibrational Properties of Reactants, Intermediates, and Bimolecular Products

species rotational constants (cm-1) σrot
a mb frequencies (cm-1)c

R C2H2 1.187, 1.187 2 1 649, 649, 775, 775, 2062, 3417, 3520
OH 18.672, 18.672 1 1 3710

C1 OH‚‚‚C2H2 1.185, 0.150, 0.133 2 1 71, 110, 213, 390, 662, 687, 778, 792, 2057, 3411, 3514, 3631
C2 OH‚‚‚C2H2 1.281, 0.242, 0.206 1 2 72, 129, 203, 469, 656, 668, 773, 779, 2027, 3419, 3518, 3745
1ad HOCHCH 2.623, 0.363, 0.319 1 1 459, 471, 568, 760, 838, 1095, 1237, 1352, 1663, 3106, 3303, 3793
1b 2.168, 0.378, 0.322 1 1 434, 439, 578, 752, 902, 1045, 1233, 1357, 1649, 3166, 3291, 3807
1c 2.887, 0.355, 0.316 1 1 238, 483, 589, 753, 810, 1100, 1257, 1316, 1699, 3051, 3302, 3859
1d 2.326, 0.372, 0.321 1 1 212, 437, 604, 783, 869, 1058, 1236, 1329, 1682, 3117, 3298, 3841
2 OCHCH2 (A′′) 2.247, 0.382, 0.326 2 1 443, 507, 760, 975, 978, 1157, 1395, 1471, 1545, 2943, 3138, 3253
2 OCHCH2 (A′) 2.524, 0.365, 0.319 2 1 431, 710, 815, 950, 970, 1083, 1240, 1435, 1593, 2990, 3169, 3271
3 HOCCH2 3.570, 0.335, 0.310 1 2 351, 445, 625, 826, 960, 1121, 1220, 1404, 1707, 3092, 3221, 3802
4 OCCH3 2.822, 0.333, 0.315 3 1 121, 473, 852, 950, 1054, 1356, 1451, 1458 ,1925, 3022, 3109, 3113
5 H(COC)H2 1.000, 0.789, 0.497 1 2 770, 796, 937, 1038, 1068, 1124, 1177, 1352, 1520, 3093, 3132, 3186

P1 C2H 1.483, 1.483 1 1 303, 303, 2083, 3458
H2O 27.523, 14.339, 9.427 2 1 1602, 3818, 3924

P2 H + HCCOH 22.645, 0.326, 0.321 1 1 396, 444, 554, 651, 1085, 1243, 2278, 3492, 3785

P3 HCCO 43.005, 0.364, 0.361 1 1 428, 502, 556, 1268, 2088, 3354
H2 60.411, 60.411 2 1 4418

P4 H + CH2CO 9.498, 0.344, 0.332 2 1 445, 555, 602, 988, 1170, 1406, 2221, 3176, 3269

P5 CH3 9.548, 9.548, 4.774 3 1 537, 1403, 1403, 3103, 3283, 3283
CO 1.933, 1.933 1 1 2212

a Symmetry numbers, including internal rotors.b Number of optical isomers, adjusted in cases with internal rotors.c Torsional modes treated as
internal rotors are shown in bold type.d Conformers1a-1d have been treated as a single species (see text for details).

TABLE 2: Rovibrational Properties of First-Order Saddlepoints

transition state rotational constants (cm-1) σrot
a mb frequencies (cm-1)c

1a T 1bd 2.421, 0.366, 0.318 1 1 558 i, 469, 491, 522, 873, 1033, 1220, 1359, 1660, 3113, 3436, 3793
1a T 1c 2.626, 0.353, 0.320 1 1 411 i, 461, 666, 768, 803, 1072, 1207, 1293, 1658, 3040, 3277, 3822
1b T 1d 2.051, 0.376, 0.327 1 1 379 i, 423, 680, 817, 874, 1013, 1196, 1306, 1639, 3126, 3274, 3819
1c T 1d 2.682, 0.358, 0.316 1 1 567 i, 244, 515, 530, 838, 1038, 1237, 1332, 1696, 3045, 3447, 3833
1 T 2 1.791, 0.458, 0.366 1 2 2017 i, 312, 808, 902, 1005, 1094, 1159, 1304, 1399, 1995, 3124, 3170
1 T 3 3.482, 0.334, 0.311 1 2 1867 i, 330,476, 546, 606, 819, 1001, 1236, 1786, 2284, 3152, 3806
2 T 3 3.968, 0.327, 0.302 1 2 2045 i, 357, 433, 553, 764 , 955, 1122, 1400, 1681, 2408, 3115, 3241
2 T 4 3.391, 0.341, 0.321 1 2 1543 i, 437, 633, 852, 1032, 1122, 1211, 1448, 1830, 1901, 3041, 3232
2 T 5 1.173, 0.604, 0.433 1 2 1128 i, 564, 833, 882, 1037, 1090, 1307, 1348, 1489, 3094, 3161, 3195
3 T 4 2.475, 0.389, 0.352 1 2 2383 i, 288, 596, 772, 969, 991, 1103, 1397, 1441, 1756, 3095, 3203
1 f P2 3.250, 0.326, 0.296 1 1 468 i,243, 420, 448, 477, 544, 656, 1079, 1246, 2211, 3484, 3742
2 f P4 2.933, 0.336, 0.311 1 2 789 i, 315, 486, 522, 593, 635, 995, 1143, 1405, 2140, 3163, 3279
3 f P1 2.140, 0.364, 0.319 1 2 1832 i, 410, 490, 626, 709, 817, 976, 1173, 1651, 1726, 3307, 3745
3 f P2 3.359, 0.303, 0.285 1 1 378 i,102, 230, 399, 476, 650, 660, 1091, 1239, 2240, 3474, 3774
3 f P4 4.829, 0.317, 0.297 2 1 1441 i,249, 355, 538, 669, 708, 981, 1141, 1403, 2045, 3122, 3225
4 f P4 2.988, 0.310, 0.298 1 1 330 i, 253, 413, 462, 559, 705, 998, 1150, 1398, 2212, 3173, 3267
4 f P5 1.950, 0.226, 0.211 1 3 275 i,15,240, 459, 503, 815, 1407, 1414, 2091, 3094, 3259, 3272
R T 1 1.435, 0.268, 0.227 1 1 209 i,72, 228, 630, 646, 666, 769, 802, 1975, 3414, 3504, 3757
R T P1 6.591, 0.165, 0.163 1 1 669 i, 91,143, 343, 571, 607, 684, 1384, 1886, 2086, 3433, 3794

a Symmetry numbers, including internal rotors.b Number of optical isomers, adjusted in cases with internal rotors.c Torsional modes treated as
internal rotors shown in bold type.d Conformers1a-1d are treated as a single species (see text for details).

E∞ ) Elmax
- B

(lmax + 1)4
(6)
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by Ding et al.41 (also shown in Tables 3 and 4) with the related
UCCSD(T) method are considerably different from the RQ-
CISD(T)/CBS energies. These discrepancies are probably due
to the insufficiency of the 6-311+G(2d,2p) basis set. On the
other hand, the differences between energies obtained with the
cc-pVQZ basis set and those extrapolated to the CBS limit using
eq 6 are small (in most cases,<0.5 kcal/mol).

Two entrance-channel, van der Waals complexes were found
on the UB3LYP surface (C1 and C2 in Table 3). The most
stable of these (C1) has a T-shaped OH-C2H2 structure with
C2V symmetry and is bound by 2.0 kcal/mol (with ZPE). Its
structure was predicted in 1987 by the calculations of Sosa and
Schlegel;45 but, it was experimentally observed only recently.52

The C2 structure is asymmetric, with a C-O distance of 2.4

TABLE 3: Calculated Energies, Q1 Diagnostic and Zero-Point Energy of Reactants, van der Waals Complexes, Intermediates,
and Bimolecular Products

calculated energy (kcal/mol)

symmetry species E0
a E0

b E0
c E0

d Q1 diagnosticb,e
zero-point energy,

(kcal/mol)a

R
1∆ C2H2 0.0 0.0 0.0 0.0 0.014 22.22Π OH 0.007

C1 2B1 OH‚‚‚C2H2 -1.6 -2.0 -2.0 0.011 23.3
C2 2A OH‚‚‚C2H2 -1.6 0.6 0.4 0.017 23.5
1a 2A′ HOCHCH -31.0 -30.8 -31.1 -27.5 0.016 26.7
1b 2A′ HOCHCH -29.6 -29.4 -29.7 -26.1 0.016 26.7
1c 2A′ HOCHCH -27.3 -27.2 -27.6 -25.3 0.016 25.9
1d 2A′ HOCHCH -28.0 -27.9 -28.2 -24.8 0.015 26.4
2 2A′ OCHCH2 -38.8 -35.4 -35.1 -32.9 0.022 26.7
2 2A′′ OCHCH2 -60.8 -58.3 -58.3 -55.5 0.023 26.5
3 2A HOCCH2 -35.6 -34.5 -34.8 -31.4 0.019 26.8
4 2A′ OCCH3 -66.0 -65.0 -65.1 -62.9 0.022 27.0
5 2A H(COC)H2 -21.6 -22.5 -22.6 -17.3 0.022 27.4

P1
1A1 H2O 18.5 14.2 13.4 14.6 0.008 22.12Σ+ C2H 0.017

P2
1A′ HCCOH 12.9 10.7 10.5 14.0 0.013 19.92S1/2 H 0.001

P3
1A1 HCCO -26.0 -21.8 -21.6 -16.3 0.026 18.02Σg H2 0.006

P4
1A1 CH2CO -24.3 -23.4 -23.3 -20.4 0.017 19.82S1/2 H 0.001

P5
2Σ+ CO -53.9 -56.9 -56.1 -64.2 0.019 21.82A1 CH3 0.006
1A H(COC)H 53.8 52.2 52.3 0.048 18.62S1/2 H 0.000
1A H2(COC) 42.4 37.8 38.4 41.4 0.020 20.12S1/2 H 0.000
2A′ CHCH2 63.4 65.5 67.4 61.7 0.017 22.83P2 O 0.004
2A′ HCO 35.3 37.8 38.8 35.6 0.026 18.93B1 CH2 0.012

a UB3LYP/6-311++G(d,p) b RQCISD(T)/cc-pVQZ. Geometries and ZPE at UB3LYP/6-311++G(d,p). c RQCISD(T)/CBS (see text for details).
Geometries and ZPE at UB3LYP/6-311++G(d,p). d UCCSD(T)/6-311+G(2d,2p)//UB3LYP/6-311G(d,p), from ref 41.e See refs 73 and 74.

TABLE 4: Calculated Energies, Energy Maximum along the Intrinsic Reaction Coordinate (IRCmax), Q1 Diagnostic and
Zero-Point Energy of First-Order Saddlepoints

calculated energy (kcal/mol)

transition state symmetry E0
a E0

b,c E0
c,d IRCmax

c,d E0
e Q1 diagnosticb,f

zero-point energy,
(kcal/mol)a

1a T 1b 2A′ -28.8 -27.7 -28.1 0.016 25.7
1a T 1c 2A -25.9 -26.2 -26.6 -23.3 0.015 25.8
1b T 1d 2A -25.6 -25.8 -26.2 -23.1 0.015 26.0
1c T 1d 2A′ -26.5 -25.6 -26.1 0.015 25.4
1 T 2 2A 1.5 3.8 3.9 8.1 0.030 23.3
1 T 3 2A 13.6 17.2 18.2 19.4 0.017 22.9
2 T 3 2A -3.3 -1.1 -1.2 2.6 0.017 22.9
2 T 4 2A -21.9 -17.9 -18.3 -13.5 0.026 23.9
2 T 5 2A -9.5 -8.1 -8.4 -2.5 0.041 25.7
3 T 4 2A 14.2 15.2 15.2 19.8 0.026 22.3
1 T P2 2A′ 14.4 13.9 13.4 14.3 18.0 0.015 20.8
2 T P4 2A -19.1 -16.1 -16.2 -15.3 -12.8 0.022 21.0
3 T P1 2A 38.7 38.3 38.2 42.0 0.036 22.3
3 T P2 2A 13.9 13.6 13.2 14.2 17.3 0.015 20.5
3 T P4 2A -11.4 -4.6 -4.8 -4.0 -0.5 0.031 20.6
4 T P4 2A′ -23.3 -20.0 -20.1 -18.8 -16.6 0.020 20.9
4 T P5 2A′ -49.2 -49.9 -49.4 -48.6 -50.0 0.019 23.7
R T 1 2A -1.4 2.3 1.9 2.4 2.7 0.024 23.5
R T P1 2A 15.9 18.1 18.0 19.0 20.1 0.028 21.5

a UB3LYP/6-311++G(d,p) b RQCISD(T)/cc-pVQZ.c Geometries and ZPE at UB3LYP/6-311++G(d,p).d RQCISD(T)/CBS (see text for details).
e UCCSD(T)/6-311+G(2d,2p)//UB3LYP/6-311G(d,p), from ref 41.f See refs 73 and 74.
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Å; it is bound by 0.9 kcal/mol. There has been some discussion
of the importance of van der Waals complexes like these in the
kinetics of bimolecular reactions.71-75 However, in this case,
the energy of the transition state for the association of OH and
C2H2 is above the entrance channel, so such complexes are
unlikely to play an important role in the kinetics at all but very
low temperatures.

Figure 2 shows the energies calculated with different methods
along the UB3LYP/6-311++G(d,p) intrinsic reaction coordinate
(IRC) for the association of OH with acetylene. The sharp peak
in the RHF curve observed ats) -1.1982 amu1/2 Bohr indicates
that the transition state lies in the region of the R/U instability.
Fortunately, the effects of this instability diminish as correlation
energy is introduced, and the RQCISD(T) curve is smooth. IRC
curves such as these were calculated for all transition states
connected to reactants or bimolecular products.

Note that the use of single-point energies obtained at
geometries optimized with a different method often leads to an
energy maximum along the IRC (labelled IRCmax) at a point
other than the optimized transition state. For instance, the density
functional theory (DFT) geometry of the transition state for
hydrogen abstraction (R f P1) has an HO-HC2H distance of

1.062 Å, whereas the IRCmax at the RQCISD(T)/CBS level
occurs somewhat earlier, at a distance of 1.158 Å. The difference
in energy barriers (1.0 kcal/mol) is significant. When calculating
rate coefficients variationally, it is the IRCmax value, rather
than the energy barriers at the optimized geometries, that
determines the low-temperature limit. The IRCmax, calculated
at the RQCISD(T)/CBS//UB3LYP/6-311++G(d,p) level, are
shown in Table 4 for those transition states treated variationally.

The Q1 diagnostics of Lee and co-workers76,77 (labeled T1
in Gaussian64 and Molpro65 output files) are also shown in
Tables 3 and 4 for the RQCISD(T) calculations. They suggest
that several transition states contain significant multireference
character. To assess the magnitude of the multideterminant
effects, we performed multireference configuration-interaction
(MRCI) calculations for theR f P1, 1 T 2, and 1 T P2
pathways, all of which have a substantial Q1 diagnostic
(g0.015) and play a significant role in the overall kinetics and/
or product distribution. Specifically, we used the complete-
active-space, self-consistent field (CASSCF) reference wave
functions,78,80 with singles and doubles CI excitations and
Davidson corrections for quadruples excitations (MRCI+Q).81,82

The basis-set extrapolation scheme mentioned previously was
used in these MRCI+Q calculations, together with the UB3LYP/
6-311++G(d,p) geometries. The forward and reverse energy
barriers calculated with these methods are given in Table 5.

In the case of the hydrogen abstraction pathway, only the
reverse process (i.e.,P1 f R) was studied with MRCI
calculations. The active space consisted of nine electrons and
nine orbitals: theσ andσ* of both O-H bonds, theπ andπ*
of the C-C bond, and theσ orbital on the C2H radical. The
transition state for the isomerization reaction (1 T 2) included
seven electrons and six orbitals in the active space. These
consisted of theσ andσ* orbitals of C-H or O-H, the radical
orbital on O or C, theπ andπ* of the C-C bond, and a lone
pair on O. Calculations of the decomposition to hydroxyacety-
lene (1 T P2) were performed with an active space of five
electrons and five orbitals. These are the 1s orbital of the exiting
H and the two perpendicular sets ofπ and π* orbitals of the
C-C bond. The inclusion of an O lone-pair in the active space
had a negligible effect on the energies. In all transition states

Figure 1. Potential energy surface calculated using RQCISD(T)/CBS for electronic energies and UB3LYP/6-311++G(d,p) geometries and zero-
point energies. Transition state for3 f P3 optimized using UMP2 (see text for details).

Figure 2. Potential energy calculated with several methods on the
UB3LYP/6-311++G(d,p) IRC corresponding to the association of OH
and C2H2. Energies include density functional theory (DFT) zero-point
energy (ZPE) corrections.
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studied, the occupancies of the CASSCF active orbitals were
between 0.03 and 1.97.

The Davidson-corrected MRCI energy barriers are all within
1.6 kcal/mol of the RQCISD(T) values, providing us with
considerable confidence in both estimates. It is likely that the
uncertainties in these barriers are<2 kcal/mol. The compara-
tively large differences, up to 4.5 kcal/mol, between the MRCI
calculations with and without the Davidson corrections suggests
that the RQCISD(T) results are likely to be as reliable as the
MRCI+Q results. Thus, the RQCISD(T) values are used in the
kinetics calculations.

III. Calculation of Rate Coefficients

Preliminary rate coefficient calculations demonstrated that the
reaction flux leading to H2 + HCCO (P3 in Figure 1) was
negligible; so, we eliminated this channel to simplify the
analysis. Likewise, the formation of the cyclic intermediate
H(COC)H2 (5) is slow and was treated irreversibly as a
bimolecular channel.

There are four conformers of complex1, shown in Figure 3.
We note that, at the energies of interest, isomerization between
these conformers is rapid relative to the time between collisions,
resulting in fast microcanonical equilibration. Thus, internal
rotations about the C-O bond (from1a to 1c and from1b to
1d) were simply considered to be hindered rotors for the purpose
of calculating the density of states. The lowest-energy trans-
formations for1a T 1b and1c T 1d involve a large-amplitude
vibration with H atom motion in the CCO plane. These were
treated harmonically, doubling the density of states of complex
1 to take into account the effect of the double-well potential.
This approximation should be reasonably accurate, because the
frequencies and energies of1a and1b are very similar, as are
those of1c and1d.

The addition of OH to acetylene and the subsequent processes
(i.e., stabilization, isomerization, and dissociation) were modeled
with a multiple-well master equation (ME) of the form

corresponding to the four stable species (1 ) HOCHCH,2 )
OCHCH2, 3 ) HOCCH2, and4 ) OCCH3). In eq 7,ni(E) is
the population of complexi at energyE, E0i the ground-state
energy of complexi, and Z is the collision number per unit
time. Collision rates were calculated using the Lennard-Jones
potential parameters of ethanol83 to represent the complexes.
P(E r E′) is the probability that a complex with an energy
betweenE′ andE′ + dE′ will be transferred by a collision to a
state with an energy betweenE andE + dE. Rates of collisional

energy transfer (CET) for deactivating collisions were modeled
using the “single exponential down” expression:

where〈∆Ed〉 is an energy transfer parameter that depends on
the nature of the collider gas. The value of〈∆Ed〉 was determined
as a function of temperature by fitting the data of Michael et
al.16 between 228 K and 413 K to a function with linear
temperature dependence. CET rates for activating collisions were
obtained from a detailed balance.

The term involvingkji(E) in eq 7 represents the rate of
isomerization fromi to j, wherei,j ) {1, 2, 3, 4} are the stable
isomers (wells1-4), R the reactants (OH and C2H2), andPR a
set of bimolecular products (P1 ) H2O + C2H, P2 ) H +
HCCOH, P4 ) H + CH2CO, P5 ) CO + CH3, and P6 )
H(COC)H2). Microcanonical rate coefficients were obtained
from RRKM theory, and, in the case of dissociation transition
states, these were calculated variationally. Asymmetric Eckart
barriers were employed to compute the effect of tunneling
through the reaction barriers.

To reduce the master equation to a linear form, we assume
that the reaction takes place under pseudo-first-order conditions:

Solution of the master equation (ME) and the balance expression
for nOH,

was carried out by discretizing the energy and casting the system
of equations as an eigenvalue problem. In eq 10,F1(E) is the
number of states of complex1 with energy betweenE andE +
dE, andQ1(T) is the corresponding canonical partition function.
Rate coefficients were extracted from the solution eigenpairs,
following the procedures described in refs 84-86. All rate
coefficients were calculated with the VARIFLEX code.87

TABLE 5: Calculated Energy Barriers without Zero-Point Energy (ZPE), Extrapolated to the Complete Basis Set (CBS) Limit

calculated energy barrier without ZPE (kcal/mol)

reaction RHF RQCISD(T) CASSCF MRCI MRCI+Q

R f P1 C2H2 + OH f C2H + H2O 52.0 18.7
P1f R C2H + H2O f C2H2 + OH 24.8 5.2 18.4 9.8 6.9
1 f 2 HOCHCHf OCHCH2 54.3 38.4 45.2 41.4 39.0
2 f 1 OCHCH2 f HOCHCH 80.5 65.5 74.6 69.1 66.2
1 f P2 HOCHCHf H + HOCCH 54.7 50.4 43.1 48.1 49.6
P2f 1 H + HOCCHf HOCHCH 9.3 2.0 8.1 4.4 3.0

dni(E)

dt
) Z∫E0i

∞
P(Er E′)ni(E′) dE′ - Zni(E) -∑

j*i

4

kji(E)ni(E) +

∑
j*i

4

kij(E)nj(E) - kPRi(E)ni(E) + nRK Ri
eqkRi(E)

Fi(E)e-âE

Qi(T)
-

kRi(E)ni(E) (for i ) 1, ...,4) (7)

Figure 3. Conformers of isomer1.

P(E r E′) ∝ exp(- E′ - E
〈∆Ed〉 ) (for E′ > E) (8)

nOH , nC2H2
, nM (9)

dnOH

dt
) ∫E01

∞
kR1(E)n1(E) dE -

nR

Q1(T)
∫E01

∞
KR1

eqkR1(E)F1(E)e-âE dE (10)
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The analysis mentioned above describes the solution to a
one-dimensional (1-d) ME withE (the total energy) as the
independent variable. Under certain conditions, it is straight-
forward to solve a two-dimensional (2-d) ME withE andJ (the
total angular momentum quantum number) as independent
variables. The two conditions of interest here are the collisionless
limit, obtained by setting Z) 0 in the two-dimensional analogue
of eq 7,88,89and the irreversible dissociation of a single molecule
(one well, but any number of dissociation channels).90-92 In
the latter case, rate coefficients for the association reaction are
obtained from the reverse process by imposing detailed
balance.90-92

Low-frequency torsional modes of intermediates and transi-
tion states were treated as hindered rotors. Torsional potentials
were calculated at the B3LYP/6-311++G(d,p) level by varying
the torsional angle while constraining the geometry of the
rotating fragments. The resulting potentials were parametrized
with the Fourier series,

The torsional parameters used, as well as Cartesian coordinates
of some of the structures optimized, are given in the Supporting
Information section. In all cases, six cosine terms plus four sine
terms for asymmetric rotors were sufficient to obtain root mean
square (RMS) fitting errors of<1 cm-1. The Pitzer-Gwinn
formalism93 was used to account for quantum effects in the
number and density of states functions, using the aforementioned
potentials.

Spin-orbit interactions in OH cause a splitting of 126 cm-1

between the2Π3/2 and2Π1/2 ground-state levels.94 The ground-
state OH radical at rest is described well as Hund’s case (a) of
angular momentum coupling. However, as the rotational quan-
tum number increases, the spin angular momentum uncouples
from the molecular-rotation axis, and the system quickly
approaches case (b). In practice, this means that the splitting
between theJ ) 3/2 andJ ) 1/2 levels of OH increases with the
total angular momentum quantum number. Although spin
uncoupling is significant in hydroxyl radicals, in the case of
the addition transition state, this effect is expected to be
negligible, because the coupling with the molecule’s rotational
axis is very weak. Thus, spin uncoupling was incorporated in
the analysis by correcting the partition function of the reactants.
Additional corrections were included to account for the fact that
the Variflex code restricts the total angular momentum quantum
number (J) to integer values when half-integer values are needed
in the case of open-shell species. The combined correction factor
for these two effects is 0.88 at room temperature and approaches
unity as the temperature increases.

IV. Results and Discussion

A. High-Pressure Limit. There has been some debate about
the high-pressure limit of the rate coefficient (k∞) for the title
reaction. Schmidt et al.95 performed experiments with isotopi-
cally substituted reactants and confirmed that O2 reacts with
the collision complexes to regenerate OH. This implies that
experiments measuring OH decay in the presence of oxygen
would lead to decreased rate coefficients. In 1997, Fulle et al.34

conducted experiments in helium at pressures up to 130 bar
and temperatures close to room temperature. They found a value
that was higher, by more than a factor of 2, than that found in
previous experiments using air,19,33 nitrogen,23,24,27,33,96and
argon15,16,18,22diluents. A recent study by Sørensen and co-

workers,39 using two different methods to measure C2H2 decay
to determine relative rate coefficients, confirmed the lower value.
We used their recommended value ofk∞ (9.7 × 10-13 cm3

molecule-1 s-1 at 296 K) to calibrate our model. This resulted
in the lowering of the entrance barrier by 1.1 kcal/mol. Such
an adjustment is within the uncertainty of the ab initio
calculations, especially given the large Q1 diagnostic for the
association transition state. The calculated rate coefficient in
the high-pressure limit is shown in Figure 4, along with those
reported in previous studies.

B. Collisionless Limit and the Hydrogen Abstraction
Channel. Although there have been several measurements of
the title reaction at temperatures of interest for combustion, most
of these rate coefficients were derived indirectly, relying on an
assumed reaction mechanism. The only direct measurements
of the rate coefficients above 1200 K are the laser pyrolysis
experiments by Smith, Fairchild, and Crosley21 at low pressure
and the pulse radiolysis experiments of Liu et al.26 at atmo-
spheric pressure. Rate coefficients in the zero-pressure limit (k0)
are shown in Figure 5, together with selected experimental
data.7,8,16,21,25Our calculations in the collisionless limit (includ-
ing hydrogen abstraction) agree well with the laser pyrolysis
experiments of Smith et al.21 and with the flame experiments
of Fenimore and Jones7 and Browne et al.8

Smith et al.21 attributed the increase in activation energy they
observed above 1200 K to the hydrogen abstraction channel
(k1). Our calculations show an increase in the rate coefficients

V(∆φ) ) V0 + ∑
m)1

Am cos(m∆φ) + ∑
n)1

Bn sin(n∆φ) (11)

Figure 4. Calculated rate coefficients in the infinite pressure limit (solid
line) and experimental data from previous studies.16,18,22,23,34,35,39,40

Figure 5. Total rate coefficients in the collisionless limit (k0): this
work (solid line) and experimental data.7,8,16,21,25
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leading toP2 andP1 channels above 1200 K. This is caused
by the opening of entropically favored transition states, namely
1 f P2 and R f P1. The effect of the 1,2-hydrogen shift
(1 T 3) was determined to be unimportant below 2000 K.

Our hydrogen abstraction rate coefficients, shown in Figure
6, are noticeably smaller than those obtained in previous
studies.25,40The difference is largely due to a significantly higher
energy barrier used in the present study, based on the ab initio
calculations. The fact that the MRCI+Q calculations yielded
an even higher barrier for this channel (+19.7 kcal/mol) suggests
that the calculatedk1 can be regarded, more or less, as an upper
limit. Variational effects in the hydrogen abstraction channel
were found to be unimportant; e.g., they decrease the rate
coefficient by only 4% at 2000 K.

The reverse hydrogen abstraction reaction has been studied
theoretically by Ding et al.41 and experimentally by Van Look
and Peeters97 and, more recently, by Carl et al.42 In this re-
examination by the Peeters group, the authors concluded that
the rate coefficients reported in ref 97 were too high, probably
due to incomplete mixing. Rate coefficients (k1) for the hydrogen
abstraction channel, derived from the reverse reaction41,97 and
our calculated equilibrium constants, are also shown in Figure
6. Our calculated rate coefficients agree well with those
computed by Ding and co-workers41 and the newer measure-
ments from the Peeters group;42 however, they are incompatible
by several orders of magnitude with the older measurements
by Van Look and Peeters in the temperature range of 295-450
K.97

It is important to note that Evans-Polanyi-type correlations
suggest that the activation energy for the (reverse) hydrogen
abstraction reaction should be higher than that for C2H + H2,
i.e., g 2.5 kcal/mol. Our calculated reverse barrier of 5.2 kcal/
mol, as well as those calculated by Ding et al. (5.5 kcal/mol)41

and Carl et al. (4.1 kcal/mol),42 satisfy this empirical rule, while
the barrier used in ref 40 and the activation energies derived
from refs 25 and 97 are considerably smaller.

The effect of conserving total angular momentum was studied
by solving the 2d master equation (E, J resolved) in the
collisionless limit,88,89 where rotational effects are expected to
be the largest. At intermediate and high temperatures, the rate
coefficients calculated with the 1d and the 2d master equations
are similar. For example, at 300 K, theJ-conserved rate
coefficient (in the collisionless limit) is 88% of that obtained

from the 1d master equation, and the difference between the
two diminishes at higher temperatures.

In Figure 7, we compare our total rate coefficient for all
channels except the hydrogen abstraction (kt) with experiments
reporting rate coefficients for channels other than the hydrogen
abstraction.6,14,17,25,29,32,36At combustion temperatures, our
results for kt are in remarkably good agreement with the
experiments of Woods and Haynes,6 Kaiser,29 and Bittner and
Howard,17 who all measured hydrocarbon concentrations at
conditions where the hydrogen abstraction reaction is essentially
equilibrated. The rate coefficients proposed by Waly et al.37

and Hwang et al.25 for the ketene channel are about five times
as large as our calculations and previous measurements ofkt in
this temperature range.6,17,29The previous theoretical study of
Miller and Melius40 underpredictskt at lower temperatures.
Measurements at lower temperatures by Vandooren and Van
Tiggelen14 and by Siese and Zetzsch32 are not in the collisionless
limit and lie between our calculations at 0 and 760 Torr.

C. Pressure Dependence.Eigenvalues resulting from the
solution of the master equation system at 760 Torr are shown
in Figure 8. Those corresponding to internal energy relaxation
modes form a quasi-continuum, which is depicted with gray
shading in the figure. In this case, the five smallest (least
negative) eigenvalues are “chemically significant”. Each of these
characterizes the rate of equilibration of two (or more) chemical
species. Except at low temperatures and pressures, the smallest
(least-negative) eigenvalue corresponds to the equilibration

Figure 6. Rate coefficients for the direct abstraction reaction (k1)
channel from the present calculations (dashed line) and from previous
studies.25,40 Also shown are rate coefficients obtained from our
calculated equilibrium constants and data from studies of the reverse
reaction.41,42,97

Figure 7. Total rate coefficients without the hydrogen abstraction
channel (kt). Calculations at 1 atm of argon are depicted with a solid
line and those in the collisionless limit with a dashed line. Also shown
arekt values from previous experimental6,14,17,25,29,32,36and theoretical40

studies.

Figure 8. Eigenvalues of the master equations forP ) 760 Torr and
PC2H2 ) 1 Torr. The quasi-continuum of eigenvalues corresponding to
internal energy relaxation is shown in gray.
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between reactants and bimolecular products. The transition state
connecting well4 to products is so low in energy that the
eigenvalue corresponding to this transition state enters the quasi-
continuum region at a temperature just above 1500 K. This
implies that the thermal dissociation of CH3CO to CH3 + CO
occurs completely as part of the vibrational relaxation process
above this temperature.

There have been several studies that measured the pressure
dependence of the overall reaction near room temperature using
helium,34 air,39 nitrogen,23,33 and argon16,18 bath gases. We fit
the data of Michael et al.16 in the 228-413 K range to obtain
the collisional energy transfer parameter〈∆Ed〉 ) 160 cm-1(T/
300 K) with an argon collider. We note that this fit is rather
approximate given the scatter in the experimental data and the
form of the temperature dependence is solely empirical, based
on those obtained for similar systems.90,98

Figure 9 shows the rate coefficients at 298 K, calculated with
a multichannel, 1d master equation (thick solid line), a single
channel 2d master equation (thin solid line), and a single-
channel, 1d master equation (dashed line). At pressures above
10 Torr, the difference between the rate coefficients obtained
from the 1d and 2d master equations is small, well within the
scatter of the experimental data. Below this pressure, contribu-
tions from channels other than intermediate stabilization are
important. The effect of conserving total angular momentum is
small at 1 Torr and negligible at pressures higher than 10 Torr.
At 300 K, the collisionless rate coefficients obtained from the
1d master equation are 14% larger than those obtained with
the 2d form. Also shown in Figure 9 are the rate coefficients in
the high-pressure limit, calculated with transition state theory
(short dash line) and those at the collisionless limit, obtained
from 1d and 2d master equations (dotted and dash-dotted lines,
respectively).

Fall-off curves at other temperatures are shown in Figure 10,
along with experimental data from Michael et al.16 At temper-
atures of below 250 K and low pressures, the eigenvalue method
for obtaining rate coefficients incurred numerical problems, so
eqs 2 and 5 were integrated numerically with an ordinary

differential equation (ODE) solver.99 The value of〈∆Ed〉 used
results in a good fit to all the data, even at the lowest tempera-
ture where the experiments do not show any pressure depen-
dence.

While the study of Michael et al.16 reported a temperature-
independent value of 4× 10-13 cm3 molecule-1 s-1 for the
rate coefficients extrapolated to the limit of zero pressure, Perry
and Williamson18 observed no appreciable zero-pressure inter-
cept. Our rate coefficients decrease monotonically with pressure
and agree well with the low-pressure measurements of Schmidt
et al.,22 suggesting that the zero-pressure intercept reported in
ref 16 is too high. We note that our calculated zero-pressure
limit at room temperature (8.8× 10-14 cm3 molecule-1 s-1)
may be below the detection limit of ref 18.

Calculated rate coefficients in 1 atm of argon are shown in
Figure 11, along with several experimental values.16,19,26,30,31

Agreement with experiment is good except at intermediate
temperatures (700 K< T < 1200 K), where our calculations
are higher than the experimental values by factors up to 1.8. In
this temperature range, the pseudo-first-order forward and
reverse reaction rate coefficients are approximately equal (i.e.,
K R1

eq × [C2H2] ≈ 1). It is not clear whether or not the
dissociation of the addition complex (1) back to reactants was
considered in the fit of OH decay in ref 26. If it was not

Figure 9. Rate coefficient at 298 K as a function of pressure. Present
calculations were done using an argon bath gas, with a multichannel
1d master equation (thick solid line), a single channel 2d master
equation (thin solid line) and a single channel 1d master equation
(dashed line). Also indicated are the high-pressure limit (short dashed
line) and collisionless limits obtained from 1d and 2d master equations
(dotted and dash-dotted lines, respectively). For comparison, experi-
mental measurements using argon,16,18,22 air,19,39 nitrogen,23,33 and
helium34 colliding partners are shown.

Figure 10. Rate coefficients as a function of pressure at 228, 257,
362, and 413 K: (s) calculated rate coefficient, (- - -) high-pressure
limit, and (‚ ‚ ‚) low-pressure limit. Experimental data16 are represented
by symbols.

Figure 11. Calculated rate coefficients at 1 atm of argon (solid line)
and experimental data.16,19,26,30,31
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(probably the case), their analysis would have resulted in an
underestimation of the rate coefficient, explaining the difference
between our calculations and the experimental data. We stress
that our rate coefficients account for this equilibration process
and are derivedunambiguouslyfrom the theoretical formalism
presented previously.

D. Branching Ratios. Figure 12 shows Arrhenius plots for
the P4, P5, P2, and association channels at several pressures.
The rate coefficient for association (kassn) shows a strong
pressure dependence and decreases with increasing temperature
at all but the highest pressures. This is caused by a proportional
increase of activating collisions, relative to deactivating ones
at higher temperatures, as well as by an enhancement of the
dissociation back to reactants. Competition between isomeriza-
tion and dissociation reactions with collisional stabilization
causesk4, k5, and, to a lesser extent,k2 to decrease at low
temperatures as the pressure is increased. The higher barrier
for the P2 channel is responsible for the decreased pressure
sensitivity.

Product branching ratios as a function of temperature are
shown in Figures 13 and 14 (in 1 atm of argon in Figure 13
and in the collisionless limit in Figure 14). At 1 atm and

temperatures below 1250 K, complex1 is the main product,
because the energy barriers for isomerization and hydrogen
abstraction are considerably higher than the association barrier.
In fact, there is never significant stabilization into any of the
other wells, even at higher pressures. As the temperature is
increased, back dissociation from1 to reactants prior to
stabilization, as well as isomerization and decomposition to H
+ CH2CO and CO+ CH3 products, becomes important. Thus,
production of ketene is the main channel at temperatures
between 1200 and 2100 K and atmospheric pressure. Eventually,
flux through entropically favored transition states becomes
significant, leading to higher yields of HOCCH and C2H at high
temperatures.

Our calculations show that the channel leading to hydroxy-
acetylene is not as important as previously thought,40 being
surpassed by H+ CH2CO and CO+ CH3 at low temperatures
and by direct abstraction at higher temperatures.

V. Concluding Remarks

Calculations in the present investigation are based entirely
on the ab initio potential energy surface, except for a minor
adjustment to the association energy barrier. Overall agreement
with experimental assessments is good, considering the dis-
crepancies in the experimental data.

The most significant differences between the present analysis
and the previous theoretical work of Miller and Melius40 are a
smaller rate coefficient for the direct abstraction channel (which
accounts for only∼11% of the total rate coefficient at 1500 K
and zero pressure) and the predominance of the ketene product
channel at temperatures below 2100 K in the present work. At
atmospheric pressure, channelsP4 (H + ketene) andP5 (CH3

+ CO) compete with the stabilization of complex1. Calculations
at low temperatures indicate a collisionless-limit rate coefficient
smaller than the constant value found by Michael et al.,16 but
higher than that predicted in ref 40, withk0/k∞ ≈ 9.1% at room
temperature in the present work.

Rate coefficient expressions for use in modeling are sum-
marized in Table 6.

Supporting Information Available: Torsional parameters
used, as well as Cartesian coordinates of some of the structures
optimized (PDF). This material is available free of charge via
the Internet at http://pubs.acs.org.

Figure 12. Calculated rate coefficients for association of OH and C2H2

and reactions leading to H+ CH2CO, CH3 + CO, and H+ HCCOH
at several pressures.

Figure 13. Calculated product branching in 1 atm of argon bath gas,
as a function of temperature. Products are HOCHCH (thick solid line),
H2O + C2H (thin solid line), H+ HOCCH (dashed line), H+ CH2CO
(dotted line), CO+ CH3 (dash-dotted line), and H+ H(COC)H (dash-
dot-dot line).

Figure 14. Calculated product branching in the collisionless limit as
a function of temperature. Products are H2O + C2H (thin solid line),
H + HOCCH (dashed line), H+ CH2CO (dotted line), CO+ CH3

(dash-dotted line), and H+ H(COC)H (dash-dot-dot line).
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channel
pressure,
P (atm) A B C D E F

P1 H2O + C2Ha,b 4.37× 10-18 2.14 8586
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100 1.22× 10-17 1.89 6846
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0.1 5.01× 10-19 1.92 301
1 1.25× 10-17 1.55 1060
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100 2.42× 10-20 2.45 2253

P5 CO + CH3
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0.01 7.90× 10-19 1.68 -166
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1 HOC2H2
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∞ 1.80× 10-16 1.34 167 1.00× 10-16 1.62 121

a Hydrogen abstraction channel is independent of pressure.b k(T) ) ATB exp(-C/T). Units for k(T) are cm3 molecule-1 s-1, and temperature is
given in Kelvin (K). c k(T) ) ATB exp(-C/T) + DTE exp(-F/T). Units for k(T) are cm3 molecule-1 s-1, and temperature is given in Kelvin (K).
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