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Theoretical Study of the Thermodynamics and Kinetics of Hydrogen Abstractions from
Hydrocarbons

1. Introduction

Adron G. Vandeputte ¥ Maarten K. Sabbe# Marie-Frangoise Reyniers,*
Veronique Van Speybroeck! Michel Waroquier, " and Guy B. Marin*

Laboratoriumyoor Petrochemische Techniek, Ghent Lémsity, Krijgslaan 281 S5, B-9000 Gent, Belgium, and
Center for Molecular Modeling, Ghent Usgrsity, Proeftuinstraat 86, B-9000 Gent, Belgium

Receied: July 2, 2007; In Final Form: August 27, 2007

Thermochemical and kinetic data were calculated at four cost-effective levels of theory for a set consisting
of five hydrogen abstraction reactions between hydrocarbons for which experimental data are available. The
selection of a reliable, yet cost-effective method to study this type of reactions for a broad range of applications
was done on the basis of comparison with experimental data or with results obtained from computationally
demanding high level of theory calculations. For this benchmark study two composite methods (CBS-QB3
and G3B3) and two density functional theory (DFT) methods, MPW1PW91/6-311G(2d,d,p) and BMK/6-
311G(2d,d,p), were selected. All four methods succeeded well in describing the thermochemical properties
of the five studied hydrogen abstraction reactions. High-level Weizmann-1 (W1) calculations indicated that
CBS-QB3 succeeds in predicting the most accurate reaction barrier for the hydrogen abstraction of methane
by methyl but tends to underestimate the reaction barriers for reactions where spin contamination is observed
in the transition state. Experimental rate coefficients were most accurately predicted with CBS-QB3. Therefore,
CBS-QB3 was selected to investigate the influence of both the 1D hindered internal rotor treatment about the
forming bond (1D-HR) and tunneling on the rate coefficients for a set of 21 hydrogen abstraction reactions.
Three zero curvature tunneling (ZCT) methods were evaluated (Wigner, Skodje & Truhlar, Eckart). As the
computationally more demanding centrifugal dominant small curvature semiclassical (CD-SCS) tunneling
method did not yield significantly better agreement with experiment compared to the ZCT methods, CD-SCS
tunneling contributions were only assessed for the hydrogen abstractions by methyl from methane and ethane.
The best agreement with experimental rate coefficients was found when Eckart tunneling and 1D-HR corrections
were applied. A mean deviation of a factor 6 on the rate coefficients is found for the complete set of 21
reactions at temperatures ranging from 298 to 1000 K. Tunneling corrections play a critical role in obtaining
accurate rate coefficients, especially at lower temperatures, whereas the hindered rotor treatment only improves
the agreement with experiment in the high-temperature range.

Due to increased computational capabilities and improved
numerical algorithms ab initio determination of kinetic param-

Many industrial processes, such as steam cracking Of gtars has become very attractive. High-pressure limit rate

hy(;j.rocl:artt)]ons. and gas-phase _polymenzanofn %f olefins, reolly ON coefficients can be calculated to a high level of accuracy using
ra d!cal ¢ ?rr]n Istry. The realctl\:je tnaturr]gr:) t eb mtefrme ![f"‘te statistical mechanics. The most common methodology to
radicals in tnese processes 'eads 10 a nigh NUMDEr 01 reaclioNSyetermine these rate constants is the use of conventional

Accurate and robust modeling of radical processes requires, - -cition state theory (CTSH)This theory is based on the

fundamental reaction networks that can contain up to thousan.dsassumption of quasi-equilibrium between the reactants and

of € lementary reactlons.' Hydrogen abstraction reactions, in transition state located on the dividing surface at the saddle point
which a hydrogen atom is transferred from one molecule to :

- of the potential energy surface. Unfortunately, the computa-
another, often play a key part in these networks, as they have_. : . .

N tionally simple CTST has some drawbacks, as it does not include
a profound effect on the product distribution. ‘Therefore, recrossing or tunneling effects. A better approach consists of
hydrogen abstraction reactions form a substantial part of most’ = 99 9 : pproac .
using variational transition state theory (VTST) in which the

radical reaction networks; e.g., for a steam cracking network dividi ¢ is shifted al th i th to minimi
up to 50% of the total number of reactions are H abstractions. viding surtace 1S shifted along the reaction path to minimize
the error caused by recrossing effettsowever, the latter

Because most radicals are very short-lived, reliable experimental hodol q h i & ith d
rate coefficients are hard to obtain. Furthermore, financial and methodology does not cope with tunneling effects either an

instrumental limitations often restrict the feasibility to obtain &N be computationally very demanding, significantly reducing
experimental data for a broad range of reaction conditions and 't attractiveness. _ _
extrapolation of experimental data to the conditions of interest Because hydrogen abstraction reactions are conceptually

can lead to severe errors. simple and yet play a critical role in various chemical and
biochemical processes, they are among the theoretically most
* Laboratorium voor Petrochemische Techniek. studied radical reactions. Detailed theoretical and experimental
T Center for Molecular Modeling. studies are available for the,H+ H* and the CH + H*
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reactions®* Other well documented hydrogen abstraction reac- the CBS-QB3 method, the G3B3 theory is a composite technique
tions are the reactions involving (i) the vinyl radicalHz* and in which the total energy of a molecular species is obtained by
H,,5 (i) the ethynyl radical GH* and H,%7 (iii) the phenyl a sequence of well-defined ab initio calculatiGh3® G3B3
radical GHs* and H or CH,8° and (iv) H abstractions between geometry optimizations and frequency calculations are per-
the methyl radical Ckt and a wide range of polyaromatis. formed on the B3LYP/6-31G(d) level. Electronic energies are
Hydrogen abstraction reactions are also frequently used asassessed on the MP4/6-31G(d) level and corrected for basis set
benchmarks for the development and testing of new quantum effects and electron correlation based on MP4 and QCISD(T)
chemical method¥:~1> Donahue et alé Zavitsast’~1° Blowers calculations. A more rigorous method to calculate electronic
and MaseP® Ma and Schober! and Su et a#2 have developed  energies is the Weizmann-1 scheme. The W1 theory involves
conceptual frameworks, often based on generalized valence bondome computationally demanding single point calculations
theory, to understand reactivity patterns for this family of among which a CCSD calculation on an augmented quadilple-
reactions. In particular, the empirical approach presented by basis set and a CCSD(T) calculation on an augmented fiple-
Zavitsad’ provides a quantitative description of a wide variety basis sets. Martin and de Oliveifashowed that this scheme

of H abstraction reactions over a broad range of temperaturessucceeds in reproducing electronic energies in the k3ol
without invoking any tunneling effects. accuracy range for a set of 28 molecules.

In this work special attention is given to the influence of In the past decade DFT methods have become a very
tunneling on the rate coefficient. As first shown by Hund, attractive computational chemistry tool due too their low
tunneling can have an important influence on the rate coefficient computational cost and potential high accuracy. New DFT
of reactions in which a light particle, such as a hydrogen atom, methods are developed for various applications ranging from
is transferred between two heavy moieié€ver since, the accurate geometry prediction to the calculation of rate coef-
literature has been flooded with methods to estimate the ficients. Boese and Martih recently developed the BMK
contribution of tunneling to the rate coefficient. In particular, functional aiming for the accurate prediction of transition state
transition state theory adjusted with an extra tunneling correction properties and barrier heights. Recent studies showed that the
term has been applied successfully in the theoretical treatmentBMK functional does not provide accurate data for radical

of reactions involving polyatomic systems: additions and their reverse stefscissions®3"This is probably
due to the fact that the BMK test set mostly consists of hydrogen
KSCTST= (T)K'ST 1) abstraction reactior®.lzgorodina et afé reported that BMK

and other DFT methods show systematic errors in the prediction
wherekSCTSTis the semiclassical transition state theory (SCTST) ©f relative C—H bond dissociation energies, which are ef-
rate coefficient and is the transmission coefficient accounting f_ect|vely the reaction _enthalp|es of hydroger) ab_stracﬂon reac-
for quantum effects such as tunneling and nonclassical reflection.t'ons_'_AnOther promising DFT method u_sed in this worI§ is the
In this study we evaluate various ab initio methods by modified PerdewWang e.xchange. functional coupled with the
comparison of calculated thermochemical data and rate Coef_Pe(;deWW;ng 31 dco(r)rﬁlat]on fu;gtlc;]nal (I\gPr\]N 1'?]\./\/?1)' Adarr;o
ficients to experimental values. The objective is the selection 2"d Baron€”and de Oliveira et af- showed that this functiona
of a reliable yet cost-effective method that can be used to S,[udysucceeds in predicting chemical properties of first row elements

hydrogen abstraction reactions for a wide variety of applications clrc:se to or elveln t.)etter thﬁ,n the ckommonlyfused 5’3LYP method.
that involve this type of reaction. In a first part of this study, e DFT calculations in this work were performed on a 6-311G-

four ab initio methods for the calculation of electronic energies (2d.d,p) basis Set'_ . . -

are evaluated for a set of five hydrogen abstraction reactions. 2.2. Rate Qoefﬁment Calc_ulatlons.Rgf[e coefficients are
The four studied ab initio methods are the CBS-QB3 compound calculated using the conventional transition state theory in the
method of Montgomery et a# the G3B3 compound method ~ High-pressure limit:

of Baboul et al2% the MPW1PW91 functiona&f and the BMK T

functional?” In a second part of this work the influence of the k (T) = «(T) ki&eﬂ*'ﬂm 2)
1D-HR treatment and tunneling effects on the rate coefficient h Nopt,A0ANopt 208

is studied for a large set containing 21 hydrogen abstractions

for which rate coefficients could be retrieved from the NIST with g the total molar partition function per unit voluma?E

Chemical Kinetics Databagé. the zero point corrected electronic activation barrier, afid
' the transmission coefficient accounting for quantum mechanical
2. Computational Methods effects. The partition functions are calculated for a single optical

isomer, and all existing configurations, including those that are
{hot thermally accessible from the reference configuration, should

methoc?*the Gaussian-3 theory using B3LYP density functional be accountgd for. As_each optical isomer represents a distinct
theory (DFT) geometries, also denoted G388e Weizmann-1 but energetically equivalent state, a correctigp enters into
(W1) methoct®30and t\N(’) DET methods. i.e. MPW1PW91/6- ©€d 2. External and internal symmetry numbers are contained
311G(2d,d,pf6 and BMK/6-311G(2d,d,p}’ CBS-Q, Gaussian-  Within the partition functions. .

3, and DFT calculations were performed with tBaussian 03 In t.h's study, ab initio rate coefficients are co_mpared with
computational packagé The MOLPRO 2006.1 packatfavas experimental results. As a measure for the deviation between
used to assess W1 enérgies ' both values we opted to define a facipaccording to

Several studies have already indicated that for hydrogen

2.1. Electronic Energy Calculations.Electronic energies
were calculated according to the CBS-QB3 complete basis se

abstractions the CBS-QB3 method offers accurate calculation Kealc Keate > K,

of geometries and activation energié$® The CBS-QB3 L o . 3
complete basis set method extrapolates the MP2 energy into a pP= Kexp - (3)
full basis set energy, utilizing the asymptotic convergence of kc_a|c kexp Kale

the correlation energy expanded in natural pair orbitaiss
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The factorp is a value larger than 1 and gives a proper indication transmission coefficient and thus making these tunneling
for the relative deviation between both rate coefficients. Average methods computationally very attractive.

[pOvalues for a set of reactions are weighted over the number The Wigner method is the most basic approximation to
of experiments to prevent giving more weight to reactions with account for tunneling of a particle through the reaction baffier.

multiple experimental data: Assuming a parabolic potential for nuclear motion near the
transition state, the transmission coefficie() can be obtained
Meac 1 Mewi q from perturbation theory:
(pl= Z - z Pij 4) +\2
T Mreac T Nexpj M = 1+i M ©)
* 24\ kT

with nreac the number of reactionshey,; the number of

experiments for reaction, and pi; equal to the factop of Equation 6 is valid foksT > h Im(+*). For hydrogen abstraction
experiment for reactioni. The IUPAC task group on “Selected  reactions with a typical imaginary wavenumber of 1500 &m
free radicals and critical intermediates: thermodynamic proper- |, T equalsh Im(»*) at a temperature as high as 2160 K. This is

ties from theory and experiment” suggests that the uncertainty 3 first indication that the Wigner method will lack accuracy in

be defined as twic&LI° interest (e.g., 298, 600, and 1000 K).
Kinetic parameters were obtained from linear least-square |n contrast to the Wigner method, the method of Skodje and
regression on the Arrhenius model: Truhlar depends not only on the imaginary frequency but also
on the height of the potential energy bard&rThe authors
= assumed a parabolic approximation to the minimum energy path
Ink=InA-—= ®) (MEP). Calculation of the exponential damping of waves
tunneling through this energy barrier leads to thermally averaged
with k sampled at intervals of 50 K betwed@n— 100 andT + transmission coefficients that are given with good accuracy by
100 K, with T the temperature of interest. the following analytic expressions:
2.3. Partition Functions. Partition functions are calculated /
on the B3LYP/6-311G(2d,d,p) level within the CBS-QB3  f<o:  x(T)=—LH% B _d@-wnv-v)
method, the B3LYP/6-31G(d) level within the G3B3 method, sinBrla) o —p
and the MPW1PW91/6-311G(2d,d,p) or BMK/6-311G(2d,d,p) _ +
level for respectively the MPW1PW91 and BMK DFT methods. p=a K(T) = ﬁ'f;a(e[(ﬁ AV — 1) @)

The default scaling factor of 0.96 and 0.99 was used for

respectively the G3B3 and CBS-QB3 method. For the MPW1- with oo = 27/[h Im(v¥)] and 8 = (kg T)~%.

PW91 and BMK method a scaling factor of 0.99 was applied,  The Eckart methdf is similar to the one proposed by Skodje

which is close to the value of 0.9877 advised by Andersson and Truhlat® and also accounts for the barrier height, but here

and Uvdal for scaling of DFT/triplé-ZPVEs®* an Eckart potential is fitted to the energies of three stationary
Although the harmonic oscillator (HO) approximation is very points, i.e., the zero-point-corrected energies of the reactants

convenient, it breaks down for large-amplitude internal motions, (s= —»), the saddle points(= ), and the products +):

such as internal rotations. The influence on the rate coefficient

of internal rotations that exist in both the reactants and the e s %) (5%

transition state is limited as their contributions cancel outin eq V(s) = 14 (14 )2

2. Internal rotations that do not cancel out in eq 2 can have an

important influence and should be treated as accurately as

possible. This pertains in particular to the rotation about the

axis containing the breaking and forming—€ bond in the

transition state. This internal mode is treated as a 1D hindered

internal rotor (1D-HR) by solving the Schdimger equation for

the internal rotation using the methodology and code developed

by Van Speybroeck et 4. which was later on validateti 4>

In this procedure, the B3LYP/6-31g(d) energy profile for internal

rotation is regressed to a third-order Fourier series and the exac

reduced moment of inertia for one single rigid internal rotation

(1(3,4) according to the nomenclature introduced by East and

Radont®) is applied. It has been shown that the 1D-HR

treatment of this particular internal rotor in the transition state , |- B2 _ p2)7]12

has a much larger influence on the rate coefficient than the = ! 1( )

hindered rotor treatment of the other internal rotors present in 2nc Im(v*)l,8 A3

the transition state and reactafits. . .
2.4. Transmission Coefficients.2.4.1. Zero Cupature with A= [(Ve)°®+ (VR)*9? B = Vi — Vr with Vi the forward

Tunneling. Tunneling of the migrating hydrogen atom through @ndVr the reverse barrier. The transmission probabHitgs a

the reaction barrier can be evaluated by several one-dimensionafunction of the energ¥ of the colliding reactants can then be

methods, i.e., the methods of WigrférSkodje et al*® and written as

Eckart®® These zero curvature tunneling methods (ZCT) are

based on the assumption that the reaction and tunneling path P(E)=1— coshfx — ) + coshf) (10)

coincide leading to simple algebraic expressions for the coshft + f3) + cosh)

(8)

wheres is the reaction coordinate arg b, ¢, o, ands, are
parameters that can be calculated from the classical potential
energies at the reactants, saddle point, and products and from
the imaginary frequency (see Appendix A). As for the method
of Skodje and Truhla# the Schidinger equation accounting
for tunneling can be solved exactly for this type of reaction
barrier, allowing the construction of an analytical expression
for of the transmission probability. To determine the tunneling
t(:oefficient, the expressions presented by Schwartz et al. were
adopted! This yields for the width parameteX of the Eckart
function:

9)
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with o = (4A7%h)(2E)%5, B = (4Ax?h)(2E —B))°>, andd = F-1

(4AT2N)[2A — (h2/1672A2)]05. k() = (Y [k, (17)
In this work the tunneling coefficient is retrieved by integrat- i=

ing the Boltzmann weighted transmission probability (eq 11)

using an 11-point NewtonCotes quadrature formula. In eq 17 the summation is over all modés< 3N — 6) with

exclusion of the mode that corresponds with the motion along

evikeT T the reaction path; is the reaction path curvature of mode
j— - B . .
K(T) = T J, P(E)e T dE (11)  and is given by
L . o _T71e VV
The standard calculation in Gaussian of the imaginary frequency K(s) = LjF p— (18)
(Im(»%)) involves the reduced magseq IV
1 [1E8\0s In eq 18L], F, and VV are respectively the transpose of the
|m(1ﬁ) =_(|_|) 12) generalized normal mode eigenvector of magddehe force
271\ freq constant matrix or Hessian matrix, and the gradient of the

potential energy. Within the harmonic oscillator approximation

whereas rather the effective reduced magsshould be used, Truong found that(s) is given by?

accounting for corner cutting of the tunneling path at larger
curvatures of the minimum energy path. This corner cutting is wh\v2 F1

caused by the negative internal centrifugal character of tunneling t(s) = (y_) > [k (], () (19)
systems. In regions where the reaction path shows large m

curvature, tunneling systems tend to cut the corner to minimize ) ) o

the exponential damping of the wave-particle package as it Thg imaginary action integral along the small-curvature tun-
traverses the classical forbidden area. To account for theseN€ling path is defined as

effects, the effective reduced magg was calculated according

re

to the approximation given by Gonzalez et al. for infinitesimal 0(E) = 2T [ N 2u E — V(5(9)| d& (20)
. . L o ) h J&
displacements in the vicinity of the transition stéte:
T Combining egs 14, 15, and 20 yields the effective reduced mass:
et = [05M-74] (13)
_ 2 [dt(9)]?
with 7] the eigenvector corresponding to the negative eigen- Heit = Ured [1 —a(S)]" + ds (21)

value of the Hessian matrix at the transition state khd 3\
x 3N diagonal matrix with the atomic masses along the To make the method generally applicable, even wt{gnis

diagonal. greater than or equal to the radius of curvature of the reaction
2.4.2. Small Cupature Tunneling Methods.As zero cur- path, ueft is approximated by

vature tunneling (ZCT) methods do not account for the corner 5

cutting effect, they tend to underestimate tunneling probabilities. _ ex;{ —2a(g) — a(s)2 + (@) }

More advanced tunneling methods are based on the inclusiontest = treq X MIN ds (22)

of deviations between the tunneling path and the reaction path. 1

These tunneling methods are often computationally demanding

as they require information about the potential energy, the sypstitution of eq 22 in eq 14 and evalution of this imaginary
potential energy gradient and Hessian along the reaction path.action integral along the MEP yields transmission probabilities
In this work the centrifugal dominant small curvature semiclas- from which the tunneling coefficient can be calculated.
sical (CD-SCS) tunneling method is applied on two reactions T obtain CD-SCS tunneling coefficients an intrinsic reaction
and compared with the ZCT methods. coordinate (IRC) calculation was performed using the B3LYP/
To obtain the CD-SCS tunneling corrections the imaginary 6-311G(2d,d,p) method. The reaction path was calculated
action integral (eq 14) has to be evaluated along a tunneling aglong 150 points in both directions of the reaction coordinate
path that follows a curve between the concave-side classicalwith a step size of 0.01 bohr afféi From the IRC cal-
turning points in the direction of the reaction path curvature cylation the gradienwv(s) along the reaction path was re-
vector: trieved. For every point along the reaction path a frequency
o0 s analysis was performed using the same level of theory B3LYP/
6(E) :Ffsl 2u,.E — V(s) ds (14) 6-311G(2d,d,p). This yielded information about the Hessian,
normal-mode frequencies and displacements. With this informa-
Considef the distance along the small-curvature tunneling path, tion the effective reduced mass along the reaction path could

t(s) the distance between the considered tunneling path and the?® obtained. Next, the imaginary action integral (eq 14) was
MEP ats, and«(s) the curvature as, then it can be shown  €valuated using the midpoint rule for discrete integration,

using analytical geometry that yielding 6(E) from which the transmission probabilities are
calculated as
dt(S)r 1
— _ 2 -\ —
dé = \/ [1—a(9]°+ [ s ds (15) Pyuantun(E) = m (23)
with

Finally, the transmission coefficient is obtained by deviding the
a(s) = |k(s) t(9)| (16) Boltzmann weighted quantummechanical transmission prob-
ability by the Boltzmann weighted classical transmission
and«(s) the magnitude of the curvature: probability:
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overestimate\,S°(298 K) for reactionA with at least 10 J moft

K=l This deviation was found to be mainly due to an
overestimation of the standard entropy of the ethyl radical with
8 kJ mol?, caused by the failing HO approximation in
describing the free rotation about the-C bond for this radical.

A positive standard reaction entropy indicates that the reactants
have a higher potential to store energy in internal modes. The
highly negativeA,S°(298 K) for reactionD results both from

) ) symmetry effects (i.e., the products of this reaction have a higher
accuracy of four ab initio methods in predicting thermochemical the high barrier to internal rotation in the allyl radical caused
reaction properties of hydrogen abstraction reactions is studied.by resonance effects. In the last section of Table 1 the BMK,
Five hydrogen abstractions were selected for which sufficient MPW1PW91, and G3B3 reaction barriers are compared to the
experimental data could be retrieved concerning the standardCBS_QB3 barriers. Best agreement with the CBS-QB3 barriers
reaction enthalpyAH°(298 K), standard reaction entropyS’- is obtained with the BMK functional, reflecting the fact that
(298 K) and rate coefficient. The five considered reactions are s functional aims for the accurate prediction of transition state
barriers and is founded on a test set that mostly consists out of

. ,[Eiopquantun(E)eiakBT dE B

00 _E/ -
f|;=opclassi((E)e T dE
EflkeT
€ f " P
kBT E=0 quantu

x(T)
(E)e FkT dE (24)

3. Results and Discussion

(A) CH; + — — CH, + hydrogen abstraction reactions. The MAD between both meth-
ods amounts to only 1.0 kJ mdl It is also seen that the G3B3

(B) CH, + =— - CH, + — barriers are on average 6.6 kJ mhigher than the CBS-QB3
values; the MPW1PW91 method on the other hand predicts
barriers that are almost 10 kJ mbéllower

© CHy + 7 — CH + ~_~ To study the influence of tunneling effects and internal
rotation about the forming/breaking transition state bond, rate

. . coefficients were calculated for the set of five reactions

D CH + N —= CH + according to the HO approximation, the 1D-HR scheme without
tunneling corrections, and the 1D-HR scheme corrected for

€) oHy + o CHy¢ + \/ tunneling according to Wigner (1D-HR/W), Skodje and Thrular

(1D-HR/S&T), and Eckart (1D-HR/E) at 298, 600, and 1000
K. The rate coefficients, calculated with the four different levels
of theory under study, were compared to experimental results.
As mentioned before, the factpris considered as a measure

HO thermochemical properties for these five reactions were
calculated within the CBS-QB3, G3B3, MPW1PW91/6-311G-
(2d,d,p), and BMK/6-311G(2d,d,p) methods, and the results are S .
presented in Table 1. The calculated standard reaction enthalpie or the deviation betwe(_an experimental and qalculateo_l value_s.
and standard reaction entropies are expressed relative to he results are shown in Table 2 together with the arithmetic

experimental data, and the CBS-QB3 barriers were taken asmean value ofplover the three temperatures under study. It is
reference for the E:alculated reaction barri&’E(0 K). The seen that with the MPW1PW91 functional the best agreement

energy barriers reported in this study include ZPVE with experiment is obtained within the 1D-HR approximation

From Table 1 it is seen that the four studied levels of theory without tunneling contribution. For this functional it is found
provide accurate standard reaction enthalpies for the five that tunneling contributions do not improve the agreement with

reactions of the set. The results in Table 1 follow the general EXPeriment, even at temperatures as low as 298 K. This indicates

expectations. A more negativeH°(298 K) points toward a that the MPWlPWS_)l rqte coefficients are too_high, probably
more exothermic reaction and hence a more stable radicaldU€ to an underestimation of the reaction barrier. Best perfor-

formed after H abstraction. Table 1 illustrates that an allylic Mance within the G3B3 method is obtained for the 1D-HR/

radical is more stable than a secondary carbon radical, which S&T treatment. For this method largevalues are obtained

in his turn is more stable than a vinyiic radié&The best especially at lower temperatures. Calculated HO rate coefficients
agreement with experimental standard reaction enthalpies isWith the G3B3 method at 298 K are often more than 3 orders

obtained with the two composite methods, i.e., CBS-QB3 and too small. This originates from an overestimation of the reaction
G3B3, which yield a MAD of respectively 3.1 and 2.1 kJ rriol barriers within this methodology. The BMK and CBS-QB3

The BMK functional (MAD= 3.6 kJ moi?) performs slightly
better than the MWP1PW91 functional (MAB 4.2 kJ mot?)

method perform well with d@pOvalue of respectively 9.3 and
8.5. For both methods best agreement with experiment is

and yields results that have accuracy similar to those obtainedobtained within the 1D-HR/E scheme.

with the CBS-QB3 method. The same conclusions were also

drawn by Izgorodina et & who found that the BMK functional

From the results in Table 2, it was concluded that the CBS-
QB3 method provides the best agreement with experiment,

predicts equally accurate relative bond dissociation energies forclosely followed by the BMK method. As mentioned above,
C—H bonds compared to high-level composite methods. For the G3B3 and MPW1PW91 theory failed to yield accurate rate
standard reaction entropies, the best agreement with experi-coefficients due to less accurate barrier heights. The good result
mental values is obtained with the BMK functional (MAB obtained with the CBS-QB3 method could also be attributed to
3.3 J mof'! K-1), This is somewhat surprising as Boese and compensating effects such as, for example, an overestimating
Martin?” showed that the performance of the BMK functional of the tunneling contribution compensated by a systematically
in predicting vibrational frequencies of non transition state too high reaction barrier. Therefore the accuracy in barrier
structures was slightly worse than that of the B3LYP method. prediction of the CBS-QB3 method was further investigated.
The other three methods yield similar accuracies in the predic- Two small reaction systems were selected on which high-level
tion of standard reaction entropies with a MAD ranging between Weizmann-1 calculations could be perfor#ei#and compared

3.9 and 4.0 J mol K~1 It is seen that all four methods with reaction barriers predicted by the four other levels of theory
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TABLE 1: Comparison of Thermochemical Data for a Set Containing Five H Abstractions Calculated with the CBS-QB3,
G3B3, MPW1PW91/6-311G(2d,d,p), and BMK/6-311G(2d,d,p) Methods within the HO Approximation

reaction

A B C D E MAD
AH®6,((298 K) [kJ mof?]
NIST + CRC —-17.8 26.0 —15.9 —70.0 26.0
AH®(298 K) — AH%,((298 K) [kJ mof?]
CBS-QB? +2.3 —4.2 +1.5 —6.1 -1.3 3.1
G3BZ +4.0 —-1.7 +3.3 -0.5 +1.2 2.1
MPW1PW9ZE -1.1 —6.1 -1.9 —-8.9 —-2.8 4.2
BMK® +0.0 —6.3 —-0.5 7.7 —-3.4 3.6
ArSex(298 K) [J molt K]
NIST + Benson 8.6 9.6 7.2 —15.0 —2.2
AS (298 K) — ArSxg(298 K) [J molt K
CBS-QB2 +11.8 —3.6 +2.5 -0.7 -1.3 4.0
G3BZF +10.4 —4.3 +1.9 -1.0 -2.0 3.9
MPW1PW9ZE +11.3 —3.8 +2.4 -0.8 -1.6 4.0
BMK® +9.9 -3.4 +2.3 +0.5 -0.6 3.3
A*E (0 K) [kJ mol Y]
CBS-QB2 58.9 69.4 58.0 43.0 69.4
A*E(O K) - A*ECB$Q33(O K) [kJ morl]
G3BZF +6.9 +6.3 +6.7 +6.6 +6.6 6.6
MPW1PW9ZE —10.7 —10.2 —-8.7 -85 -8.3 9.3
BMKe® —-1.6 —-1.2 -0.1 +1.0 -1.1 1.0

aNIST: ref 58. CRC: ref 59. Benson: ref 60 ref 61.> CBS-QB3: geometry, frequencies, ZPVE, and partition functions calculated with the
B3LYP/6-311G(2d,d,p) level of theory using a scaling factor of 0.99; the electronic energy is assessed using the CBS-QB3 extrapolation scheme.
¢G3B3: geometry, frequencies, ZPVE, and partition functions calculated with the B3LYP/6-31G(d) level of theory using a scaling factor of 0.96;
the electronic energy is assessed using the G3B3 extrapolation scheiif@&/1PW91: geometry, frequencies, electronic energy, ZPVE, and
partition functions calculated with the MPW1PW91/6-311G(2d,d,p) level of theory using a scaling factor cfBMR: geometry, frequencies,
electronic energy, ZPVE, and partition functions calculated with the B3LYP/6-311G(2d,d,p) level of theory using a scaling factor of 0.99.

TABLE 2: [plfor a Set Containing Five H Abstractions Calculated with the CBS-QB3, G3B3, MPW1PW91/6-311G(2d,d,p),
and BMK/6-311G(2d,d,p) Method at 298, 600, and 1000 K

[p[298 K [p[600 K
CBS-QB3? MPW1PW9E G3B3 BMK® CBS-QB? MPW1PW9ZE G3B3 BMK®
HO 184.6 21.7 2771.1 149.1 5.2 24.2 7.7 6.9
1D-HR 376.2 135 5670.7 288.0 5.6 9.1 19.7 12.7
1D-HR/W 105.1 33.8 1609.7 78.0 4.7 14.1 12.4 8.6
1D-HR/S&T 37.7 646.1 23.3 82.1 4.6 171 9.9 7.4
1D-HR/E 17.6 164.3 171.4 17.0 4.6 16.6 10.2 7.5
(411000 K 33 t=298,600,1000kHL(T)
CBS-QB2 MPW1PW9E G3B3 BMKe® CBS-QB2 MPW1PW9E G3B3 BMK®
HO 8.1 28.7 2.6 5.4 66.0 24.9 927.2 53.8
1D-HR 2.6 8.3 2.6 35 128.1 10.3 1897.7 101.4
1D-HR/W 3.0 10.0 2.3 3.4 37.6 19.3 541.5 30.0
1D-HR/S&T 3.1 10.3 2.3 3.3 15.2 224.5 11.8 30.9
1D-HR/E 3.1 10.4 2.2 3.3 8.5 63.8 61.3 9.3

aFor each level of theory the influence of the 1D-HR approximation and tunnelinglés assessed. Results obtained with the method yielding

best agreement with experimental rate coefficients at a certain temperature are Italic and bold for each level 6fGBSQB3: geometry,
frequencies, ZPVE, and partition functions calculated with the B3LYP/6-311G(2d,d,p) level of theory using a scaling factor of 0.99; the electronic
energy is assessed using the CBS-QB3 extrapolation scli€b383: geometry, frequencies, ZPVE, and partition functions calculated with the
B3LYP/6-31G(d) level of theory using a scaling factor of 0.96; the electronic energy is assessed using the G3B3 extrapolatiohMeEwaR\WI1:

geometry, frequencies, electronic energy, ZPVE, and partition functions calculated with the MPW1PW91/6-311G(2d,d,p) level of theory using a
scaling factor of 0.99¢ BMK: geometry, frequencies, electronic energy, ZPVE, and partition functions calculated with the B3LYP/6-311G(2d,d,p)
level of theory using a scaling factor of 0.99.

under study. The two selected reaction systems are the H3.5 kJ mot?, followed by the BMK theory, which underesti-
abstraction by methyl from methane and from ethene. The W1 mates the barrier for this reaction with 6.1 kJ molFor the
calculations were carried out on B3LYP triplebasis set abstraction from ethane by methyl, the W1 theory predicts an
optimized structures using the MOLPRO computational pack- energy barrier of 78.0 kJ mol. This value is best approximated
age®? For the abstraction by methyl from methane, W1 by the G3B3 method which yields a barrier of 75.7 kJ Mol
calculations yielded a reaction barrier of 73.8 kJ MolThe (see Table 1, reactioB). CBS-QB3 underestimates the barrier
reaction barriers calculated with the CBS-QB3, G3B3, BMK, with almost 9 kJ mai, probably caused by spin contamination
and MPW1PW91 methods were respectively 71.0, 77.3, 67.7,in the transition state. For this reacti@®Jamounts to 0.95
and 58.9 kJ mott. Hence, for this reaction the best result is whereas, for the H abstraction from methane by methyl, spin
obtained with the CBS-QB3 method, which slightly underes- contamination in the transition state is negligid{= 0.79).
timates the reaction barrier with 2.8 kJ mblThe G3B3 method Cooté* also studied the effect of the level of theory on the
performs second best, overestimating the reaction barrier with reaction barriers of H abstractions and reported that for reactions
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TABLE 3: Experimental Rate Coefficients at 298, 600 and 1000 K (fhmol~t s™1)

Reaction Reference kexp
298K 600K 1000K
1 CHy + H, —— CH, + H 1968WAL 1.19.. 10 7.12.10°
1974KOB/PAC 9.41 .10 6.46 .10°
1978ART/BEL 8.81.10'
1981MAR/SHA 7.43.10'
1984WAR 3.63.107 2.15. 10 1.34.10*
1986 TSA/HAM 6.27.10° 9.10. 10" 8.30.10°
1988MAN/LOU 1.35. 10
1991RAB/SUT 3.11. 107 8.37.10°
1992BAU/COB 5.11.10° 1.04.10% 9.96.10°
1996KNY/BEN 9.64 . 10°
2 CH; + CH —— CH, + CH3 1959DAI/IVI 3.11.10°
1978ART/BEL 3.28.10°
3 CHy + — —— CHy + — 1972PAC/PUR 1.02. 10
1974YAM/RYB 3.23.10°
1977HEL/MAN 3.68.10°
1978 ART/BEL 332.10'
1984WAR 3.64.10° 6.84 .10 8.51.10°
1986TSA/HAM 3.63.10° 6.82.10' 8.49.10°
1992BAU/COB 3.88.107 4.40.10' 7.15.10°
4 CH; + =— —— CH, + 3 1984WAR 2.99.107 3.77. 10" 157.10°
1986TSA/HAM 1.02.10° 437.10' 7.00. 10°
1992BAU/COB 3.68.10° 1.54 .10
5 CHy + ~_~ —= CHi + ~_~ 1988TSA 553.10°  3.10.10' 220.10°
6 CHy + ~_~ — CHy + o~ 1988TSA 5.25.107 6.23.10' 2.29.10°
7 CHy 4+ Ny = CHy X 1984WAR 8.71.10'
1987BAL/KEE 7.95.10'
1991TSA 6.91.107 1.00.10% 4.02.10°
1991KIN/ROS 5.63.107 9.31.10°
8 CHy + v — CHy + Xy 1991TSA 2.32.107 1.49.10" 6.64.10"
9 CHy + Xy — CHy + X 1991TSA 1.08.10° 2.52. 10" 7.53.10'
10 CHy + " —— CH, + "~ 1975YAM 5.37.10
11 CHy + N —— CHy, + o7 1975YAM 2.18.10°
12 cHy + /I\ — > CH, + )\ 1990TSA 8.32.10° 4.66 .10’ 331.10°
1990ZHA/BAC 4.63.10'
. |
13 cHy + /I\ — = CH, + A 1976Y AM/TSI 533.10°
1990ZHA/BAC 1.62.10%
1990TSA 1.42.10" 7.88.10' 2.15.10°

14 CHy + N\ — CHy + N\ 1984WAR 2.03.10" 2.00. 10?
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TABLE 3 (Continued)

Reaction Reference kexp
298K 600K 1000K
15 CHy + H — CHy + Hy 1964JAM/BRO 1.22.10°
1966LAW/FIR 1.99.10'

1967DIX/WIL 1.63.10° 1.11.10°
1968WAL 5.82.10° 3.16.10°
1970KUR/HOL 3.70.10° 1.82.10°

1971BAK/BAL 232.10" 5.73.10°
1978SHA 4.10. 10" 3.05.10° 1.65.10°
1979SEP/MAR 3.44.10° 1.88.10°
1984WAR 226.10" 3.11.10° 2.70 . 10°

1986JON/MA 1.10.10'

1986 TSA/HAM 222.10" 3.11.10° 2.73.10°
1991RAB/SUT 422.10° 1.67.10°
1992BAU/COB 4.55.10" 3.41.10° 234.10°
2001BRY/SLA 1.63.10° 1.59.10°
2001SUT/SU 1.55.10° 1.47.10°
16 CHy + — —— CH; + — 1986 TSA/HAM 9.30. 107 729. 10" 4,09.10°
17 CHy + — —— CH; + = 1986 TSA/HAM 1.27.10° 2.19.10° 1.07.10°
18 CHy + ~_ - — CHy + ~_~ 1988TSA 2.28.10° 3.90.10" 1.17.107
19 CHy + N7 — CH; + ~_~ 1988TSA 6.81.107 1.42.10" 5.03.10'
20 cH, + )\ — > CH) + )\ 1990TSA 4.77.10° 5.71.10" 5.56.10'

| . J\ s 2
21 CH, + . — = CHy + 1990TSA 1.83. 10 1.99. 10 1.69. 10

P °

where spin contamination is observed, the Gaussian-3 methodseclipse conformation. As the average distance between the two
reproduce more accurately the reaction barriers than CBS-QB3.fragments is large, typically around 26280 pm, the average
The authors attributed the errors in the calculated CBS-QB3 Vna for the test set is small and ranges from 0.2 to 0.35 kJ
barriers to the empirical spin-correction term used in CBS- mol~ (see Table S1 of the Supporting Information)Vifax <
QB34 Despite the problems with spin contamination, the RT the rotation can be considered in good approximation as a
CBS-QB3 method provides the best agreement with experi- free rotor. This is illustrated in Figure 1 where the influence of
mental rate coefficients for the set of five reactions. There- the 1D-HR and 1D free rotor (1D-FR) treatment on the partition
fore, this method was selected to perform a more detailed function q for the rotation about the transition state bond are
study on the influence of the 1D hindered rotor treatment compared at 200 and 1100 K, assuming that the potential energy
and tunneling on the rate coefficients of hydrogen ab- profile for rotation is given in good approximation by eq 25. In
stractions. the potential energy interval of interest (8-2.35 kJ mot?)

3.2. Harmonic Oscillator Approximation vs 1D-HR Treat- the ratio quo/0ip-nr varies between 3 and 10. As rotational
ment. Rate coefficients for hydrogen abstractions between barriers are low, at high temperatures both the 1D hindered rotor
hydrocarbons were taken from the NIST Chemical Kinetics and 1D free rotor partition functions coincide. Obviously for
Database al = 298, 600, and 1000 K& Experimental data  the hydrogen abstractions of the database accurate kinetic data
were retrieved for 21 reactions all involving the abstraction of can be obtained within the 1D-FR treatment. However, as in
a hydrogen atom from a hydrocarbon by methyl or from other H abstractions between hydrocarbons the rotational barrier
methane by an alkyl radical (Table 3). For all these reactions amounts to values larger than 1 kJ migthe 1D-HR approach
the internal rotation about the forming/breaking-8—C bond will be systematically applied. For example, for the abstraction
in the transition state has a symmetry number of 3. The potential from a secondary hydrogen atom of propane by 1-prfak
energy surface for the rotation about this transition state bond equals 2.1 kJ mof and the 1D-HR and 1D-FR calculated rate

can hence be considered as coefficients differ almost by a factor 2 at 200 K.
In Figure 2 the influence of the 1D-HR treatment on the
V() =V, (1 — cos 3) (25)  Arhenius parameters is illustrated ffax = 0.1, 0.3, and 0.5
max 2 kJ mol! at different temperatures in the interval 360000 K.

The influence of the 1D hindered rotor treatment on the
In eq 25Vmax is the maximal potential energy rise when both activation energy AE; = Eaip-nr — Eano) and on the pre-
interacting fragments of the transition state move from anti to exponential factor4 log A = log Aip-nr — l0og Ayo) are shown
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mol~L. This decrease in log corresponds to a decrease in the
151 — —HO rate coefficient with respectively a factor 12.6, 4.0, and 2.5.

— - -1D-HR Rate coefficients were calculated within the HO and 1D-HR

200 K " 1DFR approximation for a large experimental database consisting of
AHO-1D-HR : )

_ oppguapiol 21 hydrogen abstractions reactions (Table 3). The results are
e shown in Table 4. The 1D-HR approximation on average lowers
the rate coefficients of the set of reactions with a factor of 1.8
at 298 K, 2.5 at 600 K, and 3.2 at 1000 K. The necessity for
the 1D-HR rotor treatment for the internal rotation about the
breaking/forming bond of the TS is confirmed by the low HO
frequencies calculated for this mode. For the 21 reactions of
the data base it was found that the frequencies for this internal
rotation ranged from 12 to 46 crh (see Table S1 of the
Supporting Information).

An overall compilation of the theoretical HO and 1D-HR data
is given in Table 5. At lower temperatures the HO treatment
yields better agreement with experiment than the 1D-HR
method. At 298 KlpCequals 123 within the HO approximation
1.0 , , and almost doubles within the 1D-HR treatment. At low

0.1 0.3 0.5 0.7 0.0 11 13 15 temperatures, nonclassical low-energy reactions will contribute
Vimax [kdJmol™] in large part to the measured rate coefficient but are not

accounted for in the classical transition state theory. Due to this

\ neglect of tunneling, the ab initio rate coefficients are systemati-
15— [——Ho cally underestimated. As 1D-HR corrections decrease the rate
\\ — - -1D-HR coefficients, the deviation from experiment becomes even more

N 1100 K sty pronounced. At high temperatures, rate coefficients calculated

~ AHO-1D-HR . . . )
~. —  AHO—1DFR — with CTST are systematically overestimated due to recrossing
e effects. As a maximum in potential energy along the reaction

T path does not necessarily correspond with a maximum in the

-
i e i P PR e L

e Gibbs free energy, the reactants can cross the transition state
without reacting. This leads to CTST rate coefficients that are
systematically overestimated. As 1D-HR causes rate coefficients
to decrease, accounting for hindered rotations improves the
agreement with experiment, as evidenced by the reduction of
[pOfrom 7.2 within the HO approximation to 3.2 within the
1D-HR treatment at 1000 K.

3.3. Tunneling. One of the drawbacks of conventional
transition state theory is that it does not account for quantum
effects such as tunneling. In the previous paragraph it was
mentioned that the theoretically more accurate 1D-HR treatment
o i b . did not yield better agreement with the experimental rate
Vinax [kJmol™] coefficients than the HO approximation. At lower temperatures

the neglect of tunneling contributions leads to large deviations
Figure 1. Influence of the 1D-HR and 1D-FR approximation on the between the 1D-HR and experimental rate coefficients. There-
molar partition function for internal rotation about the forming/breaking fore the influence of tunneling on the rate coefficient will be
C—H—C bond of the transition state. studied in more detail. First the zero curvature tunneling methods

are compared with the more advanced centrifugal dominant

along respectively the ordinate and the abscissa at temperaturesmall curvature tunneling method. Finally, rate coefficients
ranging from 300 to 1000 K and for rotational barriéfgax calculated within the 1D-HR approximation with tunneling
ranging from 0.1 to 0.5 kJ mot. Figure 2 illustrates that both  corrections are compared with experimental data obtained from
the activation energfa and pre-exponential factéx decrease  the NIST Chemical Kinetics Database. In Figure 3 transmission
when the rotation about the transition statet€-C bond is coefficients are plotted for the abstraction of a hydrogen atom
modeled as a hindered rotor. Figure 2 also shows that thefrom methane by methyl in the temperature range-3800 K
absolute magnitude of the 1D-HR corrections on both Arrhenius for the four different tunneling methodologies presented in
parameters increase with increasing temperature and decreasesection 3. The CD-SCS transmission coefficients are validated
with increasing rotational barrier. Both temperature and rota- by comparison with the equivalent small-curvature-approxima-
tional hindrance have a pronounced effect onAo¢n contrast tion semiclassical adiabatic ground state (CSCAG) transmission
to log A, AE, is almost independent of rotational hindrance and coefficients reported by Kungwan and Truc®d@oth CD-SCS
varies from—1.1 kJ moi* at 300 K to—4.1 kJ mof* at 1000 and CSCAG are in excellent agreement at higher temperatures;
K. The decrease ik, corresponds on average to an increase of at temperatures below 500 K small deviations are observed
the rate coefficient with a factor 1.6. A larger impact on the between our values and those reported by Kungwan and Truong.
rate coefficient stems from changes in ldgThe decrease in  The small deviation is probably due to a different integration
log A amounts to temperature averaged values of 1.1, 0.6, andgrid and integration procedure along the reaction path. At high
0.4 for rotational barriers of respectively 0.1, 0.3, and 0.5 kJ temperatures all tunneling corrections are in fairly good agree-
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Figure 2. Influence of the 1D-HR approximation on the Arrhenius parameters in the temperature intervd 0RTOK.

ment. At lower temperatures<600 K) the tunneling correction From Figures 4 and 5 it can also be seen that the 1D hindered
proposed by Wigner underestimates tunneling contributions rotor corrected tunneling methods perform well in describing
significantly, but on the other hand, the S&T tunneling the temperature dependence of the rate coefficient as the
correction overestimates tunneling contributions when temper- calculated curves succeed to follow the experimental data over
atures fall below 400 K. Best agreement with the CD-SCS a large temperature interval. As shown in Figure 3, the Eckart
tunneling coefficients is obtained with the Eckart tunneling method slightly underestimates tunneling corrections at-300
correction and accurate tunneling corrections can be obtained800 K due to the neglect of corner cutting effects. However,
for temperatures far below 300 K. For example at 200skr this effect is partially neutralized by the inclusion of recrossing
= 1.05 x 1C° whereas the more accurate CD-SCS method effects in the CTST rate coefficients. Hence for reaction 2 the
predicts a tunneling correction of 1.84 1C°. The Skodje and conventional 1D-HR approach with tunneling corrections as
Truhlar formula hence largely overestimates tunneling contribu- proposed by Eckart yield results that are even better than those
tions up to a factor of 10at these low temperatures. The Eckart obtained with the computationally more demanding 1D-HR/
methods predict&gcart = 1.62 x 10° at 200 K, which is in CD-SCS methodology.
remarkably good agreement with the CD-SCS value. Rate coefficients for all 21 reactions were calculated within
In Figures 4 and 5 experimental rate coefficients are comparedthe three ZCT corrected 1D-HR approaches (1D-HR/W, 1D-
with ab initio calculated rate coefficients for two hydrogen HR/S&T, and 1D-HR/E) and compared to the experimental data
abstraction reactions for which multiple consistent kinetic data of Table 3. The calculated 1D-HR/W, 1D-HR/S&T, and 1D-

were available in the NIST Chemical Kinetics Datab#sEhe HR/E rate coefficients are shown in Table 4. The valuegof
two studied reactions are at 298, 600, and 1000 K are reported in Table 5.
It is seen from Table 5 that tunneling corrections drastically
(€] CHy' + CH,— CH,+ CH, (Figure 4) improve results at 298 K, loweringOfrom 225 to 64 for
) Wigner, to 17 for S&T, and to 10 for Eckart. As tunneling
(2 CH; + CHg— CH, + C,;’Hs  (Figure 5) coefficients are dependent on the imaginary frequency, some

of the remaining deviations with experiment can be caused by
For both reactions good agreement between the experimentafaulty imaginary frequencies obtained with the B3LYP func-
data and ab initio calculated rate coefficients was obtained. As tional. Cooté&” reported that for H abstractions scaling of the
seen from Figures 4 and 5 the best agreement betweenB3LYP triple-¢ basis set, imaginary frequencies by a factor of
experimental and ab initio rate coefficients for reactions 1 and 1.15 led to better agreement with high-level CCSD(T) imaginary
2 is found respectively with the 1D-HR/CD-SCS and the 1D- frequencies. However, for the set of 21 reactions, scaling the
HR/Eckart method. For reaction 2 (Figure 5), the theoretically imaginary frequencies with 1.15 did not significantly improve
more accurate CD-SCS method seems to overestimate tunnelinghe agreement of the calculated rate coefficients with experiment
contributions. This is probably due to recrossing effects. For at 298 K. For example within the Eckart tunneling scheme
reaction 1, i.e., the symmetric hydrogen abstraction from scaling of the imaginary frequencies decrea&sgdonly from
methane by methyl, it was found that the variational and classical 10.0 to 9.7. Hence no additional scaling factor for the imaginary
transition state coincide. Hence for this reaction no recrossing frequencies was used in this work. At 600 K the inclusion of
effects take place and therefore better agreement with thetunneling leads to slightly better results than obtained with the
experimental rate coefficients is obtained with the 1D-HR/CD- non tunneling corrected 1D-HR approach. As tunneling con-
SCS approach. Figure 5 illustrates once more that at tempera-ributions are limited to a factor 2.2 at this temperature, the
tures below 400 K the zero curvature tunneling method of effect is less pronounced than at 298K Ifluctuates between
Skodje and Truhlar tends to overestimate tunneling contribu- values of 3.9 for 1D-HR/E and 5.0 for the non tunneling
tions. corrected 1D-HR treatment. At 1000 K best performance is even
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TABLE 4: Calculated CBS-QB3? Rate Coefficients at 298, 600, and 1000 K (frmol~! s71) for the Reactions in Table 3

Reaction T keare

1D- 1D-
HO 1D-HR HR'W  HR/S&T 1D-HR/E

1 CHy + Hy —— CHy + H 208K 4.94.10% 4.94.10% 1.05.10° 250.10° 1.95.10°

600K  4.14.10' 4.14.10' 529.10' 556.10" 5.62.10'
1000K  4.79.10° 4.79.10° 525.10° 528.10° 534.10°

2 CH; + CHy — CH, +  CHj 298K X X X X X

600K 2.48.10° 1.05.10° 1.74.10° 226.10° 2.17.10°
1000K X X X X X

3 CHy + — —— CH, + — 208K 2.51.10% 1.45.10" 5.08.10% 692.102 539.10°

600K 8.49.10" 3.55.10' 574.10' 7.29.10" 7.06.10'
1000K 2.66.10° 872.10° 1.06.10° 1.09.10* 1.11.10%

4 CHy + =— ——= CHy + == 208K 2.55.10° 122.10° 4.42.10° 297.10% 4.02.10°

600K 7.28.10° 251.10° 4.12.10° 533.10° 5.10.10°
1000K  527.10° 1.42.10° 1.77.10° 1.84.10° 187.10°

5 CHy + ~_~ —= CH, + ~_ -~ 298K 482.10° 268.10° 9.57.10° 144.10% 1.07.10°

600K 1.40.10' 5.63.10° 920.10° 1.18.10' 1.14.10'
1000K  4.13.10° 1.30.10° 1.59.10° 1.65.10° 1.67.10°

6 CHy + ~_~ — CHi + >~ 298K 826.10° 471.10° 158.102 6.84.10" 1.13.10"

600K 3.92.10° 1.62.10° 2.56.10° 3.17.10° 3.08.10°
1000K  5.71.10* 1.85.10* 223.10* 229.10° 232.10%

/

208K 2.69.10% 1.52.10% 4.80.10% 9.69.10" 248.10"

|

7 CHy + CH, +

600K  3.54.10° 1.44.10° 222.10*° 2.64.10° 2.57.10°
1000K 3.07.10° 9.83.10° 1.17.10* 120.10* 121.10%

$§ CHy + X\~ — CHy 4+ X~ 298K 565.107 280.107 952.107 3.36.10° 636.10°

600K 1.95.10° 6.96.107 1.11.10° 1.38.10° 1.33.10°
1000K 1.52.10° 422.10*> 5.12.10> 528.10° 537.10°

9 CHy + Xy — CHy + X 298K 3.57.10° 1.95.10° 6.93.10° 532.10° 592.10¢
600K 1.58.10' 625.10° 1.02.10" 130.10" 1.25.10
1000K 5.50.10° 1.70.10° 2.09.10° 2.16.10° 2.20.10°

10 CHy + "\~ —— CH, + "~ 298K X X X X X
600K X X X X X
1000K  5.68.10° 1.73.10° 2.12.10° 220.10° 2.23.10°

11 CHy + N — CH; + o 208K x X X X X

600K X X X X X

1000K 1.64.10° 4.86.10° 5.87.10° 6.05.10° 6.13.10°
12 cHy + — > CH, + )\ 298K 6.81.10° 4.15.10° 149.10" 231.10% 1.68.10°

600K 2.04.10' 9.04.10° 1.48.10' 191.10" 1.84.10'
1000K  6.08.10° 2.12.10° 260.10° 270.10° 2.74.10°

13 cHy + )\ — = CH; + . 208K  8.73.10% 5.04.107 1.57.10" 226.10° 6.95.10"

600K  6.31.10° 2.65.10° 4.03.10> 4.78.10° 4.68.10°

1000K  4.41.10° 145.10* 1.72.10* 1.76.10° 1.77.10%

(
|

14 cHy + CHy, + N\ 298K 4.64.10% 2.89.102 877.10% 122.10° 3.76.107

600K 3.95.10° 136.10° 2.66.10> 3.11.10° 3.03.10°
1000K X X X X X
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TABLE 4 (Continued)

Reaction T keare

1D- 1D-
HO 1D-HR HR'W  HR/S&T 1D-HR/E

15 CHy + H — CH; + H 208K  8.44.10° 8.44.10° 1.80.10% 427.10° 3.33.107

600K 2.87.10° 2.87.10° 3.67.10° 3.86.10° 3.90.10°
1000K  4.34.10° 4.34.10° 4.78.10° 4.81.10° 4.86.10°

16 CHs + —> CH; + — 208K 4.17.10% 2.40.10° 843.10% 1.15.10° 8.94.107
600K 3.30.107 1.38.107 224.107 284.10" 2.75.10"
1000K  3.66.10° 1.20.10° 1.46.10° 1.50.10*> 1.53.10%
17 CHy, + = —— CH; + — 208K 8.13.10° 3.90.10° 1.41.10% 9.46.10" 128.10"

600K  3.00.10° 1.03.10* 1.70.10> 220.10° 2.11.10°
1000K  4.23.10° 1.14.10° 142.10° 1.48.10° 1.50.10*

18 CHy + ~_~ — CHy + ~_~ 298K 4.54.10° 2.52.10% 9.01.10% 136.10° 1.01.10°

600K 2.47.10" 9.94.10% 1.63.10" 2.09.10" 2.01.10"
1000K  2.36.10% 7.44.10" 9.13.10" 9.44.10' 9.59.10

19 CHy + o — CH; + ~_~ 298K 2.02.10% 1.15.10% 3.87.10% 1.67.10° 276.107

600K 2.42.107 9.99.107 1.58.10" 1.95.10" 1.90.10"

1000K  3.26.10° 1.05.10> 1.27.10° 131.10*> 1.33.10

20 cH, + )\ — = CHy + )\ 298K  6.83.10° 4.16.10% 149.107 231.10° 1.69.10°

600K 2.88.10" 1.28.107 2.10.107 270.10" 2.60.10"
1000K  2.50.10° 8.72.10' 1.07.10° 1.11.10*> 1.13.10

21 CH, + | — CH; + )\ 298K 1.60.10° 9.26.10° 2.89.10% 4.14.107 128.107

600K 1.36.10" 5.68.107 8.65.10% 1.03.10" 1.00.10"
1000K 1.69.10° 5.56.10' 6.61.10" 6.76.10' 6.87.10"

aCBS-QB3: geometry, frequencies, ZPVE, and partition functions calculated with the B3LYP/6-311G(2d,d,p) level of theory using a scaling
factor of 0.99; the electronic energy is assessed using the CBS-QB3 extrapolation scheme.experimental data available.

TABLE 5: Average Ratio of the CBS-QB3 Calculated and 40 T
Experimental Rate Coefficients[p[t at 298, 600, and 1000 K ¢
for the Reactions in Table 3 ks — — 58T
1D-HR/  1D-HR/  1D-HR/ R ek
T, K HO  1D-HR w S&T E - \ cD-scs
oy A\

298 122.8 225.4 63.8 16.9 10.0 o, 20 \ —Kungwan & Truong
600 4.2 5.0 4.0 3.9 3.9 2
1000 7.2 3.4 3.6 3.6 3.6
53 1—208.600.1000kpAT) 447 77.9 23.6 8.1 5.8

a2 CBS-QB3: geometry, frequencies, ZPVE, and partition functions
calculated with the B3LYP/6-311G(2d,d,p) level of theory using a
scaling factor of 0.99; the electronic energy is assessed using the CBS-

QB3 extrapolation schemé Rate coefficients according to Baulch et TIK
al. for reactiond and according to Tsang et al. for reacti®rare not ) - - .
included in the calculation of the uncertainty fact@t] For these Figure 3. Transmission coefficients for the H abstraction from methane

: ; : hyl at 306-800 K according to the ZCT methodologies of
reactions the authors proposed a correlation that was not experimentally®Y. met .
verified and led to large deviations between all ab initio and VVigner, S&T, and Eckart and the CD-SCS tunneling method.

experimental rate coefficients.

the total accuracy of a theoretical method over the entire
obtained with the 1D-HR approach. For this methpdequals temperature interval, uncertainty factors are defined as twice
3.4, which is slightly smaller than thgOobtained with the [pLIFrom Table 5 it is seen that the 1D-HR/E approach yields
tunneling corrected 1D-HR methodologies. As the 1D-HR rate the best result over the entire temperature interval with an
coefficients are systematically too high due to recrossing effects averageplbf 5.8 corresponding to an uncertainty factor of 11.6.
and as tunneling coefficientgT) > 1, correcting the 1D-HR  The non tunneling corrected ab initio methods perform poorly
rate coefficient for tunneling at 1000 K will yield less good as[pLrises up to 78. This is mainly due to disappointing results
agreement between experimental and calculated rate coefficientsobtained at low temperatures. Summarizing: tunneling correc-
Arithmetic mearplvalues over the three studied temperatures tions play a critical role in obtaining accurate rate coefficients
can also be found at the bottom of Table 5. As a measure for for H abstractions and this especially at lower temperatures,



Thermodynamics and Kinetics of H Abstractions

& 1959DAINVI
o 1978ART/BEL
----HO
= — —1D-HR
0 1D-HRAWY
5 ---- 1D-HRIS&T
E 1D-HR/E
£ —— 1D-HRICDSCT
D
o .
x .
o T~
o .
i O
S~ M-‘h""-.\._
Y Y
3.0 + . \’\.._ b
1.6E-03 2.0E-03 2.5E-03
UT [K]
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Figure 5. Comparison of ab initio and experimental rate coefficients
for the H abstraction from ethane by methyl.
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whereas the hindered rotor treatment only contributes to better
experimental agreement in the high-temperature range.
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low temperatures tunneling contributions tend to have a large
impact on logA. At 298 K log A can decrease up to 3 orders of
magnitude within the Eckart scheme (Figure 6B). As temper-
atures increase, the effect of tunneling contributions onAog
diminishes rapidly. At 1000 K this effect is almost negligible,
asA log A is limited to —0.11.

4. Conclusions

A level of theory study was performed for the thermodynam-
ics and kinetics of H abstractions between methyl radicals and
simple hydrocarbons or - A comparative study on a set
consisting of five hydrogen abstraction reactions showed that
the best agreement with experimental rate coefficients was
obtained with the CBS-QB3 method. The BMK functional yields
results that are close to those obtained with the CBS-QB3
method, indicating that this functional is an attractive low-cost
tool to study the considered hydrogen abstraction. The G3B3
method and the MPW1PW091 functional perform rather poorly
for this set of five H-abstraction reactions, respectively under-
estimating and overestimating rate coefficients significantly. The
calculated reaction barriers were validated by comparison with
high-level Weizmann-1 calculations. This indicated that most
accurate reaction barriers are obtained with the composite
methods: CBS-QB3 predicts most accurate barriers for reactions
where no spin contamination is observed in the transition state,
whereas G3B3 outperforms the CBS-QB3 method in yielding
accurate barriers for spin-contaminated systems.

The influence of the 1D hindered internal rotation treatment
about the forming/breaking bond of the TS and the treatment
of quantum effects was assessed at the CBS-QB3 level. At 1000
K modeling of the internal rotation about the TS bond as a 1D
hindered rotation improved the agreement between experimental
and ab initio data. At lower temperatures the 1D-HR ap-
proximation did not yield better results mainly due to the neglect
of quantum effects.

For the H abstraction from methane by methyl, accurate

3.4. Arrhenius Parameters.In Figure 6 the HO, 1D-HR, tunneling coefficients can be obtained with the advanced CD-
and 1D-HR/E activation energies and pre-exponential factors SCS method. However, this tunneling method is rather com-
at 298 K are presented for those reactions of Table 3 for which Putationally demanding and does not always succeed in
experimental data at 298 K are available. Numerical values for predicting accurate rate coefficients, especially for reactions
the HO, 1D-HR, 1D-HR/W, 1D-HR/S&T, and 1D-HRI/E, and where recrossing effects are likely to occur. Alternatively, three
log A for all reactions at 298, 600, and 1000 K can be found in Z€ro curvature tunneling methods were studied (Wigner, Skodje
Tables S2 and S3 of the Supporting Information. & Truhlar, and Eckart). Especially at low temperatures tunneling

For the set of reactions, HO activation energies at 298 K range contr_|b_ut|ons have a much more pronounced effect on the rate
from 40 to 77 kJ mol! (Figure 6A). The activation energies coefficient of H abstractions than 1D-HR corrections and

are temperature dependent and increase approximately by 7 kjncrease rate coefficients remarkably. The most accurate rate

mol-L at 600 K and 18 kJ mot at 1000 K. The effect of the coefficients for hydrogen abstractions were obtained using CBS-
1D-HR onE- at 298 K is limited to 1 kJ m.oll However. the QB3 with corrections for the 1D hindered internal rotation
influence o? the 1D hindered rotor treatn%ent & gé\ins about the TS-bond and inclusion of Eckart tunneling contribu-

importance when temperatures increase. At 60(EKcan tions.
decrease up to 2.3 kJ mdland up to 4.3 kJ mol at 1000 K.
It can be seen from Figure 6A that tunneling contributions have
a more pronounced effect di, With the Eckart tunneling
schemeAE, at 298 K can decrease up to 35 kJ mollt was
found that the decrease B, depends on the barrier height/
width of the reaction, tunneling method, and temperature. As
expected, the effect of tunneling on the activation energy
decreases with increasing temperature. At 600 and 1000 K the
Eckart method on average lowdtgwith respectively 8 and 4
kJ moi .

From Figure 6B it is seen that at 298 K I@dgranges from
8.4 to 10.7. As forE, log A increases with increasing
temperature. Figure 6B illustrates that the average decrease in
log A due to the 1D-HR treatment amounts to 0.4 at 298 K. At wheres is the reaction coordinate. The parametr$, c, o,
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Appendix A: The Eckart Potential>°

In the Eckart tunneling correction methodology the potential
energy profile is approximated by a function of the form

26
14 e

(s~

Ve = (1 + )2

(26)
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Figure 6. CBS-QB3 calculated activation energies (A) and pre-exponential factors (B) within the HO, 1D-HR, and 1D-HR/E approach at 298 K
for the reactions in Table 3.

ands, can be calculated from the classical potential energies reaction coordinats. Hencec equals the zero point energy of
at the reactants, saddle point, and products and from thethe reactants.

imaginary frequency according the following five equations:
List of Symbols and Acronyms

_ /42”C|m(” ) 7) A = pre-exponential factor, frmol~1 st
V(- a) ¢ = speed of light, 3.00¢ 108 m s
E = energy, J
a=V(s=+w) — V(s=—0») (28) Ea = activation energy, J mot
F = second derivative matrix (Hessian)
h = Planck’s constant, 6.62 10734 J s
= (ZV* —a)+2y V'JF(V* —a) (29) k = rate coefficient, fimol~1 s71
ks = Boltzmann constant, 1.38 10723 J K1
c=e"H—w) (30) L = eigenvector matrix

L = eigenvector
+b ne = number of single events
— a,) (31) m = mass, kg

M = mass matrix, kg
In eq 30€2PK(s) is the zero point energy as function of the P = transmission probability

ot
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_ ; -1 159.
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