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Recently, enols have been found to be the common intermediates in hydrocarbon combustion flames (Taatjes
et al. Science 2005, 308, 1887), but the knowledge of kinetic properties for such species in combustion flames
is rare. Therefore in this work, particular attention is paid to the formation of enols in combustion flames.
Starting with HO and propene (CH;CH=CH,), the reaction mechanism involving eight product channels has
been investigated systematically. It is revealed that the electrophilic addition of OH to the double bond of
CH;CH=CHj; is unselective and the chemically activated adducts, CH;CHOH=CH, and CH;CH=CH,OH,
may undergo dissociation in competition with H-abstractions. The kinetics and product branching ratios of
the HO and propene reaction have been evaluated in the temperature range of 200—3000 K by Variflex code,
based on the weak collision master equation/microcanonical variational RRKM theory. Available experimental
kinetic data can be quantitatively reproduced by this study, with a minor adjustment (1.0 kcal/mol) of the OH
central addition barrier. From the theoretical calculations with multiple reflection correction included, the
total rate constant is fitted to k, = 6.07 x 107°T > exp(108/T) cm?*+molecule™'+s™! in the range of 200—800
K and k = 7.11 x 10737338 exp(—1097/T) cm*+molecule™'+s™! in the range of 800—3000 K, which are in
close agreement with experimental data. The branching ratios of enol channels are consistent with the
observation in low-pressure flames and hence the reaction mechanisms presented here provide valuable

descriptions of enol formations in hydrocarbon combustion chemistry.

1. Introduction

Recently, enols, the unstable tautomers of aldehydes and
ketones, have been found to be the intermediates in hydrocarbon
combustion flames."? Enols were first postulated in 1880 by
Erlenmeyer® as transient chemical intermediates, until 1976* the
simplest enol, ethenol (CH,=CHOH) was observed in a gas
phase. Since then, enols have been the subject of numerous
experimental and theoretical studies.”~7 Now it is evident that
they are present in substantial concentrations in a wide range
of flames. In 2003, Cool et al.> observed the ethenol in a ethene-
rich flame for the first time, and then Taatjes et al.! studied the
ethenol, propenols, and butenols in a wide range of pure and
mixed-fuel flames in 2005. The traditional hydrocarbon com-
bustion chemistry models assume C,H;O molecules observed
in flames as acetaldehyde or oxirane, but Taatjes et al.!
discovered the ethenol kinetics in flames differing from those
of the acetaldehyde tautomer. Consequently, Taatjes et al.
proposed that there should be different mechanisms in the
formation of ethenol and acetaldehyde tautomers, and the flame
concentrations are the result of the competing effects of many
reactions.! So theoretical studies are needed to explain the
phenomena of enol formation and destruction. Most recently,
Taatjes et al.® reported the mole fraction profiles of enols in
combustion flames of rich ethene, allene, propene, butylenes,
cyclopentene, etc., and proposed that the reaction of OH radical
with ethene is the dominant source of ethenol in many
hydrocarbon flames. However, from the mole fraction profile
obtained from the propene-rich flame, the correlation between
mole fractions of ethene and ethenol indicates that the reaction
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of OH + ethene is not the sole source of ethenol, so ethene is
not the sole precursor, while the OH + CH;CH=CH, reaction
is still responsible for the formation of ethenol. So the
investigation of the combustion chemistry mechanisms of
the new reactions for enol production will be helpful to the
development of the present hydrocarbon combustion chemistry
models. This is just our motivation in carrying out the study of
OH + propene reaction so as to elucidate the formation
chemistry of ethenol and propenol in flames.

Reliable rate constants for the production of enols in an OH
+ propene reaction are not yet available. The overall kinetics
of the reaction has been extensively studied experimentally,’~!”
but there are few measurements of the reaction products.
Hoyermann and Sievert'® measured the products of this reaction
at low pressure and room temperature. They have noted several
channels to get the products, such as the channel of producing
methyl and C,H4O assigned as acetaldehyde, and the channel
of producing H and C5HeO assigned as acetone. But the products
are probably including enols. On the other hand, several
theoretical studies have been reported for this system.!®™2!
Alvarez-Idaboy et al.*® have carried out ab initio calculations
for the mechanism of OH + propene reaction at low pressure
in inert atmosphere, just focusing on the reaction channels about
the products of acetone, propionic aldehyde, formaldehyde, etc.
However, the formations of ethenol and propenols, two possible
important reactions, have been ignored. Szori et al.2! have
investigated the allylic H-abstraction mechanism in the reaction
of the OH + propene system at lower temperature, but
surprisingly the formation of enols has not been involved, and
the kinetic comparisons with all of the reaction channels have
not been well established either. Therefore, more details are
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required for the descriptions of the formations and kinetic
properties of enols in this reaction system. If the reaction of
OH + propene is similar to the reaction of OH + ethene,* one
may expect formation of ethenol and methyl radicals by C—C
fission following addition to the central carbon. Factually, both
formations of propen-2-ol by C—H fission following OH
addition to the central carbon, and of 1-propenol following
terminal addition, are thermodynamically possible,?>2’ analo-
gous to the formation of ethenol in the reaction of OH with
ethene. Holmes et al.>* proposed that at the temperature above
1226 K the yield of enol decreases and ketene and methane are
produced.

Accurate calculations of the electronic energies for radical
structures are quite sensitive to the treatment of electron
correlation. The thermochemical properties of enols including
ethenol, propen-2-ol, propen-1-ol, etc., have been investigated
by Tureek et al.,”0 and the results showed that the total energies
for any species mentioned above differs greatly by means of
different methods. So it is very important to determine which
method is most suitable for the reaction involving enols. The
reaction of OH + ethene has also been sufficiently studied by
several groups!6?22736 with ab initio calculations. Sekusak et
al.,” Piqueras et al.,’! Villa et al.,> and Sosa and Schlegel**
have investigated the entrance barrier and the reaction enthalpy
with respect to the size and quality of basis sets and the treatment
of correction energies. Their results indicated that the entrance
barrier height and enthalpy are very sensitive to the method
employed. Sekusak et al.?? found that the results agree best with
the experimental results are obtained at the MP2/aug-cc-pVTZ//
UMP2/6-311-+G(2d,p) level of theory. Zhu et al.?? investigated
the entrance barrier and the reaction enthalpy of the process
OH + CH; + M — C,H,OH + M at several levels of theory,
including CCSD(T), G3, G2M(CC1), G3B3, and PMP2. Their
results showed that values in good agreement with experimental
values are obtained at the PMP2 level with the aug-cc-pVQZ
basis set. On the other hand, Alvarez-Idaboy et al.*> have
investigated the reaction of OH addition to ethene with different
methods, including PMP2, PMP4, and CCSD(T). They proposed
that PMP2 with large basis sets up to aug-cc-pVTZ gave the
best agreement between theoretical and experimental activation
energies. Galano et al.*® have investigated the reaction of OH
with formic acid at several levels of theory, such as MP2, MP4,
B3LYP, BHandHLYP, CCSD(T), and QCI. They proposed that
the best results were obtained with the PMP2/6-311++G(2d,2p)/
MP2/6-311++G(2d,2p). Obviously, the MP2 method is the best
one to describe the OH addition reaction system, so the MP2
method is employed to calculate the reaction of OH radical with
propene in this work.

On the basis of the reasons mentioned above, we carry out
the theoretical investigations on the reaction channels, the rate
constants, and the branching ratio of OH + propene system at
different temperatures and pressures. Particular attention is paid
to the formation of enols.

2. Computational Methods

The MP2 method with the cc-PVTZ basis set is employed to
fully optimize the equilibrium geometries of the reactants, van
der Waals prereaction complex, intermediates, transition states
(TSs), and products. The zero-point vibrational energy correc-
tions (ZPE) calculated at this level have been scaled by a
standard factor of 0.95 as suggested by Scott and Radom.*’ In
addition, vibration frequency calculations are also carried out
to confirm the existence of transition states with one and only
one imaginary frequency. The intrinsic reaction coordinate (IRC)
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calculations are carried out to confirm that the transition states
are connecting the right minima between a specific pair of
stationary points. Single-point energies of all species are
obtained by the PMP2 method with large basis set aug-cc-
PVQZ. CCSD(T)/6-311+G(3df,2p), B3LYP, CCSD(T) with cc-
pVXZ extrapolated to complete the basis set (CBS) limit*®
calculations are also carried out for some important reaction
channels for comparison. All of the electronic structure calcula-
tions were performed with the Gaussian 03 program.®

For unimolecular reactions, we employ Rice—Ramsperger—
Kassel—Marcus (RRKM) theory*’ and master equation calcula-
tions to compute the pressure- and temperature-dependent rate
constants. Several packages developed based on RRKM theory
are available, for example, the UNIMOL program,*' the
ChemRate program,* and the Variflex program.** Among them,
Variflex has the most sophisticated and realistic treatment of
loose transition states found in barrierless association reactions
and unimolecular reactions. In this work, we employed the
Variflex code to perform the rate constant calculations. Reactions
with loose transition states were treated using variable reaction
coordinate-transition state theory (VRC-TST) formalism.*%
Reactions with tight transition states were treated using a
canonical nonvariational transition state theory.*

3. Results and Discussion

The optimized geometries of the prereaction complex, inter-
mediates, transition states, and product are shown in Figure 1.
Energies of the species in the entrance channel of this reaction
system are listed in Table 1. Although in general the CCSD(T)
method yields more reliable results for transition states, here
MP2 seems to predict better energies when compared with the
data from the literature.?%-3346

Meanwhile, we calculated the reaction enthalpies (A,H,°) for
three different channels at different levels. The predicted reaction
enthalpies determined by different methods including PMP2/
aug-cc-PVQZ, CCSD(T)/ 6-311+G(3df,2p), and CCSD(T) with
cc-pVXZ extrapolated to complete basis set (CBS) limit*® are
listed in Table 2. The CBS extrapolation equation at the
CCSD(T) level used here is provided by Huh®® with the cc-
PVXZ basis sets

E®"(00) = E“"(X) + A/(X + 1/2)° 1)

(X = 2, 3) for D-T extrapolation.

The predicted values are compared with the experimental
reaction enthalpies using the available experimental heats of
formation.**~> The deviations between the experiment and the
predicted reaction enthalpy AAH,° obtained with different
methods are also listed in Table 2. It is shown that forOH +
C;Hg — CH,CHOH + CHj;, the two CCSD(T) methods are
slightly better than the PMP2 method, but for the other two
reactions,OH + C3Hg — CH;CH, + CH,0 and OH + C;Hg —
CH;CHCHOH + H, the PMP2 method is much better than the
CCSD(T) methods. The results by the CCSD(T) method deviate
considerably from the experimental ones, the AA.H,° for the
reaction OH + C3;Hg — CH;CHCHOH + H being 5.06 kcal/
mol with the CCSD(T)/6-311+G(3df,2p) method and 4.96 kcal/
mol with the CCSD(T)/CBS method. The results obtained at
the PMP2 level with a large basis set (aug-cc-PVQZ) are in
reasonable agreement with the experiment, which are similar
to those of the OH + C,H, system calculated by Zhu et al.??
Therefore, the relative energies in the following are calculated
at the PMP2/aug-cc-PVQZ//MP2/cc-PVTZ level, which are used
for the rate constant calculation.
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Figure 1. Optimized geometries of the prereaction complex, intermediates and transition states involved in the reaction of HO + propene at the
MP2/cc-PVTZ level. The bond lengths are given in angstroms, and the angles are given in degrees.

TABLE 1: Comparison of Energies (kcal/mol) Relative to
Reactants for the Species in the Entrance Channel of This

Reaction System

TABLE 2: Reaction Enthalpies (A.H,°) of Three Different
Channels Predicted at the Different Levels of Theory at 0 K
in Units of kcal/mol, the Geometries Are All Obtained at the

MP2/cc-PVTZ Level

SpCCiCS EPMPZ ECCSD(T) ref 20¢
OH + C;Hg —
CH;CHCH, + OH 0 0 0.0 CH,CHOH + CH; AHY® AAHy®
M1 —2.6 —2.5 —2.9
TS11 —14 0.2 —2.1 [—2.06] PMP2/aug-cc-PVQZ —-11.9 —4.0+2.0
TS12 11 0.3 —1.7 (—1.00) CCSD(T)/6-311+G(3df,2p) —8.9 —1.0£20
IM21 ~323 ~27.0 -332 CCSD(T)/CBS? —9.3 —1.4+£2.0
IM22 -30.6 —26.1 -30.5 exptl” —7.9+2.0
@ The value in brackets is proposed by Cvetanovic,*® the value in CI(—)If-ICI——iI—C(}j;g;I: o AdHy AAHy
parentheses is proposed by Alvarez-Idaboy et al.* PMP2 /ailg-cc-PVQZ —46 1344 0.007
CCSD(T)/6-311+G(3df,2p) 1.8 5.06 £ 0.007
3.1. Potential Energy Profile and Reaction Mechanism. CCSD(T)/CBS* 1.7 4.96 + 0.007
Electrophilic addition to the CC double bond is a crucial mode exptl —3.26 £ 0.007
of OH radical attack on propene. In addition, the H-abstraction OH + C3Hg — AHy° AAH
mode may play an important role in the overall kinetics. We CH;CH, + CH,O
rely on chemical intuition in considering the probable reaction PMP2/aug-cc-PVQZ —14.1 —1.04 £ 0493
pathways. According to the sites of the interaction between OH gggg(?;géé%;_ G(3df.2p) :i(z)g 0.66 - 0.493
radical and the propene, three branches are selected: central exptl“( ) 1306 £ 0493 276 +0.493

addition (Scheme 1), terminal addition (Scheme 2), and direct
H-abstraction (Scheme 3).

The global potential energy profile at the PMP2/aug-cc-
PVQZ//MP2/cc-PVTZ level is schematically shown in Figures
2 and 3. Factually, some structures in Figure 1 have more than
one conformation, but here we use the most stable one for our
purpose, with the implicit assumption that conformational

“The heats of formation from literature: AH,°(OH) = 8.86 +
0.007 kcal/mol (ref 47), AiHy°(CH;3) = 35.86 £ 0.07 kcal/mol (ref
48), AHy® (H) = 52.1 kcal/mol, AtHy°(CH,O) = —27.7 kcal/mol
(ref 49); AHy°(C3Hg) = 4.9 kcal/mol (ref 50); AHy°(CH,CHOH)
= —30.0 £+ 2.0 kcal/mol (ref 51); AsH°(CH;CH,) = 284 + 0.5
kcal/mol (ref 52); A¢Hy°(CH;CHCHOH) = —41.6 kcal/mol (ref

53).
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changes are rapid relative to chemical reactions and are thus
best treated as internal rotations. In the following, the elementary
reactions involved in each channel will be described in detail.

3.1.1. Association/Dissociation Reaction Processes. The
interaction between the hydrogen atom of the OH and the
electron density of the double bond of propene forms a
prereaction van der Waals complex (IM1) in which the OH
radical is almost perpendicular to the CC double bond, with
the positively charged H atom pointing toward the double bond.
The addition of the OH radical can occur at both carbon atoms
of the double bond. When the OH radical attacks the central C
of propene, the intermediate IM21 (CH;—CHOH—CH,) is
formed via the transition state TS11 lying below the reactant
by 1.4 kcal/mol with a potential energy barrier of 1.2 kcal/mol,
as shown in Scheme 1. On the other hand, if the OH radical is
added to the terminal C of propene in the double bond, the
intermediate IM22 (CH;—CH—CH,OH) is formed via TS12
lying below the reactant by 1.1 kcal/mol with a potential energy
barrier of 1.5 kcal/mol, as shown in Scheme 2. The geometries
of TS11 and TS12 are illustrated in Figure 1, and the relative
energies of TS11 and TS12 by taking the energies of reactants
as zero are given in Table 2. Normally, the strong site selectivity
results from a larger positive barrier height for the addition of
OH radical at the central C; however, in this case, the 1.2 kcal/
mol barrier height is obtained, which apparently could not
prevent the addition. So the site selectivity of the addition of
OH radical is weak. Furthermore, after TS11 and TS12, two
stable adducts, IM21 and IM22, are formed, which have the
relative energies of —32.3 and —30.6 kcal/mol, respectively.

Three decomposition pathways for IM21 and two for IM22
have been investigated, and the energies are shown in Figure

2. From the structure of TS11 (Figure 1), the OH radical group
in this case rotates and the O atom moves toward one terminal
C atom of the double bond to form a C—O bond, and then the
stable intermediate IM21 is produced. Alternatively, in the
structure of TS12, the OH radical group rotates so that the O
atom moves toward the other central C atom of the double bond
to form a C—O bond. This finally leads to the stable intermediate
IM22. Three decomposition channels of IM21, as shown in
Scheme 1 were taken into consideration. In the first pathway,
IM21 eliminates a CHj; radical directly to form the products
CH,=CHOH and CHj; radical via transition state TS21 lying
bellow the reactants by 1.7 kcal/mol with the potential energy
barrier of 30.6 kcal/mol. In the second channel, the H atom
bonded to the central C of IM21 is eliminated to form the
products CH;COH=CH, and H via the transition state TS22
with the potential energy barrier 31.3 kcal/mol. In the third
channel, the H atom in the OH radical group of IM21 migrates
to the terminal C to form IM32 (CH;CHOCH;) through a four-
member-ring (2C—O—H—1C) transition state TS32 with a
potential energy barrier of 33.1 kcal/mol. Then IM32 can directly
dissociate to the products CH;CHO and CHj radical via TS34.
The relative energies for the reactants of IM32 and TS34 are
—22.5 and —11.6 kcal/mol, respectively, with the potential
energy barrier 10.9 kcal/mol. As for the decomposition of IM22
shown in Scheme 2, two separate channels were taken into
account. In the first pathway, IM22 eliminates an H atom to
form the products CH;CH=CHOH and H atom via the transition
state TS23 with the potential energy barrier of 31.9 kcal/mol.
The other channel involves migration of the H atom. The H
atom in the OH radical group of IM22 shifts to the central C to
form IM31 via a four-member-ring (1C—O—H—2C) transition
state TS31 with the potential energy barrier of 34.3 kcal/mol.
Then IM31 can directly dissociate to the products CH;CH, and
HCHO through the transition state TS33 with the potential
energy barrier of 11.4 kcal/mol.

Besides these investigations, we also studied the intramo-
lecular elimination of the H atom and OH radical group to form
H,0; however, they contribute negligibly to the overall rate
constant in comparison with the other channels studied in this
paper because of their higher activation barriers. So this type
of reaction is not taken into consideration in the following
investigations.



2376 J. Phys. Chem. A, Vol. 113, No. 11, 2009 Zhou et al.
37
5 1.3 TS31
1% 14 11 7 10 TSIES2T
04— 'lS]]TS]Z TSZ] TSZZ A A 45

1 : (,H3CHCHOH+H
Z 54 M1 L 8l
£ 104 2.6 B8 IS8 cyconci+n
< -10 4
2] - 9<—— CHOHCH,+CH;
o !
5 17 -11.6-19.5 CH3CH2+CH20
2 1 M31 .
E M. 14.0
z — =
B 254 IM32 CH3;CHO+CH;
g ] 225 221

-30 _
] ‘ 1M22
IM21 -30.6
.35 - .
323

Figure 2. Potential energy diagram for association/dissociation branches of OH + propene reaction at the PMP2/ aug-cc-PVQZ//MP2/cc-PVTZ
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Figure 3. Potential energy diagram for direct H-abstraction branches of OH + propene reaction at the PMP2/ aug-cc-PVQZ//MP2/cc-PVTZ level.

3.1.2. Direct H-atom Abstraction Process. From Scheme
3, it can be seen that there are three direct H abstraction channels
in which OH attacks different types of H atom of propene to
produce H,O and other products. In these processes, no
stationary van der Waals complex between OH and
CH;—CH=CH, was formed. All of the transition state structures
are shown in Figure 1. The first channel to the products
CH;—CH=CH and H,O has a potential barrier of 5.4 kcal/mol
via the transition state TS41. It has only one imaginary
vibrational frequency of i2063 cm™', whose vibrational vector
corresponds to the H-abstraction motion (Table 3). The second
channel corresponds to the H abstraction by OH radical from
the middle C of CH;—CH=CH,, which produces CH;—C=CH,
and H,O via the transition state TS42 with a potential barrier
of 4.0 kcal/mol. The third channel for products CH,—CH=CH,
and H,0 has the barrier of 2.7 kcal/mol via the transition state
TS43. Apparently, the abstraction of the H atom from the CHj;
group in CH;—CH=CH; is relatively easier.

3.2. Rate Constants and Product Branching Ratios. An-
other major goal of this study lies in the prediction of the
reaction rate constants. The rate constants for all product
channels presented above have been calculated using variational
transition state theory and RRKM theory with Variflex code.*

For the barrierless processes, the number of a variational
transition quantum states, N'g;, was given by the variationally
determined minimum in Ng; (R), as a function of the bond length
along the reaction coordinate R, which was evaluated according
to the variable reaction coordinate flexible transition state
theory.>>™8 The basis of these methods involves a separation
of the vibrational modes into conserved and transitional modes.
With this separation, one can evaluate the number of states by
Monte Carlo integration for the convolution of the sum of
vibrational quantum states for the conserved modes and the
classical phase space density of states for the transitional
modes.» 8 In this work, the configuration number of Monte
Carlo integration is 5000. To facilitate the use of the reaction
rate constants for chemical kinetics modeling, we fitted all rate
constants in the temperature range from 200 to 3000 K to a
modified three-parameter Arrhenius expression

KT)=AT" ( Eb) 2
(1) =AT" exp| ~ 72 @)
This formulation leads to a better fit than the ordinary Arrhenius
expression, but the parameters may have little physical
interpretation.
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TABLE 3: Vibrational Frequencies and Rotational Constants (B) at the MP2/cc-PVTZ Level for the Main Species in the C;Hg

+OH Reaction System

species B/MHz

frequencies® (cm™!)

OH 3820
C3Hg 46660, 9376, 8199

3019, 3032, 3114
M1 8235, 3715, 2826

196, 401, 562, 892, 896, 899, 983, 1020, 1138, 1261, 1340, 1388, 1421, 1434, 1622, 2915, 2985, 3006,

55, 69, 120, 202, 305, 373, 401, 576, 895, 900, 905, 992, 1025, 1140, 1262, 1342, 1388, 1421, 1433, 1613,

2918, 2992, 3008, 3017, 3031, 3113, 3540

TS11 8759, 6903, 4452

497i, 118, 182, 224, 275, 408, 605, 713, 900, 911, 949, 1010, 1064, 1154, 1278, 1338, 1399, 1418, 1435,

1640, 2930, 3011, 3036, 3038, 3069, 3136, 3618

TS12 12415, 4764, 3966

498i, 104, 158, 193, 263, 410, 669, 722, 903, 910, 997, 1032, 1060, 1150, 1276, 1342, 1397, 1418, 1433,

1656, 2920, 2990, 3021, 3043, 3054, 3147, 3619

IM21 8968, 8597, 5040

174, 240, 316, 323, 396, 451, 544, 813, 885, 929, 1006, 1103, 1111, 1224, 1313, 1318, 1335, 1403, 1425,

1437, 2887, 2927, 3019, 3023, 3041, 3156, 3652

M22 15681, 5108, 4343

97, 134, 261, 314, 388, 549, 847, 871, 942, 975, 1077, 1106, 1158, 1305, 1316, 1345, 1355, 1423, 1429,

1437, 2876, 2891, 2938, 2969, 3017, 3076, 3651

TS21 8808, 6610, 4312

764i, 131, 205, 280, 353, 459, 544, 574, 581, 761, 854, 916, 991, 1076, 1251, 1288, 1375, 1378, 1387, 1533,

2974, 3045, 3087, 3137, 3141, 3154, 3644

TS22 9491, 8619, 4960

1342, 221, 372, 402, 442, 538, 574, 618, 679, 815, 853, 944, 982, 1028, 1157, 1312, 1346, 1399, 1416,

1432, 1574, 2938, 3023, 3049, 3053, 3157, 3637

TS23 15650, 5449, 4367

12571, 90, 243, 279, 363, 546, 595, 641, 746, 900, 1000, 1013, 1049, 1081, 1186, 1289, 1341, 1374, 1424,

1439, 1593, 2899, 2964, 3006, 3084, 3100, 3651

TS31 17739, 5064, 4741

20954, 162, 221, 353, 658, 725, 855, 900, 960, 1031, 1096, 1106, 1120, 1143, 1241, 1295, 1347, 1429, 1435,

1467, 2007, 2915, 2937, 2992, 2999, 3016, 3033

TS32 11557, 7382, 5305

21304, 239, 318, 340, 436, 684, 828, 863, 885, 973, 1034, 1083, 1116, 1154, 1227, 1322, 1351, 1370, 1425,

1436, 2001, 2921, 2954, 3002, 3009, 3016, 3120

IM31 27936, 3969, 3712

122, 222, 254, 418, 534, 743, 856, 926, 1006, 1025, 1084, 1185, 1240, 1261, 1328, 1341, 1347, 1429, 1442,

1446, 2837, 2888, 2919, 2938, 2982, 3002, 3012

IM32 9618, 8116, 5078

194, 243, 329, 348, 431, 800, 871, 887, 898, 1032, 1089, 1126, 1255, 1296, 1316, 1337, 1417, 1425, 1431,

1451, 2885, 2924, 2933, 3012, 3019, 3026, 3033

TS33 22989, 3667, 3372

521i, 79, 164, 204, 335, 585, 675, 796, 825, 948, 1039, 1161, 1166, 1212, 1337, 1422, 1423, 1432, 1460,

1663, 2764, 2822, 2908, 2984, 3021, 3031, 3131

TS34 9036, 7163, 4568

662i, 145, 201, 251, 359, 474, 605, 635, 821, 875, 917, 1052, 1095, 1313, 1340, 1369, 1387, 1413, 1419,

1619, 2762, 2926, 2984, 3011, 3040, 3151, 3164

TS41 32271, 2633, 2501

2063i, 105, 130, 174, 223, 347, 517, 752, 840, 888, 917, 994, 1076, 1111, 1206, 1272, 1337, 1350, 1423,

1430, 2079, 2924, 2999, 3020, 3044, 3084, 3627

TS42 9131, 4619, 3164

1867i, 101, 143, 174, 219, 361, 531, 712, 836, 902, 921, 993, 1037, 1098, 1176, 1332, 1361, 1386, 1414,

1427, 2111, 2921, 3008, 3010, 3025, 3114, 3622

TS43 18590, 2901, 2731

1639i, 58, 81, 110, 351, 392, 604, 706, 850, 910, 928, 1016, 1070, 1092, 1144, 1233, 1299, 1368, 1390,

1418, 2077, 2963, 3029, 3040, 3059, 3120, 3617

“ Values are scaled by 0.95. i denotes the imaginary frequency.

To carry out the variational transition-state rate calculation
for the barrierless association process of HO + CsHg —
HOC;H;, the Morse potential functionE(R) = D[1 — e AR R
was used to represent the potential energy along the minimum
energy path of each individual reaction coordinate. In the above
equation D, is the bond energy excluding zero-point vibrational
energies for an association reaction, R represents the reaction
coordinate (i.e., the distance between the two bonding atoms;
the H—C bond in the present case), and R, is the equilibrium
value of R at the stable intermediate structure. The potential
function was computed by scanning the H—C bond from 2.4 to
8.4 A with step size of 0.15 A, with other geometric parameters
being fully optimized. The result of simulation is shown in
Figure 4. The computed energies could be fitted reasonable to
the Morse potential function with the parameters D, = 3.2 kcal/
mol and 5 = 1.018 A~". Table 3 lists the rotational constants
and harmonic frequencies that were used to calculate rate
constants. The E/J (energy E and total angular momentum J)
resolved variable reaction coordinate transition state theory
(VRC-TST) formalism® and the master equation formalism®
implemented in the Variflex code were used to evaluate the TS
partition function and the pressure dependence. An energy grain
size of 100 cm™!' was used to achieve convergence in the
integration over the energy range. The grain size provides
numerically converged results in the temperature studied with
the energy range spanning from —11293.40 to 68606.60 cm™!

35

3.0 .'..t..".............
L)

2.5
2.0
1.51
1.0

V(r) [kcal/mol]

0.54

0.0 o

2 3 4 5 68 7 8 9
r(C-H) [angstrom]

Figure 4. Morse curve for the association process HO + C;Hg —
HOC;Hg. Points are computed at the MP2/cc-PVTZ level of theory,
and the solid curve is the fitted Morse function.

and from —10698.90 to 69201.10 cm™! for the processes shown
in Scheme 1 and Scheme 2, respectively. The total angular
momentum J covered the range from 1 to 250 in steps of 10
for the E- and J-resolved calculations.

The behavior of energy transfer is assumed to be induced by
a weak molecular collision, and the frequency of collision was
derived from the Lennard-Jones (L-J) pairwise potential pa-
rameters of N, (6(N,) = 3.798 A, e/kg(N,) = 71.4 K)®! and
n-C3H,0H (0(n-C3H,0H) = 4.549 A, e/ky(n-C3H,0H) = 576.7
K).%! These values were employed for the evaluation of the L-J



2378 J. Phys. Chem. A, Vol. 113, No. 11, 2009

95
- 10,04
o
g . °
2 -105- e
£ _
mE vv?
£ -11.0
e
X
% -11.5-
[e]
-

-12.0

-12.5 T T T

2 3 4 5 6

1000/T (K")

Figure 5. The predicted total rate constant at the high-pressure limit
(solid line) and experimental data reported at the high-pressure limit
from (A) ref 12, (&) ref 13, (W) ref 14, and (O) ref 17.

parameters for each collision pair using the approximations oy,
= (0, + 0u)/2 and &, = (£1&,)""%. P(E — E') is the probability
that a complex with an energy between E and E + dE will be
transferred by a collision to a state with an energy between E'
and E' + dE'. The energy transfer rate constants were described
on the basis of the “single exponential down” expression

E—F
Sp

A, D) E>FE 3)
where [AE,[1s the average energy loss per collision of the active
component with a bath gas molecule, whose value depends on
the nature of the collider gas, in this case of N,. Although, the
experimental [AFj[Jdata for most of the molecules are not
available, these values can be obtained by fitting the experi-
mental pressure-dependent rate constants with the calculated
values using the exponential down model in the solution of the
Master equation. For example, by fitting the falloff experimental
data, the [AE Ovalues for the deactivations of different species
in N, the values are 210 cm™,%% 250 cm™1,% and 400 cm™!,%
and we adopted the [AE (value of 200 cm™! for the energy
transfer in N, in this work as suggested by Zhu.%5 The Morse
potential with the parameters above-mentioned, the Lennard-
Jones pairwise potential, and the anisotropic potential (a potential
anisotropy form assuming a bonding potential which is cylindri-
cally symmetric with respect to each fragment) are added
together to form the final potential for the variational rate
constant calculation by the Variflex code. The number of the
states for the tight transition states is evaluated according to
the rigid-rotor harmonic-oscillator assumption employed in the
Variflex code.®® The quantum tunneling effects were included
in the related cases with the Eckart tunneling model.®’

Our calculation indicates that in the whole temperature range
at high pressures the contribution of the rate constant is
dominated by the reactions forming stable IM21 and IM22.
However, even at 650 K and at atmospheric pressure, 76.8%
of the total rate constant is contributed from the electrophilic
addition channels. The high-pressure limit for the rate constant
(i.e., including the direct H abstract processes) of propene
reaction with OH is plotted in Figure 5, along with data (reported
in literatures) at this limit. Transition state input, USTTSP,® in
Variflex has been used to calculate the entrance channel forming
the stable adducts IM21 and IM22, in which the multiple
reflections®® are taken into consideration. Calculation of this
reaction process without multiple reflections is also carried out.
Comparison of the total rate constants with and without multiple
reflections is shown in Figure S1 in the Supporting Information
together with the experimental values. We can get that multiple

P(E—E)U exp(—

Zhou et al.

reflections above the IM1 complex well reduce the rate constant
effectively in the lower temperature range (200—400 K), but
the effect gradually decreases in higher temperature range
(500—3000 K). For example, the ratio of total rate constants
with/without multiple reflections is 0.50 at 300 K and 0.86 at
400 K. When the temperature is large than 500 K, the two values
are almost the same. The tendency of the multiple reflections
effection in this reaction system is almost the same as that
reported in Lin’s work” in which the same prereaction well
was taken into account. On comparisons of our calculated high-
pressure limit for the total rate constant with the experimental
data reported at the high-pressure limit, we find a reasonable
agreement between our results and the low-temperature experi-
mental data of Vakhtin et al.'* and are slightly lower than the
measurements of Klein et al.,'> Tully et al.,'"* and Zellner et
al.,'” at somewhat higher temperatures.

The temperature dependence of the addition rate constants
for IM21 and IM22 are plotted in Figure 6a and Figure 6b,
respectively, at several pressures. As expected of a barrierless
addition processes, both of the two rate constants show reverse
temperature dependence. The rate constants of the two channels
show pressure independence at the temperature range 200—500
K; this is because the energy barriers for isomerization are highly
relative to the reactants and the complexes of IM21 and IM22
are virtually the only stabilized ones in this temperature range
at the pressures investigated. But at the higher temperature range
500—3000 K the rate constants show a strong pressure
dependence. On the other hand, the rate constants of these two
channels show a reverse temperature dependence when the
temperature is above 800 K. This is because the addition
channels become unimportant due to the extremely rapid
decomposition rate of OH—propene adducts IM21 and IM22
back to reactants at this higher temperature range. This tendency
is consistent with the result of the analogical process in the
reaction of OH with ethene calculated by Senosiain et al.'® From
the results of Senosiain et al.'® and us, it can be concluded that
the rate constants of the barrierless addition processes in this
typical radical—molecule reaction show negative temperature
dependence. Meanwhile, the multiple reflections®® of these
two channels have also been tested. For the channel obtaining
IM21, the results show that the effect is significant at low
temperatures, such as at 200 and 300 K, and the high pressure
limit rate constants without multiple reflections are around 7
and 2 times higher than those with reflections, respectively.
However, at higher temperatures (over 500 K), the effects are
negligible. The results are similar to those of the OH + C,H,
system.?? The channel obtaining IM22 has almost the same
tendency.

The total rate constants at high temperatures are plotted in
Figure 7 along with selected data from experiments and the
recommendations. It can be seen that the experimental values
from Smith et al.!” and the recommended values at higher
temperature range (960 K < 7 < 1210 K) from Atkinson>* are
close to the high pressure limit. Given the high precision of
Smith’s experiments, we decided to adjust the energy barrier
by lowering the energies of transition states TS11 and TS12 by
1.0 kcal/mol. It should be mentioned that such an adjustment
is well within the estimated accuracy (=kcal/mol) of the
theoretical methods. Rate constants at the high pressure limit
(after this adjustment) are in reasonable agreement with the
experimental values from the Smith'® and the Atkinson>*
recommendations.

Rate constants for direct hydrogen abstraction from propene
by OH radical are shown in Figure 8. These processes are
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Figure 6. Predicted rate constants with multiple reflection correction for the addition reactions obtaining IM21 (a) and IM22 (b) at several pressures

(in unit of atm) of N, diluent.
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Figure 7. Total rate constants with multiple reflection corection at
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Figure 8. Rate constants for direct hydrogen abstraction processes.
The dotted line shows the process obtaining CH;CHCH + H,O, the
dash-dotted line shows the process obtaining CH;CCH, + H,0, and
the solid line shows the process of CH,CHCH, + H,O.

pressure independent and are dominant at low pressures and/or
high temperatures. From Figure 8 we can get that the process
obtaining CH,CHCH, + H,0 is much more favored over the
other two competitive channels. This is because the lower
potential energy barrier of this channel and its product
CH,CHCH,; is much more stable than the other two products.

Comparison of total rate constants calculated at several
pressures with available experimental and recommended
data!®” 145467 ig given in Figure 9. In this process the predicted
total rate constant represents the sum of the 11 channel rate

w104+
)
>
(8]
2 -10.84
o
E
£
L -11.24
e
S -11.64
‘120 T T T T T
1 2 3 4 5
1000/T (K™)

Figure 9. Comparision of predicted total rate constants with multiple
reflection correction at several pressures with experimental data. The
lines are our predict values at different pressures: solid thin line at
0.01 atm, the dotted line at 0.1 atm, the dash dotted line at 1 atm, the
dash dotted dotted line at 10 atm, and the solid dark line at the high
pressure limit. The symbols are the experimental values from different
references: O, ref 10; O, ref 11; @, ref 12; W, ref 13; v, ref 14; A, ref
71; v, ref 54.

TABLE 4: Comparison of the Total Rate Constants (in
units of cm® molecule ! s7!) Obtained by the CCSD(T)
Method with the Other Available Values at 1 atm

T CCSD(T)
300 6.74 x 10713

experimental or recommended values

1.56 x 107!,132.63 x 1071114
2.60 x 107114251 x 107117
1.7 x 107114 1.71 x 1071134
1.58 x 10717

1.31 x 107'# 1.26 x 107"

9.69 x 107121 3.67 x 10712
1.00 x 10717

2.32 x 10712,108.82 x 1071214
4.82 x 107123 1.0 x 107117

400 6.48 x 10713

500 6.46 x 1071
700 524 x 1078

800 476 x 1071

constants. From Figure 9, we can see that our predicted total
rate constants decrease with the temperature increasing in the
low temperature range (200 K < 7' < 800 K) and increase with
the temperature increasing in the high temperature range (800
K < T < 3000 K). The marked change on activation energy
reflects a change of the dominant reaction pathway, from the
addition channels at temperatures below 800 K to the others
including hydrogen abstraction channels above 1000 K. This
typical phenomenon is also proposed by Senosiain et al.'s in
the OH with C,H, reaction system. In addition, adjustment of
the activation barriers of TS11 and TS12 mentioned above is
also taken into consideration. Meanwhile, the effects of internal
rotation of TS11 and TS12 on the total rate and product yields
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Figure 10. Rate constants of the competing channels. 760 Torr in N,. The lines represent as: (a) The rate constants for products CH,CHOH + CHj;
(ky) (solid line), CH;COHCH,; + H (k3) (dashed line), and CH;CHO + CHj (k4) (dotted line). (b) The rate constants for products CH;CHCHOH

+ H(ky) (solid line), and CH,O + CH;CH, (k,') (dotted line).

are also tested. The total rate constants after adjustment (1.0
kcal/mol) are in reasonable agreement with the experimental
values from Smith,' Spangenberg,!! and Atkinson.>* On the
other hand, we have carried out the CCSD(T)/cc-pVTZ//B3LYP/
6-311G(3df,2p) calculations to test how the kinetics results will
be affected by different methods. Comparison of the results in
the lower temperature range (7 < 900 K) obtained by the
CCSD(T) method with the available recommended and experi-
mental values is shown in Table 4. The total rate constants
obtained by the CCSD(T) method appear to be 2 orders of
magnitude lower than the data available for this temperature
range. As a pertubation theory, MP2 sometimes overestimates
the correlation effects. In the present case, however, the rate
constants by MP2 are closer to the experimental values than
the CCSD(T) results, due to a possible cancelation of errors.
Although the CCSD(T) method is believed the more reliable
method for the kinetic calculations, MP2 is found to be superior
to CCSD(T) in this case.

Ethenol and propen-2-ol are formed by CH; and H elimina-
tions from 2-hydroxypropyl radical, respectively, as shown in
Scheme 1. The two processes are competitive, also with the
dissociation channel obtaining acetaldehyde and methyl radical.
Rate constants for these reaction processes are plotted in Figure
10a. We can see that the formation of ethenol and propen-2-ol
are more competitive than that of acetaldehyde and methyl
radical. 1-Propenol is formed by H elimination from 1-hydrox-
ypropyl radical. This process is competitive with the dissociation
channel obtaining formaldehyde and ethyl radical. Rate constants
for these reaction processes are plotted in Figure 10b. Obviously,
the formation of 1-propenol is much more competitive through
the whole temperature range investigated. Our model predicts
a significant amount of ethenol and propenol produced at
temperatures above 800 K.

Meanwhile, the rate constants fitted to a modified three-
parameter Arrhenius expression are also provided. The rate
constants in the temperature range of 200—3000 K at 760 Torr
for the formations of ethenol (k;), propen-2-ol (k;), and
1-propenol (k3'), in units of cm® molecule™ s™! are presented,
respectively, as follows

k,=1.88x 10~ "> 7" exp(—1723/7)
ky=2.54x10""*7% exp(—1483/7)
ky' =4.84x107"°T"% exp(—1888/7)

A strong curvature in the plot of the total rate constants is
shown in Figure 9. Thus we fitted the predicted total rate
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Figure 11. Product branching ratios at 1 atm of N, diluent. The lines

with symbols represent the following: B, CH;CHOHCH,; O,

CH;CHCH,OH; A, CH,CHOH + CHj; v, CH;COHCH, + H; v,

., CHzCH=CH2 + Hzo

constants with multiple reflection correction in two temperature
ranges 200—800 K and 800—3000 K, respectively. The results
in units of cm® molecule™! s7! are as follows

K000 = 6.07 X 10T >** exp(108/T)
Kgoo—3000 = 7-11 X 107 2T°* exp(—1097/T)

Channel switching is the cause of the strong curvature in the
plot of the total rate constants between propene and OH. The
dominant product branching ratios based on the theoretical rate
constants computed at 760 Torr N, pressure are presented in
Figure 11 as a function of temperature. The experimental values
of these channels are not totally available. The branching ratios
of the two products formaldehyde + ethyl radical and acetal-
dehyde + methyl radical are too small to compete throughout
the entire temperature range investigated, so they are not
included in the Figure 11. From Figure 10 we can also conclude
that these two processes are not competitive.

In Figure 11, it is apparent that the complexes CH;CHOHCH,
and CH,CHCH,OH are the dominant products under about 700
K. The contribution of the two channels is almost 99% at 200
K. Although the contribution decreases with the temperature
increasing, the value is still 64.4% at 700 K and the two
branching ratios decrease rapidly from 500 to 1000 K. While
from 500 to 800 K the branching ratios of ethenol, propen-2-
ol, and 1-propenol increase steeply, and from 900 to 3000 K
their ratios decrease slowly. The branching ratios of the three
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products have not been obtained in experiments; Hoyermann
and Sievert'® measured the ratio of branching to the C;HgO (they
assigned as acetone) channel to that of the C,H,O (they assigned
as acetaldehyde) channel as 1:3.5 at room temperature. In our
calculation the predicted maximum ratios of producing propenols
(including propen-2-ol and 1-propenol) and ethenol are 0.071
and 0.24, respectively. The ratio is 1:3.38, which is acceptable
in the experimental accuracy. From the tendency shown in
Figure 11 we can explain the experimental values of Taatjes et
al.3 In the experiments, when the temperature is near 1000 K,
the variational mole fraction of ethenol is not consistent with
that of the ethene, that is because part of the ethenol is from
the HO + propene reaction system. This can be obviously
obtained from Figure 11. The branching ratio of ethenol is
almost dominant from 700 to 1000 K, and this amount should
be the extra part of the ethenol excluding that generated from
the HO + ethene reaction system. This conclusion also confirms
the fact that OH + ethene is not the sole source of ethenol,
and the reaction of OH + propenol is another source of the
observed propenol in this propene flame. So even if the mole
fraction of ethene is small (at the burner distance from 0.0 to
1.0 mm in the experiment®), the amount of ethenol is signifi-
cantly higher than expected. Flame calculations based on the
present rate constants successfully account for the amount of
ethenol and propenol observed by Taatjes et al.> Meanwhile, in
the experiments, the amount of enols including ethenol and
propenol from propene combustion flame decrease at a tem-
perature above 1200 K. The reason is more likely that the
channels of direct H-atom abstraction products turn out to be
dominant at this temperature range. Over 1500 K, the reactions
of H-atom abstraction processes have a contribution of almost
40%, in which the channel obtaining CH,CHCH, + H,O is
dominant, which is consistent with the experimental results.!%!#

4. Conclusion

The potential energy profile and mechanism of the hydroxide
radical reaction with C;Hg has been investigated at the PMP2/
aug-cc-PVQZ//MP2/cc-PVTZ level of theory. The rate constants
including the most important product branches starting from
HO + C;Hg have been obtained in the temperature range of
200—3000 K using variational RRKM theory with the Variflex
code. The available experimental kinetic data can be quantita-
tively reproduced by the calculation. The mechanisms of this
reaction yielding enols established in this study considerably
extend the results of previous theoretical investigations.

CH;CHOHCH, and CH,CHCH,OH are the dominant prod-
ucts below 800 K. At high temperatures (above 800 K), a
significant fraction of the total reaction leads to enols. Our
calculated rate constant and branching ratio account successfully
for the amount of enols observed in propene flame,' suggesting
that ethenol and propenols should be included in the hydrocar-
bon combustion chemistry models. Our calculations confirm the
importance of the hydrogen abstraction channels at temperatures
above 900 K.
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