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Kinetics of the hydrogen abstraction reaction class of the ldlkene has been studied using the reaction
class transition state theory (RC-TST) combined with the linear energy relationship (LER) and the barrier
height grouping (BHG) approach. The rate constants for the reference reactioi;H4, were obtained by

the canonical variational transition state theory (CVT) with the small curvature tunneling (SCT) correction in
the temperature range of 368000 K. Combined with these data, both the RC-TST/LER, where only reaction
energy is needed, and RC-TST/BHG, where no other information is needed, are found to be promising methods
for predicting rate constants for a large number of reactions in this reaction class. Our analysis indicates that
less than 50% systematic errors on the average exist in the predicted rate constants using the RC-TST/LER
or RC-TST/BHG method while in comparison to explicit rate calculations the differences are less than 100%
or a factor of 2 on the average.

1. Introduction These reactions are given below:

The hydrogen abstraction reaction between a hydrogen atom H 4 CH=CH, = Hp + CH;=CHe (R1)
and an alkene (€C) to form a hydrogen molecule and an H + CH;—CH=CH, — H, + CH,CH=CHe  (R2)
alkenyl (C=C.) radical is an important reaction class in
combustion processes of hydrocarbon fuEbr example, the
reaction between a hydrogen atom and ethylene is an important H + (CH,),C=CH, — H,+ (CH,),C=CHe  (R4)
source of the vinyl radical in flames which is an important
intermediate in such processes. There are a number of indirect

—H,+ CH,Co=CH,  (R3)

H + CH,CH=CHCH, (trans)— H, + CH,CH=CsCH, (R5)

studie$ 6 though no direct measurements of the rate constants H + CH,CH=CHCH, (cis) — H,+ CH,CH=CeCH, (R6)
for the reaction. For reactions involving larger alkenes, even

fewer data are available. For example, there are only two records H + CH,CH,CH=CH, — H, + CH;CH,CH=CH. R7
for rate constants for reaction with propene. Rate constants for (R7)
the reaction at the primary carbon site of the double bond are — H;+ CHCH,Ce=CH,
obtained by assuming that they are half of those of the reaction (R8)
with ethylene; those for the other reaction are obtained by H + CH;CH,CH,CH=CH, —H, +

assuming the effect of methyl substitution to be the same as CH;CH,CH,CH=CHe (R9)
that in alkan€. Such approximatiqns _have not been vglidated. — H,+ CH.CH,CH,Co—CH,
Recent developments and applications of the reaction class (R10)

transition state theory (RC-TSPTH indicated that it is possible
to predict rate constants of any reaction in this reaction class,
from first-principles on the fly.

The aim of this study is to apply RC-TST for estimating rate ~ H T CHCH,CH=CHCH, (cis) —~ H, +

H + CH,CH,CH=CHCH, (trans)— H,+
CH,CH,CH=CsCH, (R11)

constants of any arbitrary reaction in thetHalkenes— H, + CH,CH,CH=CeCH; (R12)
alkenyl class. This is done by first deriving analytical correlation H + (C,He)(CHy)CH=CH, — H, +

expressions for rate constants of the reference reaction with those (C,Hg)(CH:)CH=CHe (R13)
in a small representative set of the class from explicit direct ab

initio dynamics calculations of rate constants for all reactions H + (CHy),CHCH=CH, — H, +

in this representative set. The assumption is that these correlation (CHy),CHCH=CH. (R14)
expressions are applicable to all reactions in the class. So far, — H,+ (CHy),CHG=CH,
this assumption has shown to be valid. (R15)

To develop RC-TST parameters for the-Halkene class,
15 reactions including the reference reaction, i.e., the principal where trans and cis denote trans and cis configurations for the
H + ethylene reaction, are considered as a representative setcarbon chain; here, carbon atoms with the dot sign represent
the radical sites as in the products. Note that this set does not
- ) include reactions with resonance systems, e.g., 1,3-butadiene,
* E-mail: Truong@chem.chemistry.utah.edu. . .
t University of Utah. as well as aromatic systems, e.g., benzene. The reason for this
* University at Bialystok. is given in the discussion section below.
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2. Methodology The main tasks of this paper are (1) to determine the explicit
expressions for these factors linking the rate constant; of
and those oR, in the same class using the representative set of
reactions as mentioned earlier and (2) to provide error analyses
8f the results. Once these expressions are determined, thermal
rate constants of any reaction in this class can be predicted from
only the reaction energy needed for the LER expression and
no other information is needed for the BHG approach.

Reaction Class Transition State TheorySince the details
of the RC-TST method have been presented elsewHeéré}
we discuss only its main features here. It is based on the
realization that reactions in the same class have the same reactiv
moiety; thus, the difference between the rate constants of any
two reactions is mainly due to differences in the interactions
between the reactive moiety and their different substituents. i . i
Wlth|n ’[he RC-TST framework, the rate constant of an arbitrary Compu'[a'[lona| detaI|S A” the e|eCtl’0nIC structure Ca|CU|a-
reaction (denoted ds) is proportional to the rate constant of a  tions were carried out using the GAUSSIAN 3.0 progréim.
reference reactiork;, (Note that one often would choose the Hybrid nonlocal density functional theory (DFT), particularly
reference reaction to be the smallest reaction in the class, whichBecke’s half-and-hatf (BH&H) nonlocal exchange and Lee
is referred to as the principal reaction) in the same class by a Yang—Parf® (LYP) nonlocal correlation functionals, has been

temperature-dependent functi(): found to be sufficiently accurate for predicting the transition
state properties for hydrogen abstraction reactions by a
ky(T) = f(T) x k(T) (1) radical?’~2* Note that within the RC-TST framework, as

discussed above, only the relative barrier heights are needed.

The rate constants for the reference reaction are often knownOur previous studies have shown that the relative barrier heights
experimentally or can be calculated accurately from first- can be accurately predicted by the BH&HLYP mettidé!

principles. The key idea of the RC-TST method is to factor Geometries of reactants, transition states, and products were

f(T) into different components under the TST framework: optimized at the BH&HLYP level of theory with the Dunning’s
correlation-consistent polarized valence doubldasis set
f(T) =f, x f, x fo x fy (2) [3s2pld/2slp] denoted as cc-pVBZwhich is sufficient to

capture the physical change along the reaction coordinate for
wheref,, f,, fo, andfy are the symmetry number, tunneling, this type of reaction. Frequencies of the stationary points were
partition function, and potential energy factors, respectively. also calculated at the same level of theory. This information
These factors are simply the ratios of the corresponding was used to derive the RC-TST factors. The AM1 semiempirical
components in the TST expression for the two reactions: method® was also employed to calculate the reaction energies
of those reactions considered here. AM1 and BH&HLYP/cc-
pVDZ reaction energies were then used to derive the LERs
between the barrier heights and reaction energies. Note that the
AML1 reaction energy is only used to extract accurate barrier
height from the LERS, it is not directly involved in any rate
1) ;
4) calculations.
k(1) For the principal H+ C,H4 reaction, the minimum energy
N . path (MEP) of the potential energy surface is also obtained at
(Qa(T)) Qa(T)) the BH&HLYP/cc-pVDZ level by following the Gonzalez
®R(M)|
QM

_Oa
fo=7 ®)

g
r

f(T) =

fo(T) =

ﬁ Schlegel steepest descent gath the mass weighted Cartesian
r (5) coordinates with a step size of 0.01 dfibohr. Force constants
<I>§('D at 34 selected points (17 points in the reactant channel and 17
R R points in the products channel fragr= —1.0—1.0 am&2 bohr)
EAU @r(T) along the MEP were determined to obtain the necessary potential
energy surface information for canonical variational transition
(A\/;f1 - AVT) AAVF state theory (CVT) calculatiorf§-3° The points were chosen
f(T) = expg — T = - H (6) based on the curvatures of the MEP and the geometrical
parameters as functions of the reaction coordinate according to
o is the reaction symmetry numbe(T) is the transmission ~ OUr aqtofocusing tgchniq@é.;nergetig informatiqn anng the
coefficient accounting for the quantum mechanical tunneling MEP is further refined by single point calculation using the
effects; Q* and @R are the total partition functions (per unit cqupled cIu_ster methqd mc]udmg smgle and double excitations
volume) of the transition state and reactants, respectivdly; ~ With a quasi-perturbative triples contribution [CCSDF)hith
is the classical reaction barrier heigfitjs the temperature in  the cc-pVTZ basis set at the BH&HLYP/cc-pvVDZ geometry,
Kelvin; andkg andh are the Boltzmann and Planck constants, Which is denoted as [CCSD(T)/CF'F’VT_Z//BH&H'—YP/CC'
respectively. The potential energy factor can be calculated usingPVDZ]- The CCSD(T) energies, combined with the BH&HLYP/
the reaction barrier heights of the arbitrary reaction and the ¢Cc-PVDZ geometries and frequencies, were then used for rate

reference reaction. The classical reaction barrier heiyfitfor constant calculations.
the arbitrary reaction can be obtained using the linear energy To derive the RC-TST correlation functions, TST/Eckart rate
relationship (LER), similar to the well-known EvanBolanyi constants for all reactions in the above representative reaction

linear free energy relationshif; 7 between classical barrier  set were calculated employing the kinetic module of the web-
heights and reaction energies of reactions in a given reactionbased Computational Science and Engineering Online (CSE-
class without having to calculate them explicitly. Alternatively, Online) environment® In these calculations, overall rotations
the barrier height for the arbitrary reaction can be obtained from were treated classically and vibrations were treated quantum
the barrier height group (BHG) approach where all reactions in mechanically within the harmonic approximation except for the
a subclass of reactions can be reasonably assumed to have theodes corresponding to the internal rotations of the @idups,
same barrier height. which were treated as the hindered rotations using the method
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121.6° TABLE 1: Calculated Barrier Height and Reaction Energy

121.7 * for the H + C;H,4 Reaction (numbers are in kilocalories per
1.307 mOIE)a
o ' level of theory AE AVF
e BH&HLYP/cc-pVDZ 554  13.05
et ‘ CCSD(T)/cc-pVTZ//BH&HLYP/cc-pvVDZ 5.92 15.74
3 QCISD/6-31G(d,p) 7.04 19.14
MP4/6-31G**//MP2/6-31G** (ref 4) 6.5 15.06

aZero-point energy correction is included.
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Figure 1. Optimized geometries (distances in angstroms and angles 2
in degrees) of the reactantid;, product GHs, and transition state at ' 20 | o
the BH&HLYP/cc-pVDZ and QCISD/6-31G(d,p) (bold numbers) LT e V.

levels. The numbers in parentheses are the experimental values e TR
(ref 35). 10

suggested by Ayala et &. Thermal rate constants were

calculated for the temperature range of 3@000 K, which is 0
_ . L . -11 06 0.1 0.4 0.9
sufficient for many combustion applications such as premixed "
flame and shock-tube simulations. Reaction coordinate s (amu“bohr)
) ) Figure 2. Potential energy surface for the reactionrtHC;H,4 in the
3. Results and Discussion vicinity of the transition state\/g1 is the vibrationally adiabatic ground

state potential curvd/. is the classical adiabatic ground state potential

In the discussion below, the rate constants for the principal curve, and ZPE is the vibrational zero-point energy.

reaction are presented first and then we describe how the RC-
TST factors were derived using the training reaction set. Very close to experimental data for theHG reactant. For the
Subsequently, several error analyses were performed in orderffequency calculation, the results from BH&HLYP/cc-pVDZ
to provide some estimates on the accuracy of the RC-TST are consistent with the QCISD/6-31G(d,p) level with the average
method applied to this reaction class. The first error analysis is @bsolute difference of about 60 cfn This leads to differences
the direct comparison between the calculated rate constants withn the total zero-point energies (ZPEs) of 0.31, 0.24, and 0.17
those available in the literature for the &1d Ry reactions. The  kcal/mol for reactants, transition state, and products, respec-
second error analysis is the comparison between rate constant§vely. Consequently, the differences between the two levels on
obtained from the RC-TST method and those from explicit full the ZPE corrections on the classical barrier and reaction energy
TST/Eckart calculations for the whole training set. The final are insignificant, i.e., less than 0.1 kcal/mol. The barrier height
analysis is on the systematic errors caused by introducing and reaction energy with the inclusion of the ZPE correction
approximations in the RC-TST correlation functions. calculated at various levels of theory are listed in Table 1. It is
The first task for applying the RC-TST method to any reaction believed that the CCSD(T)/cc-pVTZ//BH&HLYP/cc-pvVDZ
class is to have rate constants of the reference reaction agJives accurate energetic data, and in fact, the data are consistent
accurate as possible. In this study, the principal reaction is With those reported by Kynazev et‘aWith the difference in
chosen as the reference reaction. Because of its small size, it$he barrier height being about 0.5 kcal/mol. It is noted that
rate constants can be calculated accurately using the canonica¢alculatedAH® (298 K) of 7.6 kcal/mol at the BH&HLYP/
variational transition state theory (CVT) with the small curvature cC-pVDZ level is reasonably close to the experimental data of
tunneling (SCT) method for the temperature range of-38m0 6.9 kcal/mok®
K. To compromise accuracy and computational efficiency, the
3.1. Rate Constants of the Reference Ht+ CoHs/— H» CCSD(T)/CC-pVTZ//BH&HLYP/CC-pVDZ method is used to
+C,H3 Reaction. 3.1.1. Stationary PointsThe optimized correct the energy along the minimum energy path for the H
geometrical parameters of the reactantH{§), product (GHa), C,H,4 reaction for rate calculations below. Figure 2 is the
and the transition state at the BH&HLYP/cc-pVDZ and QCISD/ potential energy surface for this reaction where the classical
6-31G(d,p) levels of theory are shown in Figure 1. The available adiabatic ground state potential curvg was obtained from
experimental data are also given in parenthésghe transiton ~ CCSD(T)/cc-pVTZ//BH&HLYP/cc-pVDZ, zero-point energy
state was confirmed by normal-mode analysis to have only one (ZPE) was calculated using BH&HLYP/cc-pVDZ frequencies,
imaginary frequency whose mode corresponds to the transferand the vibrationally adiabatic ground state potential cu@e
of the hydrogen atom betweenidy; and the H atom. From  was the sum product of the two previous tefifyst- ZPE. The
Figure 1, it is seen that the BH&HLYP/cc-pVDZ method gives ZPE profile is rather flat in the vicinity of the transition state,
optimized geometries close to those from the QCISD/6-31G- and thus, the shapes of tkreandvg are very similar. The ZPE
(d,p) level of theory for the reactants, products, and transition lowers the classical barrier height and reaction energy about
state with the largest difference being 0.013 A. These data are1.8 and 2.9 kcal/mol, respectively.
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Figure 3. Arrhenius plots of the calculated and available rate constants 12 |
for the H+ C,H, — H, + C;Hs. The numbers in parentheses are | MERGH ST SRR D
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3.1.2. Rate ConstantsThe rate constants of the forward 10
reactions were calculated using the canonical variational transi- e i 2 S =

tion state theory (CVT) with small curvature tunneling (SCT) _ SRR o
in a wide temperature range of 308000 K. Geometries and ~ Figure 4-h Linear energy Fe!g}slgnSBhlp _plots of rt]he barrier hlelgltwfd

. : : ; versus the reaction energi . barrier neig ts were calculated at
Yr:bragﬁgalgrYeF?Ten?es at the Zel_e}%ted points a'g'.“g the MEP. atthe BH&HLYP/cc-pVDZ level of theory AE values were calculated

€ evel were used. Ihe corresponading energy IS ¢ the () BH&HLYP/cc-pVDZ and (b) AM1 levels of theory.
from CCSD(T)/cc-pVTZ//IBH&HLYP/cc-pVDZ. The reaction
symmetry number of 4 is used to account for the number of the Jiterature; thus, they will be used for estimating the rate
symmetrlcally eqUIvaIent reaction paths. The CVT/SCT rate constants for reactions in this reaction class.

constants were plotted in Figure 3 and fitted to an Arrhenius 3.2 Reaction Class Parametersin the discussion below,

expression, given as follows: we first describe how the RC-TST factors were derived using
the above training set. Subsequently, several error analyses were
k =2.102x 10710 x T2752 ex;{— &Gﬂ performed in order to provide some estimates on the accuracy
T/ of the RC-TST method applied to this reaction class. The first
cm3/(molecule-s) (7) error analysis is the direct comparison between the calculated

rate constants with those available in the literature for reactions
The available rate constants in the literature are also given Rz and R. The second error analysis is the comparison between
in Figure 3. The numbers in parentheses are uncertainty factorsrate constants calculated by the RC-TST method and those from

The value of a given rate constafit, could lie betweerk./f explicit full TST/Eckart calculations for the whole training set.
andk.f, whereky, is the reported value arfds an uncertainty The final analysis is on the systematic errors caused by
factor. introducing approximations in order to derive analytical expres-

Knyazev et af combined the TST kinetics model with ab  sions for the correlation functions.
intio calculations and the experimental data in the temperature 3.2.1. Calculation of the Potential Energy Factorhe
range 499-497 K for the reverse reaction,H C;Hs, to derive potential energy factor can be calculated using eq 6, where
the rate constants for this reaction in the temperature range ofA\/z and A\/:F are the barrier heights of the arbitrary and
2003000 K. These data are lower than ours by less than areference reactions, respectively. We have also shown that
factor of 2 for the whole temperature range, which is within within a given class there is a linear energy relationship (LER)
the uncertainty limits of the data. Our calculated rate constants between the barrier height and the reaction energy, similar to
are within the accuracy of the suggested data from Just et al the well-known Evans-Polanyi linear free energy relationship.
(in the temperature range of 1762200 K)32 from Yampol'skii Thus, with an LER, accurate barrier heights can be predicted
et al. (1093-1213 K)& and Nametkin et al. (1073 and 1173 from only the reaction energies. In this study, the LER is
K).5 Jayaweera et 8lobtained the rate constants for this reaction determined where the reaction energy can be calculated by either
at 900 K and pressures of 15880 torr relatively through the  the AM1 or the BH&HLYP level of theory. Moreover, for this
two reactions, H+ C,H;~=C,Hs and GHs + CoHs— CoH3 + reaction class, it is found that the barrier heights can also be
C.Hs, thus introducing a large uncertainty. Tsang ef’al. grouped together into two groups: (i) primary carbon sites of
suggested slightly higher data with a large uncertainty of a factor the double bond and (ii) secondary carbon sites (see Figure 4).
of 3 based on a bond energpond order fit to the data of Just ~ This can be referred to as barrier height grouping (BHG). It
et al® and the reaction thermochemistry. It can be seen that ourcan be seen that the substitute of an alkyl group will stabilize
calculated data are in good agreement with those available inthe radical products, thus lowering the barrier heights. For this
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TABLE 2: Classical Reaction Energies, Barrier Heights, and Absolute Deviations between Calculated Barrier Heights from
DFT and Semiempirical Calculations and Those from LER Expressions and the BHG Approach

AE AV |A\F B Asttimateéif

rxn DFT? AM1P DFT? DFT® AM1d BHG® DFT® AM1d BHG®
Ry 8.42 —-3.30 14.88 14.80 14.48 15.34 0.08 0.40 0.46
Rz 9.33 —12.03 15.29 15.46 15.26 15.34 0.17 0.03 0.05
R3 4.82 —17.52 12.25 12.22 11.89 12.26 0.03 0.36 0.01
R4 9.64 —11.25 15.70 15.68 15.74 15.34 0.03 0.04 0.36
Rs 5.31 —16.27 12.71 12.57 12.66 12.26 0.14 0.06 0.45
Re 4.81 —17.48 11.91 12.22 11.91 12.26 0.31 0.00 0.35
R7 8.83 —12.22 15.18 15.10 15.15 15.34 0.08 0.03 0.17
Rs 4.86 —16.92 12.24 12.25 12.26 12.26 0.02 0.02 0.03
Ro 9.09 —12.09 15.13 15.28 15.22 15.34 0.15 0.09 0.21
Rio 4.83 —16.98 12.22 12.23 12.22 12.26 0.01 0.00 0.05
Ri1 5.19 —16.33 12.67 12.48 12.62 12.26 0.18 0.05 0.41
Ri2 4.56 —17.20 11.76 12.04 12.09 12.26 0.27 0.32 0.50
Ri3 9.44 —11.32 15.58 15.54 15.70 15.34 0.04 0.12 0.23
Ri4 8.99 —12.27 15.08 15.22 22.08 22.01 0.14 0.04 0.26
Ris 4.95 —16.32 12.33 12.32 23.69 23.83 0.01 0.29 0.07
MAD¢ 0.11 0.12 0.24

2 Calculated at the BH&HLYP/cc-pVDZ level of theoryCalculated at the AM1 level of theoryCalculated from the LER using reaction
energies calculated at the BH&HLYP/cc-pVDZ level of theory: eqaalculated from the LER using reaction energies calculated at the AM1
level of theory: eq 8be Estimated from barrier height groupingAV* from BH&HLYP/cc-pVDZ calculationsAV: ...iffom the linear energy
relationship using BH&HLYP/cc-pVDZ and AM1 reaction energies or from barrier height groupvgan absolute deviations (MAD) for reactions
R>—R1s. " Zero-point energy correction is not included. Energies are in kilocalories per mole.

reason, the reactions at the secondary carbon of the double bondiouble bond, respectively. The maximum and the averaged
have a barrier height about 3 kcal/mol, lower than those at the deviations of reaction barrier heights estimated from this
primary site. grouping are 0.45 and 0.24 kcal/mol, respectively. Therefore,
The reaction energies and barrier heights for all representativethis approach can be used to estimate the relative barrier height
reactions in the training set are given explicitly in Table 2. The qujckly with an acceptable deviation. The key advantage of this

obseryed linear energy relationships plotted against the reactionapproach is that it does not require any other information to
energies calculated at the BH&HLYP/cc-pVDZ and AM1 levels  octimate rate constants.

are shown in Figure 4a and b, respectively. These linear fits

were obtained using the least-square fitting method and have N conclusion, the barrier heights for any reaction in this
the following expressions: reaction class can be obtained by using either the LER or BHG

approach. The estimated barrier height is then used to calculate
AV = 0.7173x AEPHHYYP 1877 (kcal/mol) (8a)  the potential energy factor using eq 6. The performance of both
approaches is discussed in the error analyses below.

AV* = 0.6143x AEM* + 22,65 (kcal/mol) ~ (8b) 3.2.2. Calculation of the Symmetry Number FactBhe
symmetry number factork were calculated simply from the
ratio of reaction symmetry numbers of the arbitrary and
reference reactions using eq 3 and are listed in Table 3. The

The absolute deviations of reaction barrier heights between
the LERs and the direct DFT BH&HLYP/cc-pVDZ calculations
are smaller than 0.3 kcal/mol (see Table 2). The mean absolute

deviation of reaction barrier heights predicted from BH&HLYP reaction syrr_1metry number ofa reqction is given by the numt_)er
and AM1 reaction energies are 0.11 and 0.12 kcal/mol, of symmetrically equivalent reaction paths. It can be easily

respectively. These deviations are in fact smaller than the calculated from the rotational symmetry numbers of the reactant
systematic errors of the computed reaction barriers from full @nd the transition stafé;thus, this factor can be calculated
electronic structure calculations. Note that in the RC-TST/LER exactly.
methodology only the relative barrier height is needed. To  3.2.3. Calculation of the Tunneling Factofhe tunneling
compute these relative values, the barrier height of the referencefactorf, is the ratio of the transmission coefficient of reaction
reaction R, calculated at the same level of theory, i.e., R, to that of reactiorR. Due to the cancellation of errors in
BH&HLYP/cc-pVDZ, is needed and has the value of 14.88 kcall caicylations of the tunneling factors, we have shown that the
mol (see Table 2). _ factorf, can be reasonably estimated using the one-dimension
It 'S hoted that reactions W!th resonance systems, e.g., 1’3'Ecka1rt method? Calculated results for the representative set
_butad|ene_, as well as aromatic systems, e.g., benze_ne, areé NoSt reactions can then be fitted to an analytical expression. It is
included in this study. It is expected that the aromatic system . - .
known that the tunneling coefficient depends on the barrier

behaves differently, and it was addressed by our previous, . . -
study38 For the nonaromatic resonance systems, it is found thathe'ght' We have shown that the barrier heights group together

the LER relationship is excellent at the BH&HLYP level butis N0 WO groups, namely primary and secondary of the double-
not as good at the AM1 level of theory. However, if one is bond carbons (see the Calculation of the Potential Energy Factor

interested in rate constants for such reactions, the AM1 should S€ction); it is expected that reactions in the same group have
be excluded. the same tunneling factor, and thus, the average value can be

On the basis of the observation of barrier heights grouping used for the whole group. Simple expressions for the two
(BHG) on the two reaction sites, the average values are assignedunneling factors for primary and secondary carbon sites of the
to all reactions in the same type of site, particularly 15.34 and double bond are obtained by fitting to the average calculated
12.26 kcal/mol for primary and secondary carbon sites of the values and are given below:
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TABLE 3: Calculated Symmetry Number Factors and
Tunneling Factors at 300 K 12
tunneling ratio factorf, N
symmetry no. =
rxn factor Eckart fitting® deviatiorf % deviatiord 2 a8
R 1.00 4.10 -:;3
R, 0.50 0.88 0.88 0.01 0.6 o
Rs 0.25 1.26 1.23 0.04 2.9
Ra 0.50 0.85  0.88 0.04 4.2 E e —wall lE -e=TE ST
Rs 0.50 120 123  0.02 2.0 g 04 SR il el =i S
R 050 118 123 0.05 14 5 o R11 —a—R12 R13 R14 R15
Ry 0.50 0.90 0.88 0.02 1.7
Rs 0.25 1.27 1.23 0.04 3.4
Ry 0.50 0.90 0.88 0.01 15 0
Rio 0.25 135 123 012 9.1 0 500 1000 1500 2000 2500 3000 3500
Rt 0.25 1.20  1.23 0.03 2.2 T (K)
512 828 ég% égg 885 %Z Figure 6. Effect of the hindered rotation treatment to the total rate
RE 0'50 0'91 0188 0'02 2'5 constants for all reactions in the temperature range-3000 K.
Ris 0.25 1.26 1.23 0.03 2.4 . . .
MAD® 0.03 29 decrease; for example, the maximum error for all reactions is

less than 1% at 500 K.
a Calculated directly using the Eckart method with the BH&HLYP/ . s .
cc-pVDZ reaction barrier heights and energie€alculated by using 3'.2_'4' Calculatlon of Partition Function Fqctoﬂ'he tot_al
a fitting expression (see eqs 9a and Sbsolute deviation between  Partition factor is the product of the translational, rotational,
the fitting and directly calculated valuesPercentage deviation (%).  and vibrational partition factors. The translational and rotational

¢ Mean absolute deviations (MAD) and deviation percentage between factors are temperature-independent and are generally not unity.
the fitting and dir_ectly ca}lculated vaIuésTunneIing coefficient ~ As pointed out in our previous studyhe temperature-dependent
calculated for reaction (Busmg the Eckart method with the energetic part of the total partition function factde mainly originates

and frequency information at BH&HLYP/cc-pVDZ. from the vibrational factor due to the differences in the coupling

14 between the substituents with the reactive moiety as well as
- - . Primary carbon site the existence of internal rotation motions in large alkenes. For
Secondary carbon site this reaction class, the rotations of the alkyl groups along the

C—C bond at some reactants, transition states, and products
needs to be treated as hindered rotations rather than as vibrations.
We used the approach proposed by Ayala ét &br treating
hindered rotations. Note that the principal reactiqrdBes not

have such internal rotations. The effect of the hindered rotation
treatment on the total rate constants can be seen in Figure 6. It

Tunneling ratio factor

10 PR STt ToTrmTTs can be seen that the contribution of such a treatment only amount
) at most 20% of the total rate constants. Therefore, for simplicity,
. the influence of these hindered rotation factors can be ignored
in the RC-TST approach. This will introduce some errors which
08 will be included in the systematic error of the method.

0 500 1000 1500 2000 2500 3000 3500 The total partition function factors for 14 reactions were
_ _ T _ ) plotted in Figure 7. It can be seen that the variations in these
221“;; ft-u rep'%f :gsitr‘gcttigzgec')‘f”%yaarggJr?‘;tr‘;ri Sﬁ n?a:;”(gtc')(t’tr; dO];ine) factors are small, and thus, it is reasonable to assume that the
i . averaged value from the training set can be applied to the whole
and secondary (solid line) carbon sites of the double bond. - . . ;
v ( ) class. The average values are fitted into an analytical expression

as given below:
f.=0.99— 0.64 x exp{— T for primary carbon sites g

16
(9a) . T
fo=0.47— 0.32x exp[— Ta (10)
f.=1.02+ 1.44x exr{— T for secondary carbon sites
15 (9b) 3.2.5. Prediction of Rate Constan®hat we have established
so far are the necessary parameteramely, the potential energy
The correlation coefficients for these fits are larger than 0.999. factor, the symmetry number factor, the tunneling factor, and
The three equations are plotted in Figure 5. Table 3 also lists the partition function facterfor application of the RC-TST
the error analysis of tunneling factors at 300 K. It can be seen theory to predict rate constants for any reaction in thetH
that the same tunneling factor expression can be reasonablyalkene class. The procedure for calculating rate constants of an
assigned to those reactions at the same site with the largesarbitrary reaction in this class is as follows: (i) Calculate the
absolute deviation of 0.12 and the largest percentage deviationpotential energy factor using eq 6 with thé/f value of 14.88
of 9% for Ry also, the mean absolute deviation is 3%, kcal/mol. The reaction barrier height can be obtained using the
compared to the direct Eckart calculation using reaction LER approach by employing eq 8a for BH&HLYP/cc-pVDZ
information from the BH&HLYP/cc-pVDZ level of theory. At  or eq 8b for AM1 reaction energies or by the BHG approach.
higher temperatures, tunneling contributions to the rate constantg(ii) Calculate the symmetry number factor from eq 3 or see Table
decrease and thus, as expected, the differences between th8. (iii) Compute the tunneling factor using eqs 9a and 9b for
approximated values and the explicitly calculated ones also primary and secondary carbon sites, respectively. (iv) Evaluate
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Figure 7. Plots of the total partition function factor for 14 reactions; s,

TABLE 4: Parameters and Formulations of the RC-TST Method for the H + Alkene — H, + Alkenyl Reaction Class (H+
C,H, is the Reference Reaction)

K(T) = fo 5 £(T) x fo(T) x fT) x k(T); f(T) = exp[~(AV* — AV;)/keT]

Tis in kelvin; AV¥ andAE are in kilocalories per mole; zero-point energy correction is not included

fo calculated explicitly from the symmetry of reactions (see Table 3)
f(T) fe =0.99— 0.64 x exp[—(T/166)] for primary carbon sites
fo =1.02+ 1.44 x exp[—(T/155)] for secondary carbon sites
fo(T) fo=0.47— 0.32 x exp[—(T/314)]
AVF LER AVF = 0.7173x AEBH&HLYP4 g 77

AVF = 0.6143x AEAM! + 2265
AV’ = 14.88 kcal/mdl

k(T) (eq 7) k- =2.102x 107%° x T?752 x exp(—5862M) cm?/(molecules)
BHG approach K(T) = 1.117x 10719 x T?56 x exp[-63071] for primary carbon sites
K(T) = 2.214x 1072 x T>77 x exp[-4574I] for secondary carbon sites

a Calculated value for the reactiory Rt the BH&HLYP/cc-pVDZ level of theory.

the partition function factor using eq 10. (v) Finally, the rate Rz using the RC-TST method and suggested d#tahe figure,
constants of the arbitrary reaction can be calculated by takingthe “RC-TST exact” notation means that the reaction class
the product of the reference reaction rate constant given by eqgfactors were calculated explicitly within the TST/Eckart frame-

7 with the reaction class factors above. Table 4 summarizeswork rather than using the approximate expressions listed in
the RC-TST parameters for this reaction class. Table 4. Since the barrier heights obtained from either
As mentioned above, the barrier heights can be roughly BH&HLYP/cc-pVDZ or AM1 energies are similar, we can

approximated by the BHG approach (see section 3.2.1). If the expect their rate constants to be similar.

BHG barrier heights and average values for other factors are  For these two reactions, the rate constants calculated using
used, the rate constants are denoted by RC-TST/BHG. The RC+the RC-TST/LER are not much different from those of RC-
TST/BHG rate constants for any reactions belonging to this class TST/BHG for these two reactions. Though, for other reactions,

can be estimated without any further calculations as: the difference might be larger. The RC-TST predicts values
630 lower than the suggested data from Tsang étidks noted that
K(T) =1.117x 10 ™ x T*% x exp{— —1 Tsang et al. assumed that the rate expression for the abstraction
T of vinylic hydrogen (R) is half of the rate expression for

for primary carbon sites (11a)  pygrogen atom attack on ethylene presented in the same report
20 577 457 (or see Figure 3) which is higher than that of our reference
k(T) =2.214x 10 ©" x T*"" x exp{— ?1 reaction, while the effect of methyl substitution is assumed to
be the same as that in alkane for reactignA&cording to our
analysis that the rate constants for reactioraRe much lower

Because the primary carbon sites have two hydrogen atomsthan those of the prinCipaI reaction, particularly by a factor of
which can be reasonably considered equivalent in some case$-2 and 3 at 300 and 2500 K, respectively. This comparison
and the secondary sites only have one hydrogen atom, theonly gives a qualitative picture about the performance of this
symmetry factors of 2 and 1 are also included in the two rate approach since there is a large uncertainty in the reported rate
constant expressions above. constants for these two reactions.

To illustrate the theory, we selected two reactionaRd R The accuracy of the RC-TST rate constants depends on
whose rate constants have been suggested from a literatureseveral factors. At the fundamental level, it depends on the
review. It is noted that there is no previous theoretical calculation validity of the transition state theory approximations on which
or direct experimental data available for these reactions. Figurethe RC-TST method is based and the semiclassical tunneling
8a and b show the predicted rate constants of reactigrs\& (SCT) approximations which are used for the reference (or

for secondary carbon sites (11b)
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97 extrapolating rate constants of the reference reaction to those

it & Tsang (1992) of any given reaction in the class. Comparisons between the
o RC-TSTexact calculated rate constants for a small number of reactions using

A3 RC-TSTILER both the RC-TST and the full TST/Eckart methods would

RC-TSTIBHG provide additional information on the accuracy of the RC-TST
method. To be consistent, the TST/Eckart rate constants of the
reference reaction were used in calculation of RC-TST rate

constants for this particular analysis rather than using the

log{k(T }Icmamo!ecu Ie'1s'1}
A

19 @ expression in eq 7. The results for this error analysis for 14
representative reactions (i.e., the comparisons between the RC-
2 TST/LER and full TST/Eckart methods) are shown in Figure
e | 9. Here, we plotted the relative deviation defined fY/Eckart
B — KRC-TSTILER|/KTST/Eckary a5 g percent versus the temperature
A Tsang (1992) for all reactions in the training set,,RR;s. The relative errors
-10 [ o RC-TSTexact are less than 50% for all test cases; thus, it can be concluded
[ ——RC-TSTLER that the RC-TST can predict thermal rate constants for reactions

% RC-TSTBHG in this class within a factor of 2 when compared to those
calculated explicitly using the TST/Eckart method. It is noted
that this analysis is presented for the RC-TST/LER only. One
would expect a similar or a slightly worse performance for the

RC-TST/BHG approach.

Finally, we examined the systematic errors in different factors
in the RC-TST/LER and the RC-TST/BHG methods. The total
error is affected by the errors in the approximations in the
00 05 10 15 20 25 20 35 potenti_al energy factor, tunneling chtor, and partition function

1000/T (K factor introduced in the method. It is noted that the symmetry
(K) number factor is “exact”, but the error for the partition function
Figure 8. Arrhenius plots of the calculated rate constants using the factor does include the error in the approximation for the
RC-TST methods for two representative hydrogen abstraction reactionshindered rotation treatment. The deviations/errors between the

?;rg%nwgzdt h&)amlagiﬁ':tgtr fg;%:;g:isc:aﬁgéﬁ C(gﬂle)/atthzngzgion approximated and exact factors within the TST framework are

energies at the BH&HLYP/cc-pVDZ level used for the LER were Calculated at each temperature for every reaction in the training
presented. set and then averaged over the whole class. For the LER

approach, the error in the potential energy factor comes from
principal) reaction. In addition, it depends on the accuracy of the use of an LER expression as in egs 8a and 8b, that of the
all approximations that were introduced so that explicit calcula- tunneling factor, from using the two eqs-98b, and that of the
tions of the transition state structure and frequency are not partition function factor, from using eq 10. The results of the
required. The related errors will be referred to as systematic analysis on the errors from different relative rate factors, namely
errors and are discussed below. f., fo, andfy, used in the RC-TST method are shown in Figure
A better analysis on the efficiency of the RC-TST method 10. It is noted that the effect of neglecting the hindered rotation
would be to compare the RC-TST results with explicit theoreti- treatment was also included in the error for the total factor. The
cal calculations. As mentioned in our previous studi€s'*the results with the RC-TST/BHG (denoted as BHG) are also
RC-TST methodology can be thought of as a procedure for included in this figure. The error for the potential energy factor

20 | (b)

log{k(T )fcmsmolecule'1s'1}
B

06
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Figure 9. Relative absolute deviations as functions of the temperature between rate constants calculated from the RC-TST/LER and full TST/
Eckart methods for all selected reactions. BH&HLYP reaction energies were used for the LER.
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50%
—¢— Tunneling factor
—+— Partion function factor
» 40% —s— Potential energy factor (LER:BH&HLYP)
g —a— Potential energy factor (LER:AM1)
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Figure 10. Averaged absolute errors of the total relative rate fadi@s(eq 2) and its components, namely, the tunneliipy partition function
(fo), and potential energy) factors, as functions of temperature. It is noted that the effect of hindered rotation treatment was also included in the
total relative rate factors.

arises from using the average barrier heights for primary and and RC-TST/BHG, where no other information is needed, are
secondary carbon sites (BHG approximation). The total error both found to be promising methods for predicting rate constants
is from the use of the expressions 11a and 11b for the primary for a large number of reactions in a given reaction class. Our
and secondary sites, respectively. In this figure, we plotted the analysis indicates that less than 50% systematic errors, on the
absolute errors averaged over all 14 reactions;RRs as a average, exist in the predicted rate constants using the RC-TST/
function of temperature. LER or RC-TST/BHG method, while in comparison to explicit

It can be seen that the absolute error decreases with therate calculations the differences are less than 100% or a factor
temperature increase with the exception of the total errors for of 2 on the average.
the LER with both BH&HLYP and AM1, which show a small
increase when the temperature rises in the temperature range Acknowledgment. This work is supported in part by the
of 1000-3000 K. This can be explained by the effect of National Science Foundation. L.K.H. is grateful to the Vietnam
neglecting the hindered rotation treatment (see Figure 6) whereEducation Foundation for a Graduate Fellowship. The authors
the hindered rotation treatment is more important in the same also acknowledge the Utah Center for High Performance
temperature range. Computing for computing resources and support.
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