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In this paper we report on the kinetics of hydrogen abstraction for thetGitkene reaction class, using the
reaction class transition state theory (RC-TST) combined with the linear energy relationship (LER) and the
barrier height grouping (BHG) approaches. Parameters for the RC-TST were derived from theoretical
calculations using a set of 15 reactions representing the hydrogen abstractions from the terminal and nonterminal
carbon sites of the double bond of alkene compounds. Both the RC-TST/LER, where only reaction energy is
needed at either density functional theory BH&HLYP or semiempirical AM1 levels, and RC-TST/BHG,
where no additional information is required, are found to be promising methods for predicting rate constants
for a large number of reactions in this reaction class. Detailed error analyses show that, when compared to
explicit theoretical calculations, the averaged systematic errors in the calculated rate constants using both the
RC-TST/LER and RC-TST/BHG methods are less than 25% in the temperature rang80BQ0K. The
estimated rate constants using these approaches are in good agreement with available data in the literature.

1. Introduction |7
. . . 0 Tully (1988)
The hydrogen abstraction reaction between a hydroxyl radical -9 4 Baulch (1992)
(OH) and an alkene (€C) to form a water molecule (#®D) X Westbrook (1989)
. o . -10 e Liu(1988)
and an alkenyl radical (€C*) is known to be an important 3 - - - -Liu(2002)
reaction class in combustion processes of hydrocarbon fuel, 3 .11 T Senosiain (2006)

especially in the high-temperature regitndhe hydrogen
abstraction reaction betweenHs and OH to form GH3 and
H»0 has attracted a number of extensive experimental as well 2 43
as theoretical investigations. There are more than 15 entries for g
rate constant studies for this reaction in the NIST chemical & -14
kinetics databas&For reactions involving alkenes larger than
CyHa4, even fewer data are available due to the involvement of
other kinds of reactions such as the addition of OH to the double 5 ;
bond and the hydrogen abstraction at different carbon sites, e.g. 0.0 05 1.0 15 2.0 25 30 35
saturated carbon sites spybridization). For example, there 1000/T (K)

are only two records for rate constants for the reaction with Figure 1. Arrhenius plots of the available rate constants for the OH
propene (GHe), either at the terminal or at the nonterminal + C,Hs — H,O + C;Hs. The error bars for these rate constants are
carbon sites of the double bo&d Both of these records were  also included.

obtained indirectly using the results of similar reactions. Using

the transition state theory (TST) model, Tsaegamined the the existing first-principles-based meth&dmdicated that it is

rate data reported by Tully et &afor the OH+ C,H,4 hydrogen possible to predict rate constants of any reaction in this class
abstraction reaction to estimate rate constants for the4OH on the fly. The practicality of using the reaction class transition
C3He reaction at both the terminal and nonterminal carbon sites state theory (RC-TST) for estimating rate constants of a large
in the temperature range 792500 K. Alternatively, Baldwin number of reactions in a given class has been shown successfully
et al* derived the rate constants for the abstraction at the in several previous studiés!?

terminal carbon site by fitting a complex kinetic model to In this study, we employ the RC-TST to derive all parameters
experimental data for the oxidation of propene. for estimating rate constants of reactions belonging to the OH
OH + alkene reactions are an important part of the kinetic + alkene class. To do so, our main task is to find correlation
mechanisms available in the literature to study combustion expressions between rate constants of the reference reaction and
systems. It is, however, impracticable to obtain the correct yyose of other reactions in the class from explicit diegzinitio
kinetic data for such a large number of reactions by experiments qynamics calculations of the rate constants of a representative
or explicit rate-constant calculations even using the simple TST gt i the class itself. The assumption is that these correlation
method. Alternatively, recent developments and applications of expressions are applicable to all reactions in the class.

. - — - To compute the RC-TST parameters for the @Halkene
* Corresponding author. E-mail: avioli@umich.edu. | 15 fi idered tati t Th
* Department of Mechanical Engineering. class, 15 reactions are considered as a representative set. These
* Department of Chemical Engineering. reactions are
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OH + CH,=CH, — H,0 + CH,=CH Ry Q) Q)
OH + CH,;—CH=CH, — H,O + CH,CH=CHe Ry R(T) Qim
fo(T) = = (5)
— H,0 + CHC—CH, R) 7 [eim) [ekm
OH + (CHz),C—CH, — H,0 + (CHy),C—CHe R) ofm| \ofm
OH + CH,CH=CHCH, (trang) — H,0 + CH,CH=CsCH (R
: ’ ’ : ° B (AV; - AV)| AAV
OH + CH,CH=CHCH, (cis) — H,0 + CH,CH=CsCH, (Ro) fu(T) = exg — T | T T (6)
OH + CH,CH,CH=CH, — H,0 + CH,CH,CH=CHs R)
whereo is the reaction symmetry numbei(T) is the transmis-
— H,0 + CH,CH,Cs—CH, (Ry)

sion coefficient accounting for the quantum mechanical tun-
OH + CH,CH,CH,CH=CH, — H,0 + CH,CH,CH,CH=CHe  (Ry) neling effects Q* and ®R are the total partition functions (per
unit volume) of the transition state and reactamt¥; is the
classical reaction barrier heightjs the temperature in Kelvin,
OH + CH;CH,CH=CHCH, (trans) — H,0 + CH;CH,CH=CeCH, (R, andkg is the Boltzmann constant. The potential energy factor
can be calculated using the reaction barrier heights of the
arbitrary reaction and the reference reaction. The classical
OH + (C,Hg)(CHy)C=CH, — H,0 + (C,H:)(CH)C=CHe  (R,) reaction barrier heighAV# for the arbitrary reaction can be
obtained using the linear energy relationship (LER), similar to
the well-known EvansPolanyilinear free energy relationshfp 18
—H,0+ (CHp),CHG=CH,  (R;9) between classical barrier heights and reaction energies in a given
class without having to calculate them explicitly. Alternatively,
wheretransandcis denotetrans andcis configurations for the the barrier height for the arbitrary reaction can be obtained from
carbon chain. Note that this set does not include reactions with the barrier height group (BHG) approach where reactions in a
resonance systems, e.g., 1,3-butadiene, as well as aromatisubclass can be reasonably assumed to have the same barrier
systems, e.g., benzene. The reason for this is given in theheight.

— H,0 + CH,CH,CH,Ce=CH, (R;9

OH + CH,CH,CH=CHCH, (cis) — H,0 + CH,CH,CH=CsCH; (R,

OH + (CHy),CHCH=CH, — H,0 + (CHy),CHCH=CHe (R,

discussion section below. In the next sections, we first determine the explicit expressions
for f,, f., fo, andfy correlating the rate constants of the reference
2. Methodology reaction (R) with those of the arbitrary reaction {Rn the same

class using the representative set of reactionisis reported
2.1. Reaction Class Transition State TheoryBecause the i the previous section and we then discuss the results using
details of the RC-TST method have been reported else-three error analyses. Once these expressions are determined,
where®114.15below we present only the main features of the the thermal rate constant of any reaction in the ®Hlkene
approach. The basic idea of the RC-TST technique is that class can be predicted from either the LER approach using the

reactions belonging to a specific class have the same reactivereaction energy or the BHG method with no additional informa-
moiety; thus the difference between the rate constants of anyijgn.

two reactions in the class is mainly due to the difference inthe 2.2 Computational Details. All the electronic structure
interactions between the reactive moiety and their different cajculations were carried out using the GAUSSIAN 03 pro-
substituents. Within the RC-TST framework, the rate constants gram1® Hybrid nonlocal density functional theory (DFT),
of an arbitrary reaction (denoted a3 are proportional to those  particularly Becke'’s half-and-haf(BH&H) nonlocal exchange
of a reference reactioi, (usually the smallest reaction inthe  and the Lee Yang—Par?! (LYP) nonlocal correlation func-
class, which is referred to as the principal reaction) in the same tionals, has been found to be sufficiently accurate for predicting

class by a temperature-dependent funcfi@: the transition state properties, e.g., barrier height and vibrational
B frequency, for hydrogen abstraction reactions by a radfca¥.
ko(T) = (1) k(T) @) Note that within the RC-TST framework, as discussed above,

only the relative barrier heights are needed. Our previous studies

The rate constants for the reference reaction are often knownpsve shown that the BH&HLYP method can be employed to
experimentally or can be calculated accurately from first- accurately predict relative barrier heighit$:26:27 4G eometries

principles. The key idea of the RC-TST method is to factor ot reactants, transition states, and products were optimized at
f(T) into different components under the TST framework: BH&HLYP level of theory with the Dunning’s correlation-
FM =1 ff 1 @ consistent .polgrized_ yalence triplebasis set .denoted as cc-
ok QV pVTZ,2which is sufficient to capture the physical change along
the reaction coordinate for this type of reaction. Frequencies of
the stationary points were also calculated at the same level of
theory. This information was used to derive the RC-TST factors.
The AM1 semiempirical methd8 was also employed to
calculate the reaction energies of the reactions considered in
this study. AM1 and BH&HLYP/cc-pVTZ reaction energies
were then used to derive the LER’s between the barrier heights

wheref,, f,, fo, andfy are the symmetry number, tunneling,
partition function, and potential energy factors, respectively.
These terms are simply the ratios of the corresponding com-
ponents in the TST expression for the arbitrary and reference
reactions:

f = % 3) and reaction energies. Note that AM1 reaction energy is only
Or used to extract accurate barrier heights from the LER’s, it is

(T not directly involved in any rate calculations.
f(T) = 4) To derive the RC-TST correlation functions, TST/Eckart rate

(T constants for all reactions in the above representative reaction
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set were calculated employing the kinetic module of the web- Hessian information at the B3LYP/6-31G(d,p), Liu et3al.
based Computational Science and Engineering Online (CSE-reported thermal rate constants in the temperature range 200
Online) environment® Thermal rate constants were computed 5000 K using the canonical variational transition state theory
for the temperature range 368000 K. Overall rotations of  (CVT) and the small-curvature tunneling correction (SCT).
the species were treated classically and vibrations were treatedRecently, Senosiain et &l.also carried out an analysis of the
quantum mechanically within the harmonic approximation OH + C;Hs — H,O + C;Hj3 reaction using the CVT method
except for the modes corresponding to the internal rotations of with the molecular-property data obtained at the RQCISD(T)/
the CH; and OH groups, which were treated as the hindered cc-pVeoZ//UB3LYP/6-31H-+G(d,p) level of theory to suggest
rotations using the method suggested by Ayala ét dlhis rate constants for this reaction. The two rate constants obtained
formalism optimizes the accuracy for treating a single rotor to with the CVT theory are similar (within a deviation factor of
minimize the compound errors in the case of multiple internal 4) in the high-temperature regime, but they differ by an order
rotors. To calculate the hindered rotation correction factor to of magnitude at lower temperature 00 K). Because at high
the partition function for a certain vibrational mode, the rotating temperatures, the values reported by Senosiain et al. are in better
group and the periodicity number of the torsional potential of agreement with the experimental data than those obtained by
the vibrational mode must be identified. From the given Liu et al. (see Figure 1), in this study we use Senosian’'s
information together with the geometry of the interested expression for the rate constants of the reference reaction:
molecule, information needed for calculating the correction

factor of hindered rotation treatment, e.g., reduced moment of k(T) =2.18x 10—2574-209)(44_31 [cm® molecule*s ™ (7)
inertia and the periodic potential, can be obtained. The correction T

factor is then calculated using the fitting formula (eq 26 in ref
31) derived from the tabulated accurate values to improve upon
Pitzer and Gwinn’s formul&-33 The fitting formula keeps the
good characteristics of the Pitzer and Gwinn’s formula for high
Vo/KT while improving its behavior for low/o/kT, whereVy is

the internal rotation barrier height.

Previous study by Kungwan and Truong on thesGHalkane
reaction clas$ has shown that the contribution of hindered
rotations from alkyl groups larger than Gi$ relatively small (o ion energies. The barrier heights for reactionsms can
due to the cancellation of the treatment within the RC-TST 44 he grouped into two classes: terminal carbon sites of the
framework (s.ee Flgure linref 11). For this reason, in this study 44,,ble bond (class 1) and nonterminal carbon sites (class 2).
we only consider hindered rotation treatment for the; Gtdups. This can be referred to as the barrier height grouping (BHMG).

) ) The observed LERs plotted against the reaction energies
3. Results and Discussion calculated at BH&HLYP/cc-pVTZ and AM1 levels are shown

In the section below, we first report on the rate constants for N Figure 2a,b, respectively. The substitute of an alkyl group
the reference reaction and then we describe how the RC-TsTWIll stabilize the radical products, thus lowering the barrier
factors are derived using the training reaction set. Subsequently "€ights. For this reason the reactions at the nonterminal carbon
we perform three error analyses to provide some estimates of°f the double bond (class 2) have barrier heights of about
the accuracy of the RC-TST method applied to this reaction 2:0 kcal/mol lower than those at the terminal sites. _
class. The first error analysis is the direct comparison between ' N€ reaction energies and barrier heights for the representative
the calculated rate constants and those available in the literaturd ©actions R—Rus are given in Table 1. Because reaction R1
for reactions R and R. The second error analysis is the has no alkyl _sqbstltute group, it was exc_luded in the construction
comparison between the rate constants for reactignRgs of _the LER fitting expressions. These linear fits were obtaln_ed
calculated using the RC-TST method and those obtained usingUSing the least-squares fitting method and have the following
the explicit full TST/Eckart method. The final analysis is on ©XPressions:.
the systematic errors caused by introducing approximations in
the RC-TST correlation functions.

3.2. Reaction Class Parameters3.2.1. Potential Energy
Factor. The potential energy factor can be calculated using eq
6, WhereA\/:l and A\/iF are the barrier heights of the arbitrary
and reference reactions, respectively. We have also shown that
within a given class there is a linear energy relationship (LER)
between the barrier height and the reaction energy, similar to
the well-known EvansPolanyilinear free energy relationshfp18
Thus, accurate barrier heights can be predicted from only the

AVF = 0.489NEP"EHYP 4 10,772 (kcal/mol) (8a)

3.1. Rate Constants of the Reference Reaction, O CoH,4 AVF = 0.4230E*M! + 16.572 (kcal/mol) (8b)
— H20 + C;Hs. The principal reaction, OH C;Hs — H,0
+ CoHj3, is chosen as the reference reaction for the-©elkene The unsigned deviations of reaction barrier heights between

class. Figure 1 reports the rate constants available in the literaturethe LERs and the direct DFT BH&HLYP/cc-pVTZ calculations
for this reaction obtained by experiments and simulations. Tully generally are smaller than 0.4 kcal/mol (see Table 1). The mean
et al®> used the laser photolysis/laser-induced fluorescence unsigned deviation (MUD) of reaction barrier heights predicted
technique under slow-flow conditions to measure the rate from BH&HLYP and AML1 reaction energies are 0.24 and
constants in the temperature range 6501 K. Baulch et af 0.29 kcal/mol, respectively. These deviations are in fact smaller
presented critically evaluated kinetic data for use in computer than the systematic errors of the computed reaction barriers
combustion modeling. The suggested rate data with an uncer-obtained from full electronic structure calculations1( kcal/
tainty factor of 3 in the temperature range 63500 K follow mol). Within the RC-TST framework, only barrier height relative
closely the studies of Tully et &Westbrook et at®> suggested to that of the reference reaction is needed and in this study the
rate constant data for the reference reaction in the temperaturesnergy for the reaction R1 was found to be 11.07 kcal/mol at
range 1003-1253 K. Using visible-UV absorption technique  the BH&HLYP/cc-pVTZ level of theory (see Table 1).

together with TST model, Liu et &f.reported the rates of the Reactions with resonance systems, e.g., 1,3-butadiene, as well
hydrogen abstraction in the temperature range—7230 K. as aromatic systems, e.g., benzene, are not included in this study.
With the energetic data obtained at the QCISD(T)/6-311G- It is expected that the aromatic system behaves differéhtly.
(2df,p)//B3LYP/6-31G(d,p) together with the gradient and In particular, for the nonaromatic resonance systems, it is found



Kinetics of OH+ Alkene — H,0 + Alkenyl Reaction Class J. Phys. Chem. A, Vol. 112, No. 7, 2008439

14 Eckart formulation, the imaginary frequency and the barrier
eRE “mi2 ARS ehd “XBo height are used to calculate the tunneling probability for a
B (W OFE SRT BB SRY #R10 reaction. Because the barrier hei i
. ghts are grouped into two
12 =R11 aR12 eR13 OR14 oR15 classes, namely terminal and nonterminal sites of the double-
bond carbon (see Potential Energy Factor section), and the
imaginary frequencies for reactions at the same class are very
similar (see Table S1 in the Supporting Information), the values
of the tunneling coefficients for reactions in the same class are
expected to be similar. Therefore, the average value for the

™

AV?* (kcal/mol)
P

w

8 tunneling factors can be used for the whole group. Simple
expressions for the two tunneling factors for terminal and
: nonterminal carbon sites of the double bond are obtained by
6 fitting to the average calculated values and are
7 6 -5 -4 -3 2 -1 0 1
13 f.=0.999— 83.42 expf-0.51T°*]  for terminal carbon sétes
12 (b) (92)

f.=0.978— 7.55 exp[-0.056"%]
for nonterminal carbon sites (9b)

1

The correlation coefficients for these fits are larger than 0.999.
The two equations are plotted in Figure 3. Table 2 also lists the
error analysis of tunneling factors at 300 K. The same tunneling
7 factor expression can be reasonably assigned to different
reactions in the same class with the largest unsigned deviation
of 0.08 for Rz and the largest percentage deviation of 17.2%.

AV?# (kcal/mol)
w

5 The mean unsigned deviation is 7%, compared to the direct
22 -20 -18 -16 -14 12 Eckart calculation using reaction information from BH&HLYP/
AE (kcalimol) cc-pVTZ level of theory. At higher temperatures, tunneling
Figure 2. Linear energy relationship plots of the barrier heighs?, contributions to the rate constants decrease and thus, as expected,

calculated at the BH&HLYP/cc-pVTZ level of theory versus the the differences between the approximated values and the
reaction energiesAE, computed at (a) BH&HLYP/cc-pVTZ and (b)  explicitly calculated ones also decrease; for example, the
AML levels of theory. maximum error for all reactions is less than 2% at 500 K.
3.2.4. Partition Function FactofThe patrtition factor includes
that the LER relationship is excellent at BH&HLYP level but  translational, rotational, internally rotational, vibrational, and

is not as good at the AM1 level of theory. However, if one is electronic components. As pointed out in our previous stédy,
interested in rate constants for such reactions, the AM1 shouldthe partition function factorfg mainly originates from the
be excluded. differences in the coupling between the substituents and the
On the basis of the BHG results, we assigned the values of reactive moiety. Its temperature dependence arises from the
10.50 and 8.27 kcal/mol to the energy barriers of the terminal vibrational and internally rotational components only.
and nonterminal carbon sites of the double bond, respectively. The harmonic partition function factors for reactions—R
It is interesting to note that the averaged deviations of reaction Rys are plotted in Figure 4. The variations in these factors are
barrier heights estimated from the BHG (0.15 kcal/mol) is small, e.g., from 0.5 to 1, and thus it is reasonable to assume
smaller than that of the LER, and the maximum deviation that the averaged value from the training set can be applied to
(0.46 kcal/mol) is higher. Therefore, this approach can be usedthe whole class. The averaged values are fitted into the following
to estimate the relative barrier height quickly with an acceptable analytical expression:
confidence. The key advantage of this approach is that it does
not require any additional information to estimate rate constants. fo=0.71—2.08 exp[-0.181°49 (10)
In conclusion, the barrier height of any reaction in the OH

+ alkene reaction class can be obtained by using either the LERThe coupling between subtituents with the reactive moiety is
or BHG approach. The estimated barrier height is then used topelieved to account for the partition function factors having
calculate the potential energy factor using eq 6. The performanceyajues of around 0.7. The total coupling effect is contributed
of both approaches is discussed in the error analyses below. from those of the translational, rotational and vibrational
3.2.2. Symmetry Number Factofhe symmetry number  partition function factors. Each reaction class has a specific
factorsf, were calculated simply from the ratio of reaction coupling effect mainly due to the specific/unique reactive
symmetry numbers of the arbitrary and reference reactions usingmoiety. If there is no coupling effect, the values of the partition
eq 3 and are listed in Table 2. The symmetry number of a function factors would be expected to be very close to unity.
reaction is given by the number of symmetrically equivalent  For this reaction class, the rotation of the alkyl group §CH
reaction paths and it can be calculated from the rotational along the G-C bond at some reactants, transition states and
symmetry numbers of the reactant and the transition late.  products as well as the rotation of the hydroxyl (OH) group
3.2.3. Tunneling FactorThe tunneling factof, is the ratio along the C-O axis at all transition states need to be treated as
of the transmission coefficient of reaction #® that of reaction hindered rotations. We used the approach proposed by Ayala
R:. Due to the cancellation of errors in evaluating the tunneling et al3! and the effect of the hindered rotation treatment on the
factors, we have shown that the facfprcan be reasonably total rate constants represented by the hindered rotation factor
estimated using the one-dimension Eckart methobh the can be seen in Figure 5. Particularly, the contribution of such
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TABLE 1: Classical Reaction Energies, Barrier Heights, and Unsigned Deviations between Calculated Barrier Heights from
DFT and Semiempirical Calculations and Those from LER Expressions and BHG Approach (Zero-Point Energy Correction Not
Included; Energies in kcal/mol)

AE AVF |AVF — szstimaleJif

rxn DFT? AM1P DFT2 DFT® AM1d BHG® DFT® AM1d BHG®
Ry —-1.27 —15.90 11.07 10.15 9.83 10.50 0.92 1.23 0.57
R, —0.63 —14.63 10.71 10.47 10.37 10.50 0.24 0.33 0.20
Rs —5.05 —20.12 8.73 8.30 8.05 8.27 0.42 0.68 0.46
R4 -0.17 —13.85 10.38 10.69 10.70 10.50 0.31 0.33 0.12
Rs —4.63 —18.87 8.21 8.51 8.57 8.27 0.29 0.36 0.06
Rs —5.11 —20.08 8.13 8.27 8.06 8.27 0.14 0.07 0.14
R7 —0.78 —14.82 10.62 10.39 10.29 10.50 0.23 0.33 0.12
Rs —5.04 —19.52 8.40 8.31 8.30 8.27 0.09 0.10 0.12
Ro —0.83 —14.69 10.51 10.37 10.35 10.50 0.14 0.16 0.01
Rio —5.63 —19.58 8.40 8.02 8.27 8.27 0.38 0.13 0.13
Ru1 —4.75 —18.93 8.24 8.45 8.55 8.27 0.21 0.31 0.03
Ri2 —5.36 —19.80 7.97 8.15 8.18 8.27 0.18 0.21 0.30
Ris -0.32 —13.92 10.28 10.61 10.67 10.50 0.34 0.39 0.23
Ria —0.91 —14.87 10.52 10.33 10.27 10.50 0.19 0.25 0.02
Ris —4.97 —18.92 8.09 8.34 8.55 8.27 0.25 0.46 0.18
MUD?¢ 0.24 0.29 0.15

2 Calculated at the BH&HLYP/cc-pVTZ level of theoryCalculated at the AM1 level of theoryCalculated from the LER using reaction
energies computed at BH&HLYP/cc-pVTZ level of theory: eq 8&alculated from the LER using reaction energies obtained at AM1 level of
theory: eq 8b¢Estimated from barrier height groupingAV¥ from BH&HLYP/cc-pVTZ caIcuIations;A\/;Stimated from the linear energy
relationship using BH&HLYP/cc-pVTZ and AM1 reaction energies or from barrier height groupMgan unsigned deviations (MUD) for reactions
Rg—Rls.

TABLE 2: Calculated Symmetry Number Factors and 1.2
Tunneling Factors at 300 K
tunneling ratio factorf, 10

rxn  symmetry no. factor Eckadrt fitting® deviatiorf % deviatiod g 0.8
R 1.00 80.42 2
R2 0.50 0.79 0.72 0.07 8.58 F o0e
Rs 0.25 0.37 0.31 0.06 17.18 o
R4 0.50 0.66 0.72 0.06 8.97 E
Rs 0.50 0.30 0.31 0.00 1.61 2 o4
Re 0.50 0.29 0.31 0.02 7.50 E Primary Carbon Site
R7 0.50 0.77 0.72 0.05 5.90 0.2 Tt )
Rs 0.25 032 031 001 3.33 — Secondary Garbon Site
Rg 0.50 0.74 0.72 0.01 1.99
Rio 0.25 0.33 0.31 0.02 5.53 0.0
Ri1 0.25 0.30 0.31 0.01 2.07 0 500 1000 1500 2000 2500 3000 3500
Ri2 0.25 0.27 0.31 0.04 16.53 T(K)
513 828 8?3 g;g 88? 1532 Figure 3. Plots of the tunneling ratio factork as functions of
Rig 0.25 029 031 0.02 554 temperature for abstractions of hydrogen from terminal (dotted line)
MUDe ' ’ ' 0.03 710 and nonterminal (solid line) carbon sites of the double bond.

a Calculated directly using the Eckart method with the BH&HLYP/ 14
cc-pTDZ reaction barrier heights and energieSalculated by using
fitting expression (see eqs 9a and 9b)insigned deviation between 12
the fitting and directly calculated valuesPercentage deviation (%).
€ Mean unsigned deviations (MUD) and deviation percentage between § 1.0

the fitting and directly calculated valugsTunneling coefficient §
calculated for reaction (lRusing the Eckart method with the energetic % o8
and frequency information at BH&HLYP/cc-pVTZ. -
c 06
o

treatment increases with the temperature increase. In otherg
words, the hindered rotation treatment lowers the total rate
constants with the temperature increase. Note that the principal

reaction R does not have the internal rotation of the {Zifoup. ' SRR ARl el Seehh SR il
. . ——RY —%—R10 —+—R11 b Ri12 a R13 @ R14 —e—R15
The averaged values, as applied to the whole class, are fitted g
into an analytical expression as 0 500 1000 1500 2000 2500 3000 3500
T(K)
fur = 1.01— 0.72 exp[-13321 °% (11) Figure 4. Plots of the harmonic partition function factors for reactions
Ro—Rus.

3.2.5. Prediction of Rate ConstantSo far we have estab-
lished the necessary parameters (namely, the potential energyglass follows: (i) Calculate the potential energy factor using
the symmetry number, the tunneling and the partition function eq 6 with theA\/rt value of 11.07 kcal/mol. The reaction
factors) for application of the RC-TST theory to predict rate barrier height can be obtained using the LER approach by
constants for reactions in the OHalkene class. The procedure employing eq 8a for BH&HLYP/cc-pVTZ reaction energies or
for calculating the rate constants of an arbitrary reaction in this eq 8b for AM1 reaction energies or by the BHG approach. (ii)
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12 - 30%
——R2 —=—R3 —a—R4 ——R5 —»—R6
3 —« R? —+R8 —R3 —RI0 —o R
1.0 g 25% | —oR12 —+ R13 @ R4 —e RI5
- b
a 08 " 20% |
5 i
g 06 8 159
@
g 04 2 10%
I —+—R2 -5 R} —a—R4 —o—R5 —%—R6 —s—R7 ——R8 g
021 ___Re % RI0e_Ri1 o RI2 o RI3 g Ri4—o_RI5 e 5% |
(a)
e ' ' 0%
0 500 1000 1500 2000 2500 3000 3500
40%
T(K)
Figure 5. Effect of the hindered rotation treatment on the total rate
constants for all reactions,RR;s in the temperature range 360 é
3000 K. g 80%
2
9 =
g
- m Tsang (1991) e Baldwin (1985) g 20%
:: f O RC-TSTexact — RC-TST/LER ;*
3 X RC-TST/BHG g
] [ g 10%
£ %
§ | = (b)
E-m. 0% 30 A . : : . |
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Figure 8. Averaged unsigned errors of the total relative rate factors

Calculate the symmetry number factor from eq 3 or see Table f(T) (eq 2) and its components, namely the tunnelifig, (partition
2. (i) Compute the tunneling factor using egs 9a and 9b for function (q), potential energyf(), and hindered rotation correction
terminal and nonterminal carbon sites, respectively. (iv) Evaluate (fi®) factors, as functions of temperature.
the partition function factor using eq 10 with the hindered
roration treatment cqrrection using eq 11. (v) The; rate constantsTsT/BHG rate constants for any reaction belonging to this
of the arbitrary reaction can be calculated py taking the pr_oduct reaction class are
of the reference reaction rate constants given by eq 7 with the
reaction class factors. Table 3 summarizes the RC-TST param- _ 18
eters for this reaction class. P K(T) =7.51x 10 24T3'596XF{TE1

As mentioned above, the barrier heights can be roughly
approximated by the BHG approach (see section 3.2.1). If the K(T) = 1.00x 10‘22T3'19exp{ﬁi
BHG barrier heights and the average values for the factors are ’ T
used, the rate constants are denoted by RC-TST/BHG. The RC- for nonterminal carbon sites (12b)

for terminal carbon sites
(12a)
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TABLE 3: Parameters and Formulations of the RC-TST Method for the OH + Alkene — H,O + Alkenyl Reaction Class (OH
+ C,H4 is the Reference Reaction)

K(T) = £,£(T) fo(T) fur(T) fu(T) k(T); Fu(T) = exp[—((AV* — AV}))/ksT]

Tis in Kelvin; AV¥ andAE are in kcal/mol; zero-point energy correction is not included

fo calculated explicitly from the symmetry of reactions (see Table 2)
f(T) f, = 0.999— 83.42 expf-0.51T°47 for terminal carbon sites
f. = 0.978— 7.55 exp[-0.0567°59 for nonterminal carbon sites
fo(T) fo=0.71— 2.08 exp[-0.187049
fur(T) fur = 1.01— 0.72 exp[-13327-099
AVF LER AVF = 0.489NEBHEHLYP + 10,772

AVF = 0.423\EAVL + 16.572
AVi= 11.07 kcal/mdl

k(T) (eq 7) ki(T) = 2.18 x 10725T*20exp[4337] [cm® molecule s7Y]
BHG approach K(T) = 7.51x 1072*T35%exp[1851] for terminal carbon sites
k(T) = 1.00x 1022T*%exp[7631] for nonterminal carbon sites

a Calculated value for reaction R1 at the BH&HLYP/cc-pVTZ level of theory.

Because the terminal carbon sites have two hydrogen atomsthe RC-TST method is based and the semiclassical SCT
that can be reasonably considered equivalent in some cases, aninneling approximations used for the reference (or principal)
the nonterminal sites only have one hydrogen atom, the reaction. It also depends on the accuracy of all approximations
symmetry factors of 2 and 1 are also included in the rate constantthat were introduced so that explicit calculations of the transition
expressions. state structure and frequency are not required. The related errors

To illustrate the theory we selected two reactionsaRd R will be referred to as systematic errors and are discussed below.
whose rate constants are available in the literature. Figure 6a,bA better analysis of the efficiency of the RC-TST method would
show the predicted rate constants of reactioraRd reaction be to compare the RC-TST results with explicit theoretical
Rs using the RC-TST method and suggested @At the calculations. As mentioned in our previous studi€s'5the RC-
figure, the “RC-TST exact” notation means that the reaction TST methodology can be thought of as a procedure for
class factors were calculated explicitly within the TST/Eckart extrapolating rate constants for any given reaction in a class
framework rather than using the approximate expressions listedfrom the reference reaction. Comparisons between the calculated
in Table 3. Because the barrier heights obtained from either rate constants for a small number of reactions using both the
BH&HLYP/cc-pVTZ or AM1 energies are similar, we can RC-TST and the full TST/Eckart methods would provide

expect their rate constants to be similar. additional information on the accuracy of the RC-TST method.
The rate constants estimated from the RC-TST/LER and RC- To be consistent, the TST/Eckart rate constants of the reference
TST/BHG approaches are comparable for reactionarikl R reaction were used in calculation of RC-TST rate constants for

due to the similar predicted values of the barrier heights, e.g., this particular analysis rather than using the expression in eq 7.
10.47 and 10.50 kcal/mol for Rfrom LER and BHG, The results for representative reactions—Ris (i.e., the
respectively (see Table 1). The difference in rate constants mightcomparisons between the RC-TST/LER and full TST/Eckart
be larger for other reactions. Compared to the “RC-TST exact” methods) are shown in Figure 7, where the relative deviation
values, the excellent performance of the RC-TST for these two defined as RS- TST — KTST/Eckar}/KTST/Eckany g plotted versus
reactions can be seen in Figure 6. In other words, the derivedthe temperature. The relative errors are less than 40% for all
correlation expressions (see Table 3) can be used to get accurattest cases in both LER and BHG approaches; thus it can be
rate constants for these two reactions. concluded that the RC-TST can predict thermal rate constants
For reaction R (see Figure 6a), the RC-TST rate constants for reactions in this class within a factor of 2 when compared
are within the range of the data suggested by Tsang &bat, to those calculated explicitly using the TST/Eckart method. Note
they are lower than those estimated by Baldwin &t Ialsn']g that this analySiS for LER is presented for BH&HLYP energies
the transition state theory (TST) and Tully’s rate data for the only. One would expect a similar or a slightly worse perfor-
OH + C;H, hydrogen abstraction reaction, Tsang et al. mance for the case of AM1 energies.
suggested rate constants for this reaction in the temperature Finally, we examined the systematic errors in different factors
range 706-2500 K. Baldwin’s data were derived from fitting  in the RC-TST/LER and RC-TST/BHG methods. The total error
experimental data for the oxidation of propene to a complex is affected by the errors in the approximations in the potential
kinetic model; thus such data are less reliable due to the energy factor, tunneling factor, partition function factor and the
incompleteness and kinetic incorrectness of the model and thehindered rotation correction factor introduced in the method.
procedure to derive the rate constants. For the hydrogenThe symmetry number factor, however, is “exact”. The devia-
abstraction at the nonterminal carbon of the double bond in tions/errors between the approximated and exact factors within
propene (reaction4y, there are only data suggested from Tsang the TST framework are calculated at each temperature for the
et al. Figure 6b shows the excellent agreement between the RC+eactions in the training set and then averaged over the whole
TST data and literature data. This comparison only gives a class. For the LER approach, the error in the potential energy
qualitative picture about the performance of this approach factor comes from the use of the LER expression as in eqs 8a
because there is a large uncertainty in the reported rate constantand 8b; that of the tunneling factor, from using two eqgs 9a and
for these two reactions. 9b; that of the partition function factor, from using eq 10; and
The accuracy of the RC-TST rate constants depends onthat of hindered rotation corrections, from using eq 11. The
several factors. At the fundamental level, it depends on the results of the analysis of the unsigned errors from different
validity of the transition state theory approximations on which relative rate factors, namefy, f,, fo, andfur used in the RC-
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The errors of the potential energy factdks,is significantly
dependent on the temperature. This can be explained by
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