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We present an application of the reaction class transition state theory (RC-TST) in predicting thermal rate
constants of the hydrogen abstraction reactions- Hi—C(sp) where C(sp) is a saturated carbon atom.
Combining the RC-TST with the linear energy relationship (LER) allows rate constants of any reaction in the
class to be estimated from only reaction energy information. We have derived from first-principles all parameters
for the RC-TST/LER method so rate constants for any reaction in this class can be predicted from only
reaction energy, that can easily be computed from either the density functional theory or semiempirical
molecular orbital theory. We have performed error analyses for a large number of reactions in the above
class for which some experimental measurements or estimates are available. By comparisons with results
from full TST/Eckart calculations we also found the RC-TST/LER method is quite cost-effective and has
accuracy comparable to first-principles predictions using more rigorous methodologies.

I. Introduction obtained by adding rate constants of all possible primary,
. secondary, and tertiary hydrogen abstraction reactions has not
Hydrogen abstractions of hydrocarbons by hydrogen atoms, heen proven and tested theoretically. It is interesting to note
H + RH— H, 4+ R, belong to an important class of reactions  yat such an assumption was later found invalid for the ©H
in combustion chemistry. Particularly, under pyrolytic conditions RH reaction class by Cohen in a separate refidrence, the
(in the absence of oxidants), hydrogen atoms can be the primaryihermal rate constants are not additive in general or, at least,
chain carriers in thermal decomposition of hydrocarbons. not in the approach used by Cohen.
Despite its significance, there are only about 10 of such ele-  pecently, we introduced a new theory called reaction class
mentary reactions where some experimental kinetic data areyansition state theory (RC-TST) for predictions of thermal rate
available. Yet there are only one to two of these reactions where .qstants for a large number of reactions in a given @ass.
such data are known with some level of accurlcy For The RC-TST method recognizes that reactions in a given class
reactions involving alkanes and alkenes larger than C2, therey e the same reactive moiety:; therefore, their potential energy
are multiple pathways. At the present time, there is no data on g ;rfaces along the reaction coordinate are very similar and thus
the branching ratios. A major difficulty in the experimental study 5, pe extrapolated from one to the others. The RC-TST theory
of such reactions is the possibility of secondary step reaCtionsprovides a rigorous methodology for estimating thermal rate
involving the intermediate alkyl radicals R to occur faster than qnstants of any reaction from the smallest reaction (i.e., the
the first step. In such a case, theory can play an important role yjncipal reaction) in the class and from the differences in the
in providing necessary kinetic information. However, to the best |assical barriers and reaction energies. As shown in our
of our knowledge at the present time, theoretical kinetic revious studiedt22 such energy differences can be obtained
information is available only for a small numberzof SUCh  from a relatively low level of electronic structure theory.
reactions, particularly for reactions with methaife;2 pro- The reaction class concept was recently employed by Green
penel® n-butanei® and benzen&>'® To obtain rate constants 44 co-worker$24for developing group additivity contributions
for larger alkanes, Baldwin and Walkémproposed a general ¢ yansition states in estimating thermal rate constants of
expression for the H- RH reactions as a sum of hydrogen  o,ctions in a given class. The approach was shown to be rather
abstraction from primary, secondary and tertiary carbons. o mising. The differences between Green's group additivity
Cohen® later used a thermo-chemical kinetics formulation approach and the RC-TST method emp|0yed in this Study are
of the conventional transition state theory (TST) to analyze discussed in the results and discussion section below.
available experimental rate constants and to propose an ap- |n this study, we extended the RC-TST theory one step further
proximate scheme for extrapolating thermal rate constants to apy showing that within the reaction class framework there is a
wider temperature range for a small number of reactions in the |inear-energy-relationship (LER) between the classical barrier
H + RH reaction class. The author arrived at a very different and the reaction energy. Consequently, it is possible to predict
general expression for the rate constants of thelRH reactions  rate constants of any reaction in the class by knowing only the
even both of these expressions assume that, for each type ofeaction energy of such a reaction. We illustrate the RC-TST/
hydrogen abstraction, the rate constants are the same for all_ER theory by attempting to predict rate constants for a large
alkanes. The aSSUmption that the overall rate constants can bQ]umber of hydrogen abstraction reactions be|0nging to a given
class and then compare them to available experimental data or
*To whom correspondence should be addressed. estimates. In particular, 46 hydrogen abstraction reactions
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involving 23 different hydrocarbons were studied. All of these
reactions belong to the same reaction class given below:

H + H—C(sp) — H, + "C(sp)

C(sp’) denotes carbon atom with $ponding. However, they
can be separated into two sub-groups: one is the reaction of H
with alkanes (R1~ R14) and the other is the reaction of H
with alkenes that form resonant stabilized transition states and
radicals (R15~ R23)

H+ CH,— H,+ CH, (R1)
H + C,Hg — H, + C,H (R2)
H + CjHg — H, + n-C,H, (R3a)
—H, + sCH, (R3b)
H + C,H,o— H, + n-C,H, (R4a)
—H, + SC,H, (R4b)
H + (CHy),CH— H, + (CH),CHCH,  (R5a)
—H, + (CHy),C (R5b)
H + n-CgH,,— H, + 1-CH,, (R6a)
—H, + 2-CH,, (R6b)
—H, + 3-CH,, (R6C)
H + (CHy),C — H, + (CH,),CCH, (R7)
H + (CH,),CHCH,CH,
— H, + (CH,),CHCH,CH, (R8a)
— H, + CH,CH(CH,)CH,CH,  (R8b)
— H, + (CH,),CHCHCH, (R8c)
— H, + (CH,),CCH,CH, (R8d)
H + n-CgH,,— H, + 1-CHy5 (R9a)
—H, + 2-CH,, (R9b)
—H, + 3-CHy, (R9c)
H + CH,CH,C(CH)s
— H, + CH,CH,C(CHy), (R10a)
—H, + CH,CH,C(CH,),CH,  (R10b)
— H, + CH,CHC(CH,), (R10c)
H + (CH,),CHCH(CH,),
— H, + CH,CH(CH,)CH(CH,), (R11a)
— H, + (CH,),CCH(CHy), (R11b)
H + (CH,),CHCH,CH,CH,
—H, + (CH,),CHCH,CH,CH,  (R12a)
—H, + (CH,),CHCH,CHCH,  (R12b)
—H, + (CH),CHCHCHCH,  (R12c)
—H,+ (CH),CCHCH,CH,  (R12d)

— H, + CH,CH(CH,)CH,CH,CH, (R12e)
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H + n-C,H,;— H, + 1-CH,¢ (R13a)
—H,+2-CH,q (R13b)

—H, + 3-CH,; (R13c)
—H,+4-CH,q (R13d)

H + n-CgH,g— H, + 1-GH,, (R14a)
—H, + 2-GH,, (R14b)

—H, + 3-CH,; (R14c)

—H, + 4-CH,, (R14d)

H + CH,CH=CH,— H, + CH,CH=CH, (R15)

H -+ CH,CH=C=CH, — H, + CH,CH=C—=CH, (R16)
H -+ CH,CgHs — H, + CH,CqHs (R17)

H -+ CH,CH,CH=CH, — H, + CH,CHCH=CH, (R18)
H + (CHy),C=CH, — H, + CH,C(CH,=CH, (R19)

H + E-CH,CH=CHCH, — H, + E-CH,CH=CHCH,
(R20)

H + Z-CH,CH=CHCH, — H, + Z-CH,CH=CHCH,
(R21)
H + CH,CH,CH,CH=CH, — H, + CH,CH,CHCH=CH,
(R22)

H + (CH,),CHCH=CH, — H, + (CH,),CCH=CH,
(R23)

II. Methodology

A. Reaction Class Transition State Theory (RC-TST).
Within the transition state theory framewactkthermal rate
constants of a reaction can be expressed as

GE Q¢(T) e{—Av*/kBW}
h @R

where « is the transmission coefficient accounting for the
guantum mechanical tunneling effectsjs the reaction sym-
metry number(Q¥ is the total partition function of the transition
state,®R is the total partition functions (per unit volume) of
the reactantsAV* is the classical barrier heighfl is the
temperature, andkg and h are the Boltzmann and Planck
constants, respectively.

For reactions in a given class, the differences in the rate
constants of two reactions mainly come from the differences in
the interactions between the reactive moiety and their substit-
uents. Within the RC-TST framework, the rate constants of an
arbitrary reaction (denoted &) in a given reaction clasky(T),
is proportional to rate constants of the principal reaction (denoted
asRy) of the classky(T) by a temperature-dependent function

f(T):

K(T) = «(T) @)

k() = f(Mky(T) )

Because of its small size, rate constants of the principal
reaction can be calculated from first-principles using an accurate
dynamical theory with potential energy information computed
from a sufficiently high level of electronic structure theory.
However, the rate constants of the principal reaction can also
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take place in the electronic ground state, the electronic partition
functions do not contribute tdg. Thus, the temperature
dependence df, comes solely from the vibrational component.
Furthermore, one can see from Figure 1 that the contributions
to the vibrational partition functions from the principal com-
ponents of the reactive moiety and of the substituents are
Figure 1. Schematic illustration of the factor of partition functiém canceled. Therefore, the main factors that govern the temperature
Brackets denote the vibrational partition functions of the species inside. dependence of thig factor are the differences in the vibrational
The left-hand side ratio is from the transition states having the same frequencies due to the coupling of substituents with the reactive
reactive moiety C- -H- -H, and the other ratio is from the reactants mojety. Thus, even in flexible molecules where it is difficult to
having the same reactive moiety componenttC calculate accurately the partition functions of the low-frequency

taken from accurate experiments if available. The key idea of vibrational modes such as hindered rotations, their principal

the RC-TST method is to factd(T) into different compo- components are canceledfin The goal here is to establish an
nents20 approximate expression & for all reactions in a given class

from a small number of reactions in such a class. The potential
f(T) = foanfv 3) energy factoffy in eq 7 represents the difference of substituent
effects on the classical reaction barrierfe&ndR,. In previous
wheref,, f5, fo, andfy are tunneling, symmetry number, partition  studies, we have shown that this differential reaction barrier,
function and potential energy factors, respectively. These factorsAAV¥, can be calculated from a relatively low level of theory
are simply the ratio of the corresponding components in the even though absolute reaction barriers require a much higher

TST expression (see eq 1) for the two reactions: level of theory to achieve the acceptable level of accufaéy.
In this study, we show that the classical barrier height for any
f(M= @ ) reaction in the class can also be estimated from a linear energy
« k(T) relationship (LER) between the classical barrier height and the
reaction energy with a relatively high level of accuracy. In this
f=0 a/op (5) case, only the reaction energy is needed to calculate the rate
constant for any reaction in the class. The present methodology
Q:(T) Qz(T) is denoted as RC-TST/LER.

Although both the RC-TST/LER method and the group

+
DX(T) _ &M additivity (GA) method developed by Green and co-workers

foM=71= ®R ®6) based on the TST framework and utilized the same reaction
Qu(T) AQ) | _ : _
— — class concept, there are inherent differences in the methodology
o (M) \Py(T) for obtaining thermal rate constants. The RC-TST/LER method

takes advantages of the similarities in the potential surfaces of

(A\/:f1 — AV;) AAVF reactions in the same class to achieve cancellations in obtaining
fu(T) = exp — T =ex _H (7) the relative rate constants. The thermal rate constant of any

reaction in the class can be calculated from its reaction energy
The principle task is to determine these factors linking the rate

and the rate constants of the principal reaction. The rate
constants oR, and those oR, in the same class without having constants of the principal reaction are often calculated at a much
to calculateky(T) explicitly. A detailed discussion of these

more accurate level of dynamical theory than the simple TST
factors can be found in our previous wéfkye only provide a method, such as the canonical variational TST method aug-
brief overview below. mented by the multidimensional semiclassical small curvature
The symmetry number factds can be determined exactly tunneling approximation (CVT/SCT) used in this study. Thus,
from the symmetry numbers dR, and R, The symmetry one can think of the RC-TST/LER method as a procedure for
number of a reaction can be easily calculated from the rotational €Xtrapolating CVT/SCT rate constants of the principal reaction
symmetry numbers of the reactant and transition S6#e. to rate constants of any reaction in the class. The GA method
The tunneling factof, is the ratio of transmission coefficients O the other hand takes advantage of the similarity in the reactive
of Rsand that oRR,. Although absolute transmission coefficients MOIety of reactions in the same class to define a “supergroup
for hydrogen abstraction reactions often require multidimen- for the transition states. It then derives its group contributions
sional tunneling methods to account for the large corner-cutting to thermodynamic properties of the transition states from fitting

effects, because of cancellation of errors in our previous study, 10 TST/Wigner rate constants for a selected set of reactions.
we have shown that the tunneling facforcan be accurately ~ 1he GA method can calculagbsolutethermal rate constants

predicted using the 1-D Eckart meth&d. without requiring any further information. In other words, the
The partition function factorfg is the ratio of partition GA method is a parametrization procedure of the TST/Wigner
functions of the reactants and transition stateB.dndR, (eq method for a specific reaction class. Within the TST framework

6). To have a good understanding of the properties of this factor, for the absolute rate constants, difficulties in obtaining accurate
we illustrated eq 6 in Figure 1 for an arbitrary reaction that has Vibrational partition functions for low-frequency modes some-
three substituents (R1, R2, and R3) with respect to the principalimes persist in the GA method.

reaction. Because the total partition function is a product of  B. Electronic Structure Calculations. The electronic struc-
translational, rotational, electronic, and vibrational partition ture calculations for the principal reaction (R1) have been done
functions and due to the specific forms of the translational and in detail at a variety of levels of theofy!!* We do not discuss
rotational partition functions, the temperature dependence ofit further here. For all other reactions, geometries of the
translational and rotational components of partition functions reactants, transition states, and products were optimized at the
is canceled iffip. Furthermore, because most gas-phase reactionsBH&HLYP?° level of theory with the cc-pVDZ basis s&.
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Frequencies of the stationary points were also calculated at the 1
BH&HLYP/cc-pvdz level of theory for those reactions where

the partition function factork, were explicitly calculated. The
BH&HLYP method has been found previously to be sufficiently 12
accurate for predicting the transtion state properties for hydrogen
abstraction reactions by a radié&l3® The reaction barrier
heights of all of the reactions were refined using the IMOMO
approach-22within the reaction class framework at the PMP4/
cc-pVTZ/IBH&HLYP/cc-pVDZ level of theory??34The AM13°
method was also employed to optimize geometries of the
reactants and products for all reactions in order to calculate the
AM1 reaction energies for developing the LER between the
barrier height and reaction energy as discussed below. All of
the electronic structure calculations were done using the
Gaussian 98 prografi.

AV* | keal-mol!

N

=3

-25 -20 -15 -10 -5 0 5
AE | kcal-mol™
: . Figure 2. Linear energy relationship plots of barrier heighté* versus
lll. Results and Discussion regction energieAE. Iggrrier heightz 5vere calculated agtj?he IMOMO-
A. Linear Energy Relationship. It is well-known that the (PMP4/cc-pVTZ: BH&HLYP/cc-pVDZ) level of theoryAE's were
activation barriers can be predicted from the reaction energiesg;‘:ﬁ‘;gtse‘;r:t fg;eh)‘? d":g‘g'egzé‘;‘;g(\:/ﬁze)ag;‘éﬁ'sog ftgﬁ(%’%’é;htﬁeﬁu%ﬁow
- ili i 37 ;

?%;Tglft\ilsr?;h;ﬂ?gg;‘gﬁ;’;gnnegggcrflﬁggng? 2'”':8(;\2’;\/368 of symbols are for those of alkepes. The round symbols are for abstract

; o X reactions on primary carbons; the diamond symbols are for those on
reactions®® Within the reaction class framework, because all secondary reactions; and the triangle symbols are for those on tertiary
of the reactions in the same class have the same reactive moietycarbons.
one can expect the deviation of the LER to be small. This is in
fact the case as shown below. Our goal here is to establish an
LER relationship between the classical barrier and the reaction ,, °
energy so that one needs only the reaction energy to predict
the thermal rate constants for any reaction in the class without 2
having to determine the transition state structure, energy, and_ 0
frequencies. It is known that in order to obtain accurate classical g
barrier heights a rather high level of electronic structure theory g s
is required. On the other hand, reaction energies can be predicte
at a relatively lower level of theory, such as density functional < °
theory or even semiempirical molecular orbital theory. In our
previous studiest-??we have shown that one can combine the
reaction class concept with the IMOMO method to predict
accurate classical barriers at a reasonable computational cost.
In fact, we have shown that for many reactions in the reaction  °,; 0 w5 = e 2 s
class considered here the IMOMO (PMP4/cc-pVTZ: BH&HLYP/ AE / kcal-mol”
cc-pVDZ) level yields errors of less than 1 kcal/mol compared  gigyre 3. Same as in Figure 2, except that the reaction energies are
to the full PMP4/cc-pVTZ results. To develop the LER for this  calculated at the AM1 level of theory.
reaction class, we first fitted the IMOMO (PMP4: BH&HLYP)
barrier heights as a function of the BH&HLYP reaction energies.
We found that hydrogen abstraction reactions of alkanes and
alkenes required two separate linear equations, namely

16

N

heights, and absolute deviations between calculated barrier
heights from LER and those from full quantum calculations are
listed in Table 1 together with experimental reaction energies
of some reactions that are calculated from available experimental
standard heats of formation of products and reactants. It can be
seen that the absolute deviations of reaction barrier heights
between LERs and full quantum calculations are smaller than
1 kcal/mol for all reactions. The mean absolute deviations of
AV = 0.323AE + 13.662 9) reaction barrier heights predicted from BH&HLYP reaction
energies are 0.25 and 0.28 kcal/mol for reactions of alkanes
for alkenes that form resonant stabilized transition states andand alkenes, respectively. The mean absolute deviation of
radicals. The standard deviations for the two fittings are 0.34 reaction barrier heights predicted from the AM1 reaction energy
and 0.88 kcal/mol, respectively. However, only one LER was IS 0.37 kcal/mol for all reactions. These deviations are in fact

needed to fit the barriers to the AM1 reaction energies, namely Smaller than the systematic errors of the computed reaction
barriers from full electronic structure calculations. Thus, eqgs

AV = 0.6926AE + 12.703 (8)

for alkanes and

AVF = 0.3625\E + 20.602 (10) 8—10 are expected to give good estimations of reaction barrier
heights for the whole reaction class. It can also be seen from
with the standard deviation of 0.79 kcal/mol. Table 1 that reaction energies predicted using the BH&HLYP/

Figures 2 and 3 show the linear energy relationships betweencc-pVDZ method are in good agreement with experimental data.
reaction barrier heights calculated at the IMOMO (PMP4/cc- Because the AM1 method systematically underestimates the heat
pVTZ:BH&HLYP/cc-pVDZ) level of theory and reaction ener-  of formations of hydrocarbon radicals, the predicted reaction
gies calculated at BH&HLYP and AM1 levels of theory, energies are much lower than experimental data. However, this
respectively. The calculated reaction energies, reaction barriersystematic error covers up the differences in the reaction
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TABLE 1: Reaction Energies, Classical Barrier Heights, and Absolute Deviations between the Calculated Barrier Heights from
ab Initio Calculations and from the LER Expressions with Energies in kcal/mol

AE AVF |AVF — AV} gl
react. expt DFT® AM1 IMOMO® DFT® AM1 DFT¢ AM1e
R1 0.55 2.83 -18.55 14.57 14.66 13.88 0.09 0.69
R2 -3.63 -1.12 —24.38 11.84 11.93 11.76 0.09 0.08
R3a -3.18 -0.87 —24.24 12.17 12.10 11.82 0.07 0.36
R3b ~5.57 —4.39 —29.65 9.53 9.66 9.85 0.13 0.32
R4a -0.91 —24.26 12.14 12.07 11.81 0.07 0.33
R4b -5.23 -4.18 -29.41 9.74 9.81 9.94 0.07 0.20
R5a -3.30 -0.59 —23.69 12.25 12.29 12.01 0.04 0.24
R5b -8.56 -7.07 -34.31 7.63 7.81 8.16 0.18 0.54
R6a -0.83 —24.26 11.90 12.13 11.81 0.23 0.09
R6b —4.47 —29.44 9.44 9.61 9.93 0.17 0.49
R6C —4.22 —29.05 9.53 9.78 10.07 0.25 0.54
R7 -0.90 —22.90 12.60 12.08 12.30 0.52 0.30
R8a —1.44 —24.46 11.72 11.70 11.74 0.01 0.02
R8b -2.01 —23.74 11.55 11.31 12.00 0.24 0.45
R8c —4.87 -29.01 9.19 9.33 10.08 0.14 0.90
R8d -8.68 -7.21 —33.84 7.30 7.71 8.34 0.41 0.97
R9a -0.59 —24.26 12.14 12.29 11.81 0.15 0.33
R9b —4.22 —29.43 9.65 9.78 9.93 0.13 0.28
R9c -3.43 —29.08 9.80 10.33 10.06 0.53 0.26
R10a -0.76 -23.90 12.62 12.18 11.94 0.44 0.68
R10b -2.26 -23.22 11.88 11.14 12.18 0.74 0.31
R10c -4.10 —28.90 10.27 9.86 10.12 0.41 0.14
Rlla -1.75 —24.87 11.87 11.49 11.59 0.38 0.28
R11b -7.97 -35.25 8.08 7.18 7.82 0.90 0.26
R12a -0.92 —23.75 12.20 12.06 11.99 0.13 0.21
R12b -4.21 —28.79 9.88 9.79 10.16 0.09 0.29
R12c —4.90 —29.62 9.73 9.31 9.86 0.42 0.14
R12d ~6.76 —33.86 7.79 8.02 8.33 0.23 0.54
R12e -0.99 —24.23 12.22 12.02 11.82 0.20 0.40
R13a -0.61 —24.26 12.11 12.28 11.81 0.17 0.30
R13b -4.23 —29.43 9.63 9.77 9.93 0.14 0.30
R13c -4.12 -29.11 9.73 9.85 10.05 0.12 0.32
R13d —4.05 —29.07 9.77 9.90 10.06 0.13 0.29
Rl4a -0.61 —24.26 11.41 12.28 11.81 0.87 0.40
R14b —4.24 —29.43 9.63 9.77 9.93 0.14 0.30
Rl4c -4.11 —29.10 9.76 9.86 10.05 0.10 0.29
R14d ~4.05 —29.07 9.76 9.90 10.06 0.14 0.30
MAD 0.25
R15 -16.11 -16.57 —33.66 8.81 8.31 8.40 0.50 0.41
R16 ~14.67 —33.34 9.01 8.92 8.52 0.09 0.49
R17 —14.58 -13.68 —33.14 8.54 9.24 8.59 0.70 0.05
R18 —20.07 —38.43 7.25 7.18 6.67 0.08 0.58
R19 —14.69 -33.17 8.88 8.91 8.58 0.03 0.30
R20 -16.97 -34.91 8.4 8.18 7.95 0.22 0.45
R21 -17.42 —35.04 8.21 8.03 7.90 0.18 0.31
R22 -19.62 —37.94 7.49 7.32 6.85 0.17 0.64
R23 -22.39 —42.18 5.92 6.42 5.31 0.50 0.61
MAD 0.28 0.37

a Calculated from standard heat of formation of products and reactants from NIST databakrilated at the BH&HLYP/cc-pVDZ level of
theory.c Calculated at the IMOMO (PMP4/cc-pVTZ/IBH&HLYP/cc-pVDZ) level of theofy. A\/fER was calculated from the LERs for
BH&HLYP reaction energies® AV"[ER was calculated from the LER for AM1 reaction energiedean absolute deviations (MAD) for reactions
R1 ~ R14d.? Mean absolute deviations for reactions R¥3R23." Mean absolute deviations for all reactions.

energies of the two sub-groups, abstraction of alkanes andimaginary frequency of 1307 cm of the principal reaction
alkenes and thus yields a single LER expression without a calculated at the BH&HLYP/cc-pVDZ level of theory was
significant increase of error. It is important to point out that assumed for all reactions because of its small variation found
the LER expressions developed here were for alkanes andpreviously for different reactions in this cla¥sTable 2 shows
selected alkenes and may not be applicable for other substituteccalculated tunneling factors of the reactions listed above using
hydrocarbons. the barrier heights calculated from the two LER expressions
B. Reaction Symmetry Number Factor. The symmetry above. It can be seen that thecalculated from barrier heights
number factors were simply calculated from the ratio of predicted using AM1 reaction energies are close to those
symmetry numbers of target and principal reactions as listed in predicted using BH&HLYP reaction barriers with the largest
Table 2. deviation at about 13% (R23) and normal deviations of less
C. Tunneling Factor. The tunneling factof, is the ratio of than 10%. These deviations mainly come from the overestima-
tunneling coefficients of the target and principal reactions. We tion of the reverse barriers by the AM1 method. Because almost
use the Eckart tunneling methiddo calculate the tunneling  all of the reactions in this class are exothermic (except for the
coefficients. This method requires only the imaginary frequency principal reaction), the forward barriers heights dominate the
and forward and reverse barrier heights of a reaction. The quantum transmission energy region. At a given temperature,
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TABLE 2: Calculated Symmetry Number Factors and 1 -
Tunneling Factors at 300 K T Cecondary
~~~~ Tertiary

react. f, f2 b react. f, f2 f.0

R1 (4  (8.21) (8.21) R1lb 050 0.83 0.83 ! B

R2 1.50 0.98 1.04 R12a 0.75 0.98 1.05 ¥ //

R3a 1.50 0.99 1.05 R12b 050 0.94 0.96 'g vl

R3b 0.50 0.94 0.95 R12c 050 092 0.95 P /.

R4a 150 099 1.04 Ri2d 025 087 087 g2

R4b 1.00 0.94 0.95 R12e 150 0.98 1.04 °g'

R5a 2.25 0.99 1.05 R13a 150 0.99 1.04 2

R5b 0.25 0.86 0.85 R13b 1.00 0.94 0.95 08

R6a 1.50 0.99 1.04 R13c 1.00 094 0.96

R6b 1.00 0.94 0.95 R13d 050 0.94 0.96

R6C 0.50 0.94 0.96 R14a 150 0.99 1.04

R7 3.00 0.99 1.06 R14b 1.00 0.94 0.95 07

R8a 0.75 0.98 1.05 R14c 1.00 094 0.96 200 400 600 800 1000 1200

R8b 150 098 1.05 R14d 100 094 0.96 K

R8c 0.50 0.92 0.96 R15 0.75 0.88 0.87 Figure 4. Plot of the tunneling factdi, as functions of the temperature
R8d 0.25 0.86 0.86 R16 0.75 0.92 0.87 for abstraction of of hydrogen from primary (solid line), secondary
R9a 1.50 0.99 1.05 R17 0.75 093 0.88 (long dashed line), and tertiary (dotted line) carbon atom.
R9b 1.00 0.94 0.95 R18 050 081 0.76

R9c 1.00 0.95 0.96 R19 150 092 0.87 28 O HecaHEE)  —a—HeCIHE()
R10a 0.75 0.99 1.05 R20 0.75 0.87 0.84 = X— HICaHBlS)  —*—H+CAH10(s)
R10b 225 097 1.06 R21 075 0.87 0.84 ol —o—recaan
R10c 0.50 0.94 0.96 R22 050 0.82 0.77 TR R enee)

Rlla 3.00 0.98 1.04 R23 025 0.76 0.66

a Using the Eckart model with the forward barrier heights predicted
from the LER at the IMOMO (PMP4/cc-pVTZ//BH&HLYP/cc-pVDZ)
level of theory by substituting the reaction energies at the BH&HLYP/
cc-pVDZ level of theory into eqs-89. The imaginary frequency of
1307 cnt? of the principal reaction was used for all reactiohSame
as above, except that the forward barrier heights were predicted from &
the LER with AM1 reaction energies (eq 10Values in parentheses 05
are the symmetry number and tunneling coefficients of the principal
reaction.

N

é

|

rtition Function Factor fq

300 400 500 600 700 800 900 1000 1100

the f, values of abstraction reactions from the same type of

hydrogen atom (primary, secondary or tertiary) of alkanes are _. » . .
: Figure 5. Plot of the partition function factolp as functions of the
almost the same. Although th of hydrogen abstraction temperature for selected hydrogen abstraction reactions of alkanes and

reactions of alkenes forming resonant stabilized products aregienes. The letters p, s and tin parentheses are for hydrogen abstraction
about 10% smaller than those of reactions of corresponding from primary, secondary and tertiary carbons, respectively.

alkanes at 300 K, the differences between them decrease rapidly

as the temperature increases. For simplicity, we derived expresthatfq is a constant and has the high-temperature limit value
sions for the temperature dependencef,obf three model ~ (1.18) of the H+ CpHg reaction. This would make the largest
reactions to approximate thigvalue for all other reactions. The  error only about 70% in the rate constants for the temperatures
three model reactions chosen weretHC,Hg for abstraction above 300 K for these reactions. For the sake of simplicity, we
from a primary carbon, H- CHsCH,CHz — H, + (CHz),CH can approximaté, to be unity for this reaction class. This would
for abstraction from a secondary carbon, and-HCHz)sCH make the largest error & only about 40%. It is important to

— H, + (CHa)sC for abstraction from a tertiary carbon. The point out that the relatively small temperature dependence of
temperature dependencefpbf three model reactions is shown the H + H—C(sp) reaction class may not be a general
in Figure 4 and is fitted to a general expression. The fitted observation. We should be able to gain more insight into the
equations for the abstraction from primary, secondary, and temperature dependence fef when the theory is applied to

T/K

tertiary carbons are different types of reaction classes. This is being considered in
our lab.
f(T)=1— exp(-7.861x 10°3T-2.081x 10 °TH) E. Rate Constants of the Principal Reaction H+ CHa.

Rate constants of the principal reactionrtHCH, — H,; + CHjs
(12) . . LT i
were taken from our previous direct ab initio dynamics study
using a full canonical variational TST with multi-dimensional
semiclassical small-curvature tunneling (CVT/SCT) calculations.
The potential energy surface information was calculated at the
f(T)=1— exp(5.678x 10 °T — 3.641x 10 °T%) (13) PMP4/cc-pVTZ/IBH&HLYP/cc-pVDZ level of theory; that is,
geometries and frequencies at the stationary points and along
respectively. the minimum energy path were calculated at the BH&HLYP/
D. Partition Function Factor fq. Figure 5 shows the  cc-pVDZ level, whereas energetic information was then cor-
temperature dependencefgffor a number of typical reactions  rected by single-point energy calculations at the PMP4/cc-pVTZ
in the class. Only small temperature dependenceyiris level of theory. The predicted rate constants were in excellent
observed at low temperatures. Thg of each reaction ap-  agreement with experimental data. More details on the calcula-
proaches a constant when the temperature increases. Asions can be found elsewheté&or convenience in the applica-
mentioned in our previous study, we can make an approximationtion of RC-TST, we have fitted the calculated rate constants

f(T)=1—exp(5.610x 10 °T — 4.675x 10 ° T%) (12)
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TABLE 3: Ab Initio Derived Parameters and Formulations of the RC-TST/LER Method for the H + H—C(sp®) Hydrogen
Abstraction Reaction Class

k(T) = o (T) f(T) £.(T) ko(T)
f(T) = exp{ —(AV* — AV})/ks T}

fo (see Table 2 for examples)

f(T) 1—exp(=7.861x 103 T — 2.081x 1075 T?) for primary carbon
1—exp(5.610x 103 T — 4.675x 10°° T?) for secondary carbon
1—exp(5.678x 1073 T — 3.641x 1075 T?) for tertiary carbon

fo 1.0

AVF (kcal/mol) (0.692AE + 12.703) for alkanes\E at the BH&HLYP/cc-pVDZ level
(0.3232AAE + 13.662) for alkenesAE at the BH&HLYP/cc-pVDZ level
(0.3625\E + 20.602) for all typesAE at the AM1 level

AV}, (kcal/mol) 14.57
k() 6.42x 1026 T47lexp(— 3127.41T) (cm® molecule® s 9)
for the H + CH, reaction to an Arrhenius expression and o
obtained o
— @ — RC-TST(BH&HLYP, fQ=1.18)
KT — %= RC-TST(BH&HLYP, fQ=1.00)
k, = 6.42x 10 ° T+ 7312740 (cm® molecule ' s ) a0
-12
(14)

F. Predictions of Rate ConstantsWhat we have established
so far are all necessary parameters for application of the RC-
TST theory to predict rate constants for any reaction in the
H + H—C(sp) class. Only the reaction energy is needed, and
it can be calculated at either the BH&HLYP/cc-pVDZ or the 16
AM1 levels of theory. Table 3 summarizes the RC-TST

log {k(T)/ cm® molecule™ s }

parameters for this reaction class. We selected several reactions 5 s 25 .
whose rate constants have been determined experimentally or 10007 (K)
derived from other experimental data for more detailed discus- .,
sion to illustrate the theory. St

Figure 6a-c shows the Arrhenius plots of the primary, " e
secondary, and total hydrogen abstraction reactionssbif,C : _:Eggim%:iﬁﬁ;w

respectively. The predicted total rate constants by the RC-TST/ % ...
LER method are in excellent agreement with experimental
measurements$:3%-44 Although there is no direct experimental
data for the primary and secondary hydrogen abstraction
reactions, our calculated values are also very close to rate 3
constants derived from other experimental d&&:*>47 Fur- B
thermore, there are no significant differences in the rate constants -
calculated using AM1 reaction energies with those using

K(T)/ cm® molecule

BH&HLYP reaction energies. i ” " o5
As shown in previous sections, the barrier heights, tunneling 100017 (9
factors, and patrtition function factors of the hydrogen abstraction
reaction of alkenes that form resonant stabilized products can )
—%— Gorban62

be estimated well in the same reaction class with the hydrogen
abstraction reaction of alkanes. Although there is very limited ~
direct measurements of rate constants for these types of
reactions, Figure 7 shows the predicted rate constants of theg 1
reaction R15 using the RC-TST method and the experimental .
derived dat#®4°The RC-TST/LER method again yields reason-
ably good prediction of the rate constants.

To determine the overall efficiency of the RC-TST method,
we performed three different analyses. One is to compare the
calculated rate constants of the reactions with those from direct
measurements or derived from other experimental data. Because " o .
experimental data for each reaction have different levels of 1000/T (K)
uncertainty, the differences between the calculated and experi-rigyre 6. Arrhenius plots of the calculated rate constants using the
mental data cannot provide a good measure on the accuracy oRC-TST/LER method for the H- CsHg reaction along with available
the RC-TST method. Such comparisons can only give semi- experimental data: (a) For the hydrogen abstraction from the primary
quantitative indications of its accuracy. As mentioned earlier, carbon (reaction R3a); (b) from the secondary carbon (R3b); (c) for
the RC-TST/LER methodology can be thought of as a procedure the total hydrogen abstraction. BH&HLYP denotes that the LER was
for extrapolating CVT/SCT rate constants of the principal used with the BH&HLYP reaction energies and similarly AM1 denotes

; . S that the AM1 reaction energies were uskg= 1.18 ando = 1.00 are
reaction to those of any given reaction in the class. Thus, the ye yayes of partition function factors employed in the calculations.

ideal analysis would be to compare the results of the RC-TST/ The experimental data are taken from the papers in the reference section
LER method to those from full CVT/SCT calculations using indicated by the first author and year.

n71
— @ — RC-TST(BHEHLYP, fQ=1.18)
— X— RC-TST(BH&HLYP, fQ=1.00)
--#--RC-TST(AM1, fQ=1.18)
- - #--RC-TST(AM1, fQ=1.00)

log {k(T)/ cm
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TABLE 4: Comparison between the Predicted RC-TST/LER Rate Constants (cihmolecule® s71) and Available Experimental
Data for Selected Reactions

react. T(K} Kexpl ref KaHaHLYP® % deviation Kamzd % deviation
R2 1000 1.82 10712 50 2.04x 10°%? 12% 2.22x 10712 22%
R3a 1000 3.06¢ 10712 45 1.87x 1072 39% 2.15x 10712 30%
R3b 1000 3.60« 1012 45 2.13x 10°%? 41% 1.94x 10712 46%
R4a 750 4,08« 10713 17 2.90x 1078 29% 3.45% 10713 15%
R4b 750 1.26x 10712 17 8.80x 10713 30% 8.07x 10713 36%
R5a 1000 4.1% 10712 51 2.56x 1072 39% 2.94x 10712 29%
R5b 1000 4.32 10712 51 2.70x 10°%? 38% 2.26x 10712 48%
R6a 750 4,08« 10713 17 2.78x 10718 32% 3.45x 10713 15%
R6b 750 1.56x 10712 17 1.01x 10712 35% 8.12x 10713 48%
R7 750 8.17x 10713 17 5.76x 10718 29% 4.97x 10718 39%
R8a 750 2.05¢ 10713 17 1.86x 10713 9% 1.81x 10718 12%
R8c 750 7.82 10718 17 6.07x 10718 22% 3.67x 10718 53%
R8d 750 1.49 10712 17 9.01x 10718 40% 5.90x 10713 60%
R15 1000 2.55¢ 10712 49 6.30x 1072 147% 6.04x 10712 137%
R17 1000 2.88< 107%2 52 3.95x 10°%2 37% 5.47x 10712 90%
R19 1000 5.11x 10°%? 53 9.32x 10°%? 82% 1.10x 101 115%
average 42% 51%

aTemperatures where the experimental data are availablieect measurement or derived from other experimental daising BH&HLYP
reaction energies.Using AM1 reaction energies.

-10 100%
—o— Tsang91 (Uncertainty 2)
—o—Tsang92 ‘\.\'\l\.—_——x
— @ — RC-TST(BH&HLYP, f{Q=1.18) 80%
— X — RC-TST(BH&HLYP, fQ=1.00) o
o --0--RC~TST(AM|,le1 18) E
;III ‘=:: - - & - -RC-TST(AM1, fQ=1.00) f 60%
© g %
=3 h 40
g 12 g 40%
S 2
£ g 20% —e—H + C2H6(p)
L) = —=—H +C3HS(p)
£ H —aH + C3HS(s)
2 -13 g 0% —H + C4H10(p)
= = —%—H + C4H10(s)
= ‘U';a —e—H +t-C4H10(p)
X 20% ——H + t-C4H10(t)
bt —o—H + C3H6(p)
g’ 4 ——H + C4HS(s)
- -40%
200 300 400 500 600 700 800 900 1000 1100
-15
05 15 25 35 T (K)
1000 /T (K) Figure 8. Relative deviations as functions of the temperature between
rate constants calculated from the RC-TST/LER and full TST/Eckart

Figure 7. Same as in Figure 6, except for thedHC3zH; reaction.
9 9 P e methods.

the same level of electronic structure theory as used for the products are larger than those from reactions of alkanes. This
principal reaction. Unfortunately, such an analysis is beyond s pecause the principal H CH, reaction does not have the
our computational capability at the present time. Alternatively, resonance stabilization effects on the transition states. However,
we provide an analysis that is not as rigorous but still quite for simplicity and practicality, we neglected such effects and
useful. Accordingly, we compared the calculated rate constantsfound that the deviations of rate constants are still within an
for a small number of reactions using both the RC-TST/LER acceptable level of accuracy.
and full TST/Eckart methods in the second ana'ySiS. Finally, The results for the second ana|ysis (i_e_' the Comparisons
we examined the errors in different factors in the RC-TST/LER between the RC-TST/LER and full TST/Eckart methods) are
method in the third analysis. In particular, errorsfimesulted  shown in Figure 8. Here we plotted the relative deviation defined
from the use of the approximate functions, which depend only py (KTST/Eckart — [RC-TSTLER/|KRC-TSTLER) percent versus the
on the type of the abstracting hydrogen. Errordgmesulted  temperature for several selected reactions. The relative errors
from using a constant for all reactions in the class. Errofg in - are less than 100% for all test cases. This is certainly an
re;ulted from using the LER expressions to calculate the barrieracceptab|e level of accuracy for reaction engineering purposes.
heights. Only a small difference was found for the relative errors between
The comparison between calculated and experimental resultshydrogen abstraction reactions on alkanes and alkenes. Recall
is listed in Table 4. Because of the limitation in the temperature that the RC-TST/LER is an extrapolation of the CVT/SCT
range of available experimental data, we calculated rate con-method, not the TST/Eckart method. Thus, one can expect larger
stants at either 750 or 1000 K. We can see that the mean absolutéifferences when comparing the RC-TST/LER results to those
deviation of rate constants calculated from the RC-TST/LER- from the full TST/Eckart. A more precise analysis would be to
(BH&HLYP), using the BH&HLYP reaction energies, is only  examine the systematic errors arising from approximations used
42% compared with experimental data. The mean absolutein the RC-TST/LER method as discussed below.
deviation of rate constants calculated from the RC-TST/LER-  The results of the analysis on the errors from different relative
(AM1), using the AM1 reaction energies, is only 9% higher rate factors, namely,, fo, andfy used in the RC-TST/LER
than that from the RC-TST/LER(BH&HLYP). These deviations method are shown in Figure 9. In this figure, we plotted the
in fact fall within the systematic uncertainty of the measurements absolute errors averaged over a number of selected reactions
of the experiments. The deviations of rate constants of hydrogenas functions of temperature. Fprandfy, the average was taken
abstraction reactions of alkenes that form resonant stabilizedfrom all reactions considered, whereas that fipwas taken
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