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A guantitative comparison of ab initio calculated rate coefficients using five computational methods and five
different approaches of treating hindered internal rotation and tunneling with experimental values of rate
coefficients for nine carbon-centered radical additigrssfissions at 300, 600, and 1000 K is performed. The
high-accuracy compound methods, CBS-QB3 and G3B3, and the density functionals, MPW1PW91, BB1K,
and BMK, have been evaluated using the following approaches: (i) the harmonic oscillator approximation;
(i) the hindered internal rotor approximation for the internal rotation about the forming/breaking bond in the
transition state and product; and the hindered internal rotation approximation combined with (iii) Wigner,
(iv) Skodje and Truhlar, and (v) Eckart zero-curvature tunneling corrections. The density functional theory
(DFT) based values fgB-scission rate coefficients deviate significantly from the experimental ones at 300
K, and the DFT methods do not accurately predict the equilibrium coefficient. The hindered rotor approximation
offers a significant improvement in the agreement with experimental rate coefficients as compared to the
harmonic oscillator treatment, especially at higher temperatures. Tunneling correction factors are smaller
than 1.40 at 300 K and 1.03 at 1000 K. For both the CBS-QB3 method, including the hindered rotor treatment
but excluding tunneling corrections, and the G3B3 method, including hindered rotor and Eckart tunneling
corrections, a mean factor of deviation with experimentally observed values of 3 is found.

1. Introduction prediction methods, such as ab initio techniques or linear free

Hydrocarbon radical additions to unsaturated compounds and€nergy relations, has been developed. Despite the enormous
the reverses-scissions contribute substantially to the product increase in computer performance during the past decades, it is
yields of many processes based on hydrocarbon radical chemsstill not feasible to calculate the required thermochemistry and
istry. Among these processes are some of industry’s largest scalgate coefficients using high-accuracy ab initio methods for all
production processes, such as steam cracking of hydrocarbonglementary reactions because reaction networks can contain up
and polymerization. Radical additions are also important in to thousands of reactions. Therefore, kinetic modeling relies on
processes based on oxidative chemistry, such as combustionfast parametrized methods to predict kinetic parameters. These
partial oxidation, or oxidative dehydrogenation. Optimizing the methods range from Evan®olanyi relations® and thermo-
performance of these processes for a broad range of feedstockshemical prediction methofiso methods relating the rate
and process conditions requires detailed and accurate kineticcoefficients to the structure of the transition stété>
models, often consisting of hundreds of species and thousands |n this study we assess accurate, yet computationally feasible,
of elementary reactioris® For each elementary step in the 4 initio methods to determine the thermochemistry and the rate
reaction network, accurate thermodynamic and kinetic data arecoefficients for a set of nine addition reactions of carbon-
required. Sensitivity studies on these detailed kinetic models, -ontered hydrocarbon radicals to unsaturated hydrocarbons by
such as the_work of Zador et af. point out that most of the comparing the rate coefficient predictions to experiment. Several
uncertainty in the cal_cula_tted product yields stems from inac- computational methods for the calculation of electronic energies
curate knowledge c.)f kinetic and thermodynam!c data. Moreover, are evaluated including two high-level composite methods and
£ e lgrtms o etwor consnclon re pifec, e densty nctonl theory (DFT) methods: he CBS.Q3

Y P 'compound method of Montgomery et #the G3B3 compound

gf;ﬁu;iéﬁcé l:;a;eetl\(,:g?lt('ihd;t% C:gl LZSIQLI'Q :;Je f:snsi:ucttrllznmethod of Baboul etat’the hybrid DFT functional MPW1PW9%,
P P grasping the DFT functional BB1K® optimized especially for kinetics,

chemistry underlying the process. Therefore, accurate thermo- ) -
y ying P ' and the BMKO functional optimized as a tradeoff between

dynamic and kinetic data for all reactions occurring in the . S -
thermodynamic and kinetic accuracy. Rate coefficients are

reaction network are of crucial importance. q ined within th ional - h Th
As the availability of experimental thermodynamic and kinetic _etermlne within t econventlona_ transmon-statet eory. 1he
hindered rotor treatment of the internal rotation about the

data is by far insufficient to fulfill this need, a wide range of - ; - o .
forming/breaking bond in the transition-state and in the product

faxf T33V£h3”216cfr5rg§292?§$ﬁ Sﬂgﬁfp?gnac%?sriséﬁdh?l?sz@?uzii 5’827? radical is compared with the harmonic oscillator approach for
T Center for Molecular Modeling. ey gent.be. all modes. While the harmonic oscillator approximation provides
* Laboratorium voor Petrochemische Techniek. a fast and straightforward method to determine the vibrational
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frequencies corresponding to the internal modes, it breaks down 2.1. Rate CoefficientsRate coefficients are calculated based
for large-amplitude internal motions such as internal rotations. on conventional transition state theory in the high-pressure limit.
For addition reactions, the internal rotation about the forming For the bimolecular radical addition the rate coefficient is
bond in the transition-state has a low barrier corresponding to calculated according to eq 1:

a low harmonic frequency. Hence, the harmonic oscillator
vibrational partition function can be expected to diverge at k. (T) = ;c(T)E Nopt: G g AEQOK)RT 1)
higher temperatures, inducing significant inaccuracies on the h

calculated pre-exponential factor and/or activation energy.

Moreover, this internal rotation is a transitional mode (i.e., a the monomoleculag scission is calculated according to eq 2:
mode that is not present in the reactants), and hence, this mode

directly influences the addition rate coefficiéatA correct k.(T) = «(T) E Nopt G @ AEQK)RT )
description of this mode is therefore required. Heuts &€ al. h Noptpde

reported that the contribution to the pre-exponential factor made

by the nontransitional modes is between 3 and 9 times smallerwhereq is the total molar partition function per unit volume
than the contribution made by the transitional modes. Therefore, whereby the vibrational partition function is referred to the
the internal rotation about the forming bond is treated as a ground state vibrational level (/0" as used in the output of
hindered internal rotation using the one-dimensional (1D) Gaussian 08 calculations)«(T) is the tunneling coefficient,
hindered rotor methodology of Van Speybroeck efat> Next and AE(0 K) is the activation barrierted K including zero-

to that, three types of 1D zero-curvature tunneling corrections point vibrational energy (ZPVE). The number of optical isomers
to the hindered rotor rate coefficients are considered (i.e., the noy: €nters the equation because the partition functions are
methods of Wigner, Skodje and Truhlar, and Eckart). The rate calculated for a single optical isomer whereas all configurations,
coefficients obtained using the different computational ap- including those that are not directly thermally accessible from
proaches are compared to experimental rate coefficients. Kineticthe reference configuration, should be accounted for. External

Nopt, A8aNopt, 60B

parameters were fitted to the obtained rate dat& at 300, and internal symmetry numbers are contained within the
600, and 1000 K by linear least-square regression to the partition functions.
Arrhenius equation. Kinetic parameters were fitted to the obtained rate dafk at
= 300, 600, and 1000 K using linear least-square regression
2. Computational Procedures on the Arrhenius model;
The following set of hydrocarbon radical addition and reverse E
p-scission reactions was considered in this study: Ink=InA— R_?I' (3)
1 CHa + ) N with k sampled at intervals of 50 K betwe@= —100 K and
2 - ; T = +100 K.
+ / _—
2 - Z N A comparison of the ab initio calculated rate coefficients to
3 /\ v P = )\/ the experimentally observed values and discrimination between
the different computational approaches were performed by
4 CH, + X — averaging the ratiog, defined in eq 4.
. I(calc f > Kk
5 CH; + /\ -— K or Keaic exp
o= keixpp (4)
. for I(exp = kcalc
6 CH; + e— . Kealc
From this definition 1t follows thap > 1, so averaging the
ratios yields an indication of the overall deviation factor between
7 CH; + = — calculated and experimental values. The fagtds calculated
for every available experimental value. To prevent giving more
8§ CH; + H,C=C=CH, —= /\/ weight to reactions with abundant experimental data, weighing
factors are used to calculate the mean factor of devidjpah
. o The weighing factors account for the number of experiments
9 CHy + HyC=C=CH, ——= . Nexpi for reactioni (eq 5);
. . . Nreac 1 nexpj 1
Calculated rate coefficients were compared with experimental =S — Y —p (5)
values taken from the National Institute of Standards and —n "

reac | expj

Technology (NIST) chemical kinetics datab&&dhe experi-

mental values used in this study are tabulated at 300, 600, andwherep;; is equal to factop of experimenj for reactioni and
1000 K in Table 1. The set of available experimental rate neacthe total number of reactions. The mean factor of deviation
coefficients consists of eight addition and sfkscission [p0is used to identify the method yielding the best agreement
reactions. Values designated by NIST as “estimated, thermo-to experimental values.

chemical, or other” or calculated values were excluded from 2.2. Transition State Geometry.The transition state geom-
the set of experimental data. Experimental values based on highetries are obtained in the following way, using the Gaussian 03
and low-pressure extrapolations were rejected, except for thepackage for all ab initio calculatio$ First, the transition state
addition of ethyl to ethene (reaction 2) for which no other data is optimized at the B3LYP/6-311G(d,p) level using standard
at the selected temperatures were available. transition state search algorithms provided by Gaussian 03. From
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TABLE 1: Experimental Rate Coefficients at 300, 600, and 1000 K from NIST%
k addition [n? kmol~s™1] k 5-scission [sY]
ref 300 K 600 K 1000 K ref 300 K 600 K 1000 K
1 Tsang 1986 8.08 x 1% 5.17x 1¢° 6.86x 10° Bencsura 199 6.88x 10710 6.45x 10t 1.54x 1C°
Baulch 1992 9.29x 1? 4.43x 10P Tsang 1988 1.01x 10° 1.10x 1¢? 2.86x 10°
Hogg 1964 9.23x 1% Warnatz 1984 2.38x 1% 1.65x 10
Mintz 1978 3.54x 107
2 Knyazev 1996 5.49x 1% 2.67x 1P 5.60x 10° Warnatz 1984 1.32x 1C° 2.00x 107
Kerr 1960+ 1.53x 1C°
3 Kerr 1959 5.58x 10°
Knyazev 1994 8.93x 1(? 1.10x 1C° 3.21x 107 Tsang 198% 4.89x 107° 2.14x 1%
Tsang 1991 6.82x 107 3.40x 10° 4.07x 10° Warnatz 1982 2.72x 1% 1.60x 10’
Baldwin 1987 4.81x 10° Lin 1967 8.16 x 1(?
5 Tsang 1991 1.42x 17 1.17x 10¢° 1.72x 1P Tsang 1990 3.00x 107° 2.45x 1% 5.68x 10°
Baldwin 1987 1.33x 10° Warnatz 1982 1.86x 1C° 1.26x 10
Metcalfe 1960 1.89x 1C°
6 Slagle 1991 3.07x 10¢ Tsang 1985 2.06x 107° 1.49x 1
Szirovicza 1979 4.02x 107
Szirovicza 1975 2.80x 1?
7 Baulch 1992 1.36x 1C° 9.07x 1®
Dominguez 1962 3.94x 1P
8 Scherzer 1988 1.86x 10°
Tsang 1973 2.27x 107

2 Data type according to NIST chemical kinetics datab&s&perimental valu€literature reviewdrelative value normalized by reference value,
ederived from fitting to a complex mechanisfhigh or low-pressure extrapolation.

this geometry the €Cg3 yp bond length is extracted and is
scaled using the correlation proposed by Saeys %ttalbring

the B3LYP/6-311G(d,p) transition state geometries in ac-
cordance with IRCMax (CBS-QB3; B3LYP/6-311G(d,p)) ge-
ometries.

C_ClRCMaX = 0'7381C_CBSLYP + 58.03 pm
if C—CgsLyp > 225 pm
C—Ciremax = C—Cgaryp — 0.957 pm
if C—CgsLyp < 225 pm (6)
Finally, the transition state is reoptimized by constraining the

length of the forming € C bond at the € Circmax bond length.
The reoptimization is performed using the method for the

recommended these combinations of functionals and basis set,
a harmonic frequency scaling factor of 0.99 is used, which is
close to the value of 0.9877 advised by Andersson and Uvdal
for scaling of DFT/triple€ ZPVEs®® The AE(0 K) reported in

this study include ZPVE.

2.4, Partition Functions. Partition functions are evaluated
using the standard procedure involving decoupling the transla-
tional, rotational, rovibrational, and electronic contributions,
assuming a rigid external rotator and treating the internal modes
within the harmonic oscillator approximation.

The hindered rotor partition function for the internal rotation
about the forming bond in the transition state and the breaking
bond in the product radical is calculated using the one-
dimensional hindered rotor procedure (1D-HR) described by
Van Speybroeck et &f. In this work, we adopt the notation

subsequent energy calculation (i.e., B3LYP/6-311G(d,p) and “HR” for the application of this 1D uncoupled hindered internal

B3LYP/6-31G(d) for the CBS-QB3 and G3B3 methods, re-
spectively, and MPW1PW91, BB1K, and BMK for the other

rotor approach (1D-HR) to the internal rotation about the
forming bond in the transition state and the formed bond in the

methods). The obtained geometry is applied for the calculation product radical.

of the reaction barrier and the partition functions.

2.3. Reaction Barrier. The activation barrierted K (AE(O
K)) is calculated using five different methods: (i) the CBS-
QB3 complete basis set method of Montgomery éf:8¥.This

It has been shown that a fortuitous cancellation of errors
makes the uncoupled 1D-HR scheme as successful as the fully
coupled schem& A validation of this 1D-HR scheme is given
in the work of Vansteenkiste et #l.In this 1D-HR procedure,

complete basis set method extrapolates the MP2 energy into ahe expressions for the reduced moment of inettig) for the
full basis set energy, after which higher-order contributions are rotation of two rigid tops relative to each other are equivalent
added. This energy calculation is performed on a geometry to the so-called 34 estimator of the moment of inertia as used

optimized at the B3LYP/6-311G(d,p) level. The frequency

by East and Radoift. This provides the exati.qfor a molecule

analysis for the calculation of the ZPVE is done at the same with one rigid internal rotation. The potential energy profile

level, using a scale factor of 0.99 for the harmonic frequencies;

for internal rotation Y(¢)) is approximated as a Fourier

(ii) the G3B3 compound method, based on a complete basisexpansion (eq 7);

set extrapolation of the UQCISD(T)/6-31G(d) on a B3LYP/6-
31G(d) geometry. A scale factor of 0.96 on the harmonic
frequencies is applied; (iii) the hybrid density functional
MPW1PW91!8 a non-dedicated general purpose density func-
tional; (iv) the BB1K functional? optimized for kinetics; and
(v) the BMK functional?® optimized for an ideal tradeoff

n V.

V(p) = Z E(1 — cosig) + i Vi sinig (7)

wheren = 3, except for 6-fold symmetric rotors for whict—

between kinetics and thermochemistry. All DFT based methods 6 is used. The coefficientg; andV; are determined by fitting
use the 6-311G(d,p) basis set. Because no scale factors ar¢hem to a B3LYP/6-31G(d) relaxed scan af Iiftervals of the
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potential energy surface (PES) for internal rotation. The Vinax
optimum is relocated at every step of the internal rotation to Vi(g) = ——(1 — cos 3)
permit stretching of the forming €C bond, which has an
influence on the rotational barrier. Finally, the partition function vV _ Vmax[l — COS@ n 1—cos3p
is calculated by direct summation over the energy levels 2Ap) = 2 \ 2 2 )
resulting from the Schidinger equation for internal rotation.
The obtained hindered rotor partition function should replace  PIots 0fgur/Gro for Vmaxin the range of 6- 60 kJ mof*are
the corresponding HO-vibrational partition function for this shown in Figure 1 for both model energy profiles, as well as
internal rotation. The internal vibrational modes provided by a the effect of the HR approach on the pre-exponential factor and
harmonic frequency analysis are composed of several internalthe activation energy. The calculations assumed a temperature
rotations, and it has been shown that replacing a vibrational of 1000 K and a reduced moment of inertia of 20 ar§(9a37
partition function based on these harmonic frequencies yields x 10747 kg n¥). Obviously, the difference between the HR and
unphysical result& Hence, the procedure was not to replace the HO treatment is large for barriers below 2 kJ Mdlgnr/
one of these modes but to replace a vibrational partition function Gro approaches zero). In the absence of higher energy conform-
based on the frequency derived from the energy profile for €rs, as is the case for the model poteriglthe effects on the
internal rotation. This procedure assures a consistent 1Drate coefficients and the Arrhenius parameters are significant
approach of the hindered rotation, in which a 1D vibrational for barriers to internal rotation smaller thar %0 kJ mot™ only.
partition function is replaced by a 1D internal rotation partiton However, the presence of higher energy conformers, as is the
function25:32.33 case for potentialV,, increases the partition function, the
Adjusting the partition functions affects not only the rate activation energy, and the pre-exponential factor §ignificantly,
coefficients but also derived quantities such as the Arrhenius UP t0 barriers of 60 kJ mot. For the model potential energy
parameters. For addition reactions, the influence of the HR Profile Vz, the influence is most pronounced for a barrier of 40

treatment on the HO-activation energy can be evaluated from k9/mol, and the increase in activation energy amounts o 5 kJ
mol~1, whereas the pre-exponential factdiincreases with a

(10)

eq 8.
q factor 3 (Alog A = 0.5). At 1000 K, the HR treatment thus
results in an increase of the rate coefficient with a factor of
_ _ Rl e 1.7
Ear~ Eano=R ot e . .
Ko Comparing the free rotor (FR) and the hindered rotor
q approach for the same model potential energy profleand
=RT 9 In ﬂ) V,, it is found that at 1000 K the FR approximation is valid for
a7 Ouo rotational barriers below 2 kJ md}, for which the FR and HR
int.rot partition function differ by less than 10%. For rotational barriers
= RT 9 In OHr @) larger than 10 kJ mal, the difference between the FR and the
aT qmgot- HD approach exceeds a factor 2. At temperatures lower than

1000 K, the deviations between HR and FR increase rapidly
. . . . with decreasing temperature. At 300 K, the FR partition function
For addition reactions, only the transition state partition s within 10% of the HR partition function for rotational barriers
function is modified, and the ratio betweknr andkyo can be lower than 0.5 kJ mot only.
simplified to the ratio of the transition state partition functions 2.5. Thermochemistry. The HO reaction enthalpies and
QxR @ndgwo. This ratio G+r/Gro) can be evaluated by the ratio  gniropies are calculated in the standard HO approximation
of the partition functions of the internal rotation about the ,rqvided by Gaussian 03, using the scale factors reported above.
forming bond in the transition state in the hindered rotor and The HR corrections to the HO values for the internal rotation
the harmonic oscillator descriptiong,; " and ;o *". For the about the formed bond in the product radical are determined
pre-exponential factoA, the influence of the hindered rotor  ysing the standard expressions for enthalpy and entropy as a
treatment is related to the change in the activation enti®  function of the partition functions taken from McQuar#eThe

(eq 9); hindered rotation correction on the partition function is calcu-
lated according to the procedure described above. The concen-
InAug = IN Ao = (A'Sir — A'§,0)R tration-based equilibrium coefficiett; is calculated by eq 11;
= (95" — SR K, = RT o MGRT (11)
int.rot. int.rot. p
. 10 OHRr 9 : , :
=N T 9T N =it ©) where A(G° is the standard reaction Gibbs free energy of
AHo Ao reaction.

o § _ _ 2.6. Tunneling Corrections. Quantum tunneling along the
where the superscript “int.rot.” stands for the considered internal reaction coordinate is taken into account by three different 1D
rotation in the transition state. If we assume generic rotational methods (i.e., the methods of WigriérSkodje and Truhl&f
potential energy profiles, the effect of the barrier heights on and Eckad’). The Wigner method, the most widely used
the Arrhenius parameters can be evaluated in a straightforwardapproximation to account for tunneling through the reaction

way. This simplified picture provides an indication of the order parrier, assumes a parabolic potential for nuclear motion near
of magnitude of the changes on the Arrhenius parameters thatthe transition state (eq 12).

may be expected by taking into account the HR approach.

Typical potential profiles for a methyl rotoW() and an ethyl 1(h Im(v*) 2
rotor (V>), occurring in the transition state of a methyl and ethyl k(M=1+ A T (12)
radical addition, respectively, to ethene are given by eq 10. ke
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Figure 1. Influence ong, E, and logA of the hindered internal rotor
treatment of the internal rotation about the forming bond in the transition
state for two model potential energy profiles for internal rotatilg (
= 20 amu boh, T = 1000 K, o = 3 and 1, respectively).

o 10

This approximation holds fok,T > h Im(v*). For radical
addition reactions with a typical imaginary wavenumber of 500
cm™1, this approximation is only valid for temperatures higher
than 1000 K.

The method of Skodje and Truhlar depends not only on the

curvature of the minimum energy path near the transition state

but also on the height of the potential energy barrier. This
method can be written in the following form;

e (T = P B j-oavi-v)
=ik =Gt " a—p ¢
a<p: k(M= ﬁ_ia(el(ﬁ‘“w*‘vﬂ ~1)  (13)

whereo. = (27)/[h Im(v¥)] and 8 = (kgT)~1.38
The Eckart method accounts for the barrier height by fitting

an Eckart potential to the stationary points so that it passes " . .
P yp P émately 3. For the transition states of reactions with threefold

through the zero-point-corrected energies of the reactants, saddl
point, and products (eq 14).

a ea(s—SO)

14 g6

b eu(S—So)
(1 + X 9)?

V() = (14)

Using this potential, the Schdinger equation accounting for
tunneling can be solved exactly, allowing the construction of
an analytical form of the transmission probability. To determine
the quantum tunneling coefficient, the expressions from Coote
et al. were adopte®f. The final integration of the Boltzmann

Sabbe et al.

probability. However, this is compensated by the neglect of
corner cutting in the zero-curvature approagh.

3. Results and Discussion

3.1. Hindered Rotation Partition Functions. The partition
functions for the hindered internal rotation about the forming
bond in the transition state and the breaking bond in the product
radicals have been calculated according to the procedure
described above. The maximal rotational barrier, the reduced
moments of inertia, and the internal symmetry numbers
determined from the optimized geometries are available in Table
S1 of the Supporting Information. The asymmetric energy
profiles for the internal rotations in reaction 2 and 3 can be
found in Figures S1 and S2 of the Supporting Information.

The barrier for internal rotation in the transition state ranges
from 0.4 to 4.4 kJ moll, which is on the order oRT in the
temperature range 5500 K, and hence, both the harmonic
oscillator and the free rotor approximation, which holds for
barriers much higher and lower, respectively, tHam are
expected to yield an inaccurate partition function at the studied
temperatures. The highest rotational barrier (4.4 kJ #ol
corresponds to the isopropyl addition to ethene (reaction 3) and
is induced by the bulky nature of the added isopropyl radical.
The lowest barrier, (0.4 kJ mdl) is found for the methyl
addition to ethyne (reaction 7) in which the steric hindrance is
minimal due to the sp hybridization of the attacked carbon atom.

For the internal rotations about the breaking bond in the
product radicals, the rotational barriers range from 0 to 22.1 kJ
mol~. No barrier is found for the isobutenyl radical of reaction
9, in which the methyl group rotates with respect to a resonance
stabilized allylic fragment that is structurally similar to the
methyl rotation in toluene, which is the prototypical free rotor.
A barrier of 7.3 kJ mot! is found for reaction 7, th8-scission
of a prop-1-en-1-yl radical, and the higher barriers are found
for the -scission of larger alkyl radicals in which ethyl and
isopropyl radicals are split off (reactions 2 and 3). The other
barriers range between 12 and 15 kJ Mpthe typical value
for methyl rotors.

Figure 2a presents the ratiagr/guo as a function of
temperature for the transition state of reaction 1 (methyl addition
to ethene), reactions 2 and 3 (ethyl and isopropyl addition to
ethene), reaction 7 (methyl addition to ethyne), and reaction 9
(methyl addition to allene). These include the reactions with
the two largest and smallest ratios of the set.

In case conformers with higher energy are present, (e.g., in
the transition states of the additions of ethyl and isopropyl
radicals to ethene (reactions 2 and 3)) the HR partition function
is larger than the HO partition function by a factor of approx-
symmetric methyl internal rotors, the partition functions slightly
decrease (i.e., the ratipr/dHo iS generally smaller than unity).
The largest reduction ofj4r/qHo iS observed for the methyl
addition to ethyne and allene (reactions 7 and 9) due to the
small rotational barriers. These findings are in agreement with
the theoretical considerations illustrated in Figure 1; the ratio
Our/OHo IS considerably larger for the asymmetrical model
potentialV,. For all reactions, the ratiqur/quo decreases with
increasing temperature.

The ratios ofgur/guo for the product radicals (Figure 2b)
show a similar pattern as that observed for the transition states:

weighed transmission probability is carried out using an 11- a significant increase in the partition function by a factor of
point Newton-Cotes quadrature formula. The Eckart potential 2—3 for reaction 2 and 3 due to the presence of higher energy
is known to exhibit a narrower width than the actual tunneling conformers, and a ratigur/guo close to unity for threefold
path, which would result in an overestimation of the tunneling symmetric internal rotors. The largest decrease, more than 1
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Figure 3. Calculated HR reaction enthalpiagH°(298 K) and reference
values (see text) for the set of nine reactions.

pies were taken as the mean of the lowest and the highest
reaction enthalpy if multiple enthalpies of formation were
available.
200 600 K 1000 1400 The CBS-QB3 method shows the best overall agreement to

) ) N the reference values, closely followed by the G3B3 method. In
Figure 2. Ratios gur/guo vs T for (@) the transition state and (b)  general, the DFT methods underestimate the reaction enthalpies.
products of selected reactions. The DFT methods provide better predictions than the CBS-QB3
and G3B3 methods only for reactions 6 and 9. For the latter
two reactions there is a significant overestimation of-20 kJ
mol~! for all methods, raising doubt concerning the reliability

order of magnitude for temperatures above 1000 K, is observed
for the 2-methylprop-1-en-3-yl product of the addition of methyl

to allene (reaction 9), Wh'Ch IS a fre_e rotor. The r_a’uogm{/ ... of the reference value calculated from Benson group additivity
guo for the product radicals of reactions 2 and 3 increase with values

increasing temperature. This reverse temperature dependence -
as compared to the partition functions in the transition state is refz ?sn@éa?gaileZtﬁtg;\;?:sogso(xﬁgz ?gg%g ;‘35#?:;2 gggt
due to the higher barrier to internal rotati®hThe small . .

9 with a MAD of 4.8 kJ mot™. The G3B3 method has an accuracy

reduction in the rati@ur/guo With increasing temperature for 1 X
reaction 9 finds its origin in the very low rotational barrier. The of 6;? k.‘] mol™. The MAD for the DFT methods s several kJ
mol~* higher, up to 11.3 kJ mot.

temperature dependence for the other reactions is negligible. i ) = )
3.2. Reaction Thermochemistry and Reaction BarrierThe Calculated reaction entropieA,&°) for the addition reactions
. : £re tabulated in Table S3 in the Supporting Information (HO

reaction enthalpies for the reactions under study are calculate .
) . . and HR approach, 298 and 1000KRAt 298 K, the HR reaction
at the five studied levels of theory in both the HO and HR entropies are 1:09.6 J mot* K-% higher than the HO

approach and are tabulated at 238 and 1000 K in Table 52 ofpredictions, except for reaction 9, for which a decrease of 15.9

the Supporting Information. J molt K~ is observed due to the presence of a free rotor in

The differences in enthalpy between the HO and the HR the product radical; see also Figure 2. At 1000 K the differences
approaches are smaller than 1 kJ miait 298 K and are smaller  remain similar, ranging between0.4 and 10.5 J mok K1

reactions 16 increase of 28 kJ mol* from 298 to 1000 K,

. . The temperature dependence of the reaction entropies varies
whereas for reaction 7, a decrease 66%J molis observed. P P P

. . more or less parallel to the temperature dependence of the
For reactions 8 and 9 no temperature influence on the HR (o50(i0n enthalpies, in line with Figure 1: from 298 to 1000 K,
reaction enthalpy is observed. the reaction entropies increase for reactiorss with 12.6 J
Figure 3 displays the HR reaction enthalpies for the different mol-1 K-1 at the most; for reactions—P® there is a decrease
levels of theory. The CBS-QB3 and G3B3 reaction enthalpies yp to 11.7 J mol K1. The values for the reaction entropies
are of similar magnitude, whereas the DFT methods yield lower z|| range between-160 and—120 J mott K1,
values than CBS-QB3 and G3B3 for all reactions except for  The HR reaction entropies at 298 K are presented in Figure
reactions 3, 6, and 9. The difference amounts to about 20 kJ4 The CBS-QB3, G3B3, MPW1PW91, and BB1K reaction
mol~* for reaction 7. entropies differ by less than 2.5 J mbK ~1, except for reaction
The calculated reaction enthalpies in the HR approximation 9 where the BB1K reaction entropy deviates from the values
are compared to reference values in Table 2 (298 K). Referenceobtained by the other methods by % J moll K1, In general,
values for reaction enthalpies were calculated from NIST the BMK method predicts lower reaction entropies that differ
enthalpies of formation for the reactants and prodefcfsom by up to more than 10 J mol K~ from those predicted by the
Benson group additivity (GA) when species were lacking in other methods. For the two reactions for which NIST reference
the NIST databas®?® or, for reaction 7 and 8 for which no  dat&%were available, the predicted reaction enthalpies are within
Benson group additive values are present for the products, usingl.8 J mof! K=1 of experiment for reaction 1 and are within
semiempirical group additive values determined from bond 2.6 J mof! K=1 of experiment for reaction 5, with exception
additive corrected ab initio valuésThe NIST reaction enthal-  for the BMK method which deviates by 11.7 J mbK ™1,
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TABLE 2: Calculated HR Standard Reaction Enthalpies A;H°(298K) Relative to Reference Reaction Enthalpies and MAD

AH (ref) AH°(calc)— AH°(ref)
[kJ moiY] source CBS-QB3 G3B3 MPW1PW91 BB1K BMK
1 —98.9 NIST 1.7 5.2 —14.6 —-12.3 -9.8
2 —94.2 Benson 1.6 3.4 —6.7 —-4.9 —-4.9
3 —85.7 Benson —4.3 —4.1 —4.0 —-3.7 —6.2
4 —97.8 NIST -0.2 4.7 —15.2 —13.4 -10.8
5 —96.8 NIST 3.8 7.1 —-3.8 —-2.9 —6.3
6 —99.2 Benson 11.4 14.5 11.1 10.8 8.6
7 —103.8 Sabbe —6.0 —-1.4 —28.3 —23.9 -17.9
8 -101.2 Sabbe -25 1.5 —8.6 —-8.5 -5.3
9 —213.4 Benson 12.0 18.8 9.6 9.5 14.0
MAD 4.8 6.8 11.3 10.0 9.3

aThe AH° reference values are calculated from NIST standard enthalpies of fordfatidrom Benson group additivity if species were lacking
in the NIST database. Group additive values were taken from O’Neal and BéasohBensohor, if no GAVs were tabulated, from the GAVs
of Sabbe!!

00223 o 30
-120 . W : mNIST
- 0CBS-QB3
0 BN (NG i — 0 G3B3
130 i 5 MPW1PWO1
5 ~ AR [N E2 0 BBIK
-:-! £ = BMK
< ; : g X 10 K
& 150 mNIST g Ei
24 0 CBS-QB3 " i
< O G383 i
se | = MPW1PWO1 0 \§
HEEIR 1 2 3 4 5 6 7 8 9
-170 [EIENK Figure 5. Calculated reaction equilibria in the HR approach at 298 K

Figure 4. Calculated HR reaction entropiasS’ (298 K) and reference for the set of nine reactions.

values taken from the NIST webbd8Kor the set of nine reactions.

55
Because equilibrium coefficients are frequently used to ensure OCBS-QB3
thermodynamic consistency in many applications, as is the case 50 | obG3B3 :
in reaction networks used for reactor simulations, the effect of & MPW1PW91 § H
the level of theory on the equilibrium coefficients has been ‘-‘:' 45 " @BB1K
considered. The differences between the HO and HR equilibrium 2 B BMK : E
coefficients derived from the calculated reaction thermochem- o 40 \ N
istry are equal to the differences between the HO and HR "3
product partition functions, as discussed in the previous section. = 35 \ E
The HR equilibrium coefficients at 298 K are presented in <
Figure 5. The addition equilibrium coefficients range between oy
10° and 16° m3 kmol~%. The G3B3 HR equilibrium coefficients i \f
are systematically lower than the CBS-QB3 HR values; they A5 §:
are only slightly lower for most reactions but differ by up to 1 » § K

order of magnitude for reactions 4, 7, and 9. Most HR DFT
equilibrium coefficients are much higher than CBS-QB3 and
G3B3 values: 1 order of magnitude for reactions 2, 5, and 8,
and up to 24 orders of magnitude for reactions 1, 4, and 7,
mainly as a result of the lower reaction enthalpies than of the up to a factor of 300. For reaction 5, all methods provide a
CBS-QB3 and G3B3 methods. Also, at 1000 K the DFT fairly good agreement to experiment.

methods predict higher equilibrium coefficients than the other  Reaction barriers ta0 K are shown for the different
methods, but the differences are limited to about 1 order of computational methods in Figure 6 for addition and in Figure
magnitude because of the reduced dependency on the reactioi for 5-scission reactions. All transition state geometries are
enthalpy as compared to 298 K. In Figure 5 the calculated valuesavailable in the Supporting Information. For additions, the
are also compared to experimental equilibrium coefficients for reaction barriers range between 21.7 and 51.2 kJ hfot all

the reactions for which NIST thermochemical values were methods. The CBS-QB3 method predicts the lowest barriers,
available (reactions 1 and 5). For reaction 1, the CBS-QB3 and except for reactions 1, 4, and 7 for which the MPW1PW91
G3B3 predicted equilibrium coefficient is in good agreement methods gives the lowest value. The G3B3 barriers are
with the experimental value, whereas the DFT methods over- systematically 6-8 kJ moi-! higher than those obtained with
estimate the experimentally observed equilibrium coefficient by CBS-QB3; this systematic difference has been noted previously

1 2 3 4 5 6 7 8 9

Figure 6. Calculated addition barriers at 0 KE(O K) for the set of
nine reactions.
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Figure 7. Calculateds-scission barriers at 0 KE(O K) for the set of
nine reactions.

by other authoré? The BB1K and BMK barriers are similar to
the G3B3 barriers; the BMK barrier exceeds the G3B3 barrier
by about 5 kJ mol* for reactions 3 and 9 only. For the
pB-scission activation barriers, CBS-QB3 predicts the lowest

J. Phys. Chem. A, Vol. 111, No. 34, 2009423

the G3B3 method, and 3.9, for the CBS-QB3 and BB1K
methods. At 300 K, the accuracy is even higher for the CBS-
QB3 and G3B3 methods, witkrp> values of 3.2 and 1.9,
respectively. At this temperature, the agreement of the DFT
methods with experiment is rather disappointing; thg>
values for these methods amount to 250, which is an even more
pronounced deviation than for additions. This rather poor
performance is caused by the severe underestimation of the
[-scission rate coefficients, particularly for tifiescission of
the 2-butyl radical into propene and methyl (reaction 4). The
underestimation of thg-scission rate coefficients at 300 K is
systematically more pronounced than for addition rate coef-
ficients, implying that the studied DFT methods do not
accurately predict the reaction equilibrium for these reactions.
As already mentioned in section 3.2, the DFT methods predict
equilibrium coefficients that are up to 4 orders of magnitude
higher than the CBS-QB3 and G3B3 predictions at 300 K, which
is mainly related to different predictions of the reaction enthalpy.
The use of these DFT methods for the calculation of addition
and -scission rate coefficients is thus not recommended for
low-temperature applications if an accurate description of
thermodynamic equilibrium is of importance.

barriers for all reactions. The G3B3 barriers are on average A comparison of the 5 studied levels of theory reveals that

4 kJ moit higher than the CBS-QB3 barriers. The DFT methods
predict barriers that are on average® kJ moi higher than

the CBS-QB3 and G3B3 methods are better suited for the
calculation of rate coefficients and reaction equilibria for this

the G3B3 values. For reaction 7 the DFT methods find barriers Set of hydrocarbon radical addition agiescission reactions.

that are 14-18 kJ mof? higher than the G3B3 barrier, which
is related to the low reaction enthalpy calculated by the DFT
methods for this reaction.

3.3. Rate CoefficientsRate coefficients at 300 and 1000 K
in the HO approach are reported in Table 3 for the five levels
of theory selected in this study.

For addition reactions, the largest predictions are given by

the CBS-QB3 (reactions 2, 3, 5, 6, and 9) or the MPW1PW91
DFT method (reactions 1, 4, 7, and 8). There is a striking

For these two high accuracy compound methods, the effects of
the hindered internal rotation and tunneling are assessed in what
follows.

3.3.1. 1D-HRws HO. The ratios of the rate coefficienksr/
kuo at 300, 600, and 1000 K are reported in Table 5. For addition
reactions, the difference between the HO and HR rate coef-
ficients coincides with the difference between the HO and HR
partition functions for internal rotation in the transition state,
as discussed in section 3.1. The ratipg/kqo range between

resemblance between the rate coefficients of these two methods?-38 and 2.80 at 1000 K and between 0.67 and 3.29 at 300 K.
even at different temperatures. The G3B3 rate coefficients are!n general, the HR treatment decreases the rate coefficient for

about a factor 1620 smaller than the CBS-QB3 values at
300 K, but at 1000 K they are of comparable magnitude. The
BB1K and BMK rate coefficients for addition are of the same
magnitude as the G3B3 predictions at both temperatures.
For p-scissions too, CBS-QB3 provides the largest rate
coefficients for all reactions. At 300 K, the G3B3 predictions
are a lower by a factor of 210; at 1000 K they are of the
same magnitude. However, the DFT functionals predict rate
coefficients that are 43 orders of magnitude lower than the
values calculated at the CBS-QB3 and G3B3 level of theory.
In Table 4 the mean factorsp> describing the deviation

the addition of methyl radicalskfr/kno < 1) whereas an

increase is noted for the addition of larger radic&lgAkqo >

1) due to the presence of conformers with higher energy.
For -scissions, the effect of the HR treatment on the rate

coefficient results from the interplay between the ratipg/

guo of both the transition state and the product radical. The

ratioskpr/kqo vary from 0.34 to 4.44 at 1000 K and from 0.58

to 4.00 at 300 K. Fop-scissions, the rate coefficients decrease

slightly except for the isobutenyd-scission (reaction 9) due to

the free rotor character of the methyl rotor in the product.

The ratios between calculated and experimental rate coef-

between calculated and experimental rate coefficients are givenficients Keaidkexp) are taken up in Table S5 for CBS-QB3 and

For the individual reactions, the ratiigdkexp are reported in
Table S4 of the Supporting Information. For addition reactions,
all methods perform rather well at 1000 K with alp> values
lower than 6.1. At 300 K, the CBS-QB3 and MPW1PW91
methods perform well with<p> factors of 2.1 and 9.6,

Table S6 for G3B3 in the Supporting Information. For the CBS-
QB3 method, all HR rate coefficients are within a factor of 8
from experiment, except for the data of tifescission of
1-propyl (reaction 1) reported by Bencsura et‘at 1000 K.
The CBS-QB3 rate coefficients tend to overestimate experiment,

respectively. The deviations are significantly larger for the butin general, this method succeeds in a fairly good reproduc-
G3B3, BB1K, and BMK methods, up toap> value of 56 at tion of the rate coefficients.
300 K. These methods predict higher barriers than the CBS-  For the G3B3 method, the ratitig.dkexp range between 0.04
QB3 and MPW1PW91 methods, resulting in an underestimation and 8.86. With the exception of the ethyl addition to ethene
of the experimentally observed addition rate coefficients. (reaction 2), the methyl addition to propene (reaction 5), and
Remarkably, the DFT methods optimized for kinetics, the BB1K the methyl addition to ethyne at 300 K (reaction 7), the HR
and the BMK methods, do not give better results than the rate coefficients are within a factor of 8 for all reactions. At
MPW1PW91 functional. higher temperatures the deviation remains within a factor of 4,
The predicted rate coefficients fqs-scissions are very  except for the data for thg-scission of 1-propyl (reaction 1)
accurate at 1000 K, witkr p> values ranging between 2.9, for  reported by Bencsura et #lat 1000 K, as already noticed for
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TABLE 3: Rate Coefficients for the Set of Nine Reaction®

kio addition [n? kmol™tK~1] kio 5-scission [sY]
CBS-QB3 G3B3 MPW1 PW91 BB1K BMK CBS-QB3 G3B3 MPW1 PW91 BB1K BMK
300 K
1 26x10 14x1¢ 8.1x 10° 9.1x 17 51x 1% 51x10° 1.1x10° 23x 101 6.7x1012 95x 1012
2 24x 1% 2.0x 10 1.3x 17 1.7x 100 14x 100 6.3x108 9.7x10° 1.3x 10° 3.1x101° 36x 1010
3 14x 10 1.7x 1 8.1x 10t 1.6x 10t 9.1 3.0x10°% 3.0x 1077 2.0x 1077 45x 108 15x10°8
4 26x10°0 1.1x 1% 45x 10° 55x 1% 48x1¢% 7.3x10° 26x10° 36x101 83x101 14x101
5 1.1x1% 53 3.7x 10t 6.8 4.8 8.8x 109 1.7x10° 1.6x 1010 50x 101 26x 101
6 6.4 3.2x10r 30x10! 79x10?2 41x102 48x10° 79x101° 22x101° 44x101 17x10H
7 19x 10 9.5x 10 8.2x 10° 8.0x 1* 29x 1 1.9x 101 79x101 11x10% 6.0x101 24x 104
8 1.0x10 5.1x10 1.4x 10 16x 1% 79x 100 3.0x10° 67x101 35x101 43x1012 69x1012
9 16x10% 9.7 2.1x 10 2.8 1.2 3.0x 102 21x102 15x102 3.6x10°% 1.8x 102
1000 K

1 55x10 2.2x 10 7.8x 107 4.0x 107 3.3x 107 2.1x 10’ 1.4x 107 4.4x 1P 3.1x 10° 3.1x 10°
2 22x10F 1.1x1C° 1.9x 10° 1.1x10f 9.6x 10° 3.4x 10’ 2.0x 10’ 1.1x 107 7.3x 10° 9.0x 10°
3 29x10F 1.9x 1C° 1.3x 1C° 9.0x 1P 4.4 x 10P 1.2x 108 6.0 x 10’ 5.9x 107 4.2 x 107 2.5x 10’
4 40x 10" 15x 10 4.7 x 107 26x 100 3.2x10 3.2x10 2.6 x 107 7.1x 108 4.6x 10° 5.0x 10°
5 84x10°F 35x1C° 6.2x 10° 3.7x 108 3.4x 10° 3.9x 107 2.4 x 107 1.3x 107 1.0 x 10’ 2.8x 10’
6 19x10¢ 8.7x 10 8.4x 1P 53x10° 34x10° 18x 10 1.1x 10 8.1x 10 4.4x 10° 40x 10°
7 19x10® 5.9x 10 3.1x 10 1.8x 10 9.3x 107 2.6x 10 2.0x 10’ 2.9x 10° 29x 10° 2.9x 10°
8 43x10 1.7x 10 4.7 x 107 26x 100 21x10 22x 10 1.3x 107 1.2x 107 7.2x 1C° 7.2x 1P
9 44x10° 2.3x10 2.0x 107 1.0x 10 6.8x 10° 7.2x 10" 6.3 x 10* 2.5x 10 2.5x 10 5.2x 10

a Calculated in the HO approximation at the five studied levels of theory (300 and 1000 K).

TABLE 4: Mean Deviation Factor <p>, According to Expression 5, for the Rate Coefficients in the Harmonic Oscillator
Approximation of the Set of Nine Reactions

<p> addition <p> B-scission

T(K) CBS-QB3 G3B3 MPW1 PW91 BB1K BMK CBS-QB3 G3B3 MPW1 PW91 BB1K BMK

300 2.1 16.0 9.6 33.9 56.0 3.2 1.9 50.3 205.4 166.4

600 4.2 3.0 6.9 4.8 5.1 2.8 2.2 5.3 10.3 8.7

1000 5.2 3.3 6.1 4.3 4.3 3.9 29 35 3.9 3.2

mean 3.8 7.4 7.6 14.4 21.8 3.3 2.3 19.7 73.2 59.4
TABLE 5: Ratios kur/kuo between Rate Coefficients in the atures, except fg8-scissions at 300 K, for which no significant
Hindered Rotor and Harmonic Oscillator Approach influence is found. Overall, the HR approach improvesthe

kur/kuo addition knr/kio B-scission value by about 25% for both computational methods. These

300K 600K  1000K 300K 600K  1000K findings agree with results report(_ad by Bez-Balderas et a3 _
who compare the free rotor, hindered rotor, and harmonic

1 1.09 0.91 0.75 0.96 0.79 0.67 - .

> 313 291 548 1.44 106 0.82 oscillator approaches for a set of four methyl additions at
3 329 309 280 133 114 092 298K _ _ _

4 1.10 0.94 0.76 0.99 0.78 0.63 3.3.2. Tunneling. The corrections for tunneling calculated

5 1.14 1.04 0.91 1.05 0.91 0.77 using the Wigner, Skodje and Truhlar, and Eckart methods are
6 118 1.08 0.95 1.06 0.93 0.78 tabulated in Table S7 of the Supporting Information. The values
! 0.67 0.49 0.38 0.58 0.41 0.34 of the imaginary frequencies are mainly correlated with the
8 1.15 0.93 0.77 1.00 0.81 0.68 | ic barrier heiah d b 444 and 566

9 0.95 0.75 0.60 4.00 417 4.44 electronic barrier height and range between an cm

the HR CBS-QB3 method. The rate coefficient reported by
Benscura et al. is rather low as compared to the other 8 | cH +
expertimental values. In general, the G3B3 method tends to :
underestimate the experimentally observed rate coefficients,

==_T CH;

particularly at 300 K, as illustrated in Figures-80 that show 6 |
the Arrhenius plots for reactions 1, 3, and 7.
The G3B3 rate coefficients are lower than the CBS-QBS3 rate 5 5
coefficients due to the-68 kJ mof™ higher barriers at 0 K, as e |
discussed in section 3.1. The activation entropies, which differ A— T
for these two methods by, at most, 2.3 J mdk~! at 300 K, 3 | ——CBS-GB3HR N e
have only a secondary effect on the differences between the g )
CBS-QB3 and G3B3 rate coefficients. N [ e e
Figures 8-10 illustrate the overall improvement introduced 4 | © Badentoe
by the hindered rotation approach in reproducing the experi- =5 Hogo 1964
mental rate coefficients. At lower temperatures there is only a 0
minor influence, except for reactions 2 and 3 in which higher 0 1 2 3 4
energy conformers are present. To quantify the deviation 1000/T
between calculated and experimental values, [ffévalue is Figure 8. Arrhenius plot for the reaction G+ CoHs — CaHy: CBS-

calculated (see Table 6), confirming the better performance of QB3 and G3B3 rate coefficients in the HO and HR approach and
the hindered rotor for both methods and at all studied temper- comparison to experimental reference® (kmol s71).
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8 corrections improves the agreement with experiment for the
majority of the reactions. Overall, the mainp> value (see
7 Table 6) decreases by 20% from 5.3 to-445 upon inclusion
of tunneling corrections. The methods of Skodje and Truhlar
61 and Eckart provide a slightly better agreement to experimental
rate coefficients. Fop-scissions the results are similar: an
=1 increase in the<p> value from 2.8 to 3.6-3.1 for the CBS-
= QB3 method and a small decrease from 2.0 to 1.9 for G3B3.
= All three tunneling approximations give the same result for
3| p-scissions.
— A comparison of the<p> values for the CBS-QB3 and the
2| --.-c3B3HO G3B3 methods in Table 6 shows that for addition reactions the
----G3B3HR CBS-QB3 HR rate coefficients provide better agreement with
1 { L= Kemies experiment than the G3B3 HR rate coefficients using Skodje
and Truhlar (HR-ST) or Eckhart tunneling contributions
0 (HR-+E). In contrast, fof-scission reactions, the G3B3 HfST
0 1 2 3 4 and HRIE rate coefficients corrected for tunneling provide
1000/T better agreement with experiment than the CBS-QB3 HR rate
Figure 9. Arrhenius plot for the reactioiso-CsH7* + CoHs — CsHas™ coefficients.

CBS-QB3 and G3B3 rate coefficients in the HO and HR approach and

comparison to experimental reference? (mol 1 s 1), As suggested by IUPAC, a measure for the uncertainty on

rate coefficients obtained with theoretical methods can be

9 determined as twice the average deviation in a test®set.
\ O T~ Sy According to this procedure, an uncertainty factor on the
8 N " calculated rate coefficients can be obtained as twice<the
7 i value. For both the CBS-QB3 HR and the G3B3 HR
methods, the<p> values averaged over addition ghdcission
6 reactions and all temperatures amounts to 3, the uncertainty
factor on the calculated rate coefficients amounts to 6.
<3 3.4. HR Arrhenius Parameters.In this section, the effect
g 4 ©85.083 HO of hindered internal rotation on the activation energy is discussed
CES0BS I first, followed by a discussion of the effect on the pre-
3 T SRR exponential factor. Last, the influence of tunneling will be
oo =3 discussed. The Arrhenius parameters for the best performing
2 o " methods (i.e., CBS-QB3 HR and G3B3 HHE) are reported in
; A Table 7. The Arrhenius parameters for the HO, HR, andHER
approaches are available in Table S8 of the Supporting
0 Information.
0 1 2 3 4 For activation energies, the hindered rotor treatment for all
1000/T addition ang3-scission reactions results in a systematic decrease
Figure 10. Arrhenius plot for the reaction GH+ CH, — CgHs": as Compared to the HO approachl except fOfﬁl‘EEiSSiOﬂ of

CBS-QB3 and G3B3 rate coefficients in the HO and HR approach and

- . gt reaction 9 in which a free rotor in the reactant radical is present.
comparison to experimental reference?(fimol! s1).

This effect of the HR approach on Arrhenius parameters is in

for CBS-QB3 and between 465 and 577 dmesulting in rather accordance to the theoretical considerations presented in Figure
small tunneling corrections. At temperatures above 600 K, 1. The effect is most pronounced at higher temperaturesp; at
tunneling corrections for all three methods increase the CBS- 1000 K the average decrease in activation energy is 3.1 k¥mol
QB3 and G3B3 HR-rate coefficient by 9% at most. At 300 K, for additions and 2.6 kJ mot for -scissions. At 300 K, the
the tunneling corrections amount to a 40% increase, with the activation energies vary by less than 1 kJ mhdlecause at lower
tunneling coefficients for the G3B3 method slightly higher than temperatures the HO approach provides a reasonable ap-
for the CBS-QB3 method due to the somewhat higher electronic Proximation of a hindered rotor. The differences between HO
barriers (see section 3.1) and imaginary frequencies. Theand HR Arrhenius parameters are illustrated in Figure 11 for
tunneling correction methods of Skodje and Truhlar and Eckhart reaction 1 and the two highest and lowest extrema (i.e., reactions
yield tunneling coefficients that are higher than for the Wigner 2, 3, 7, and 9). For addition reactions, the activation energy
method; for the G3B3 rate coefficients the tunneling correction Varies linearly with temperature, and reaction 7 almost exhibits
amounts, on average, to 30% (Skodje and Truhlar and Eckart)the free rotor behavior of-RT/2. For §-scissions, Figure 11
as compared to 25% for the Wigner correction. illustrates that the variation in activation energy is less systematic
Because the CBS-QB3 HR-rate coefficients generally exceedand tends to be smaller in magnitude than for additions.
the experimental rate coefficient over the entire temperature The impact of the HR on the pre-exponential factor is less
range, inclusion of tunneling does not improve the agreement systematic than the effect on activation energies; at 1000 K the
with experiment, especially not in the lower temperature range. variations on the pre-exponential factdflog A) range between
The main <p> value for addition reactions (see Table 6) —0.62 and 0.33 for additions and betweef.60 and 0.68 for
increases from 3.1 to 3:23.3 upon inclusion of tunneling  S-scissions. These values correspond to a maximal change of a
corrections. In contrast, the G3B3 method generally underes-factor of ~4 on the pre-exponential facté: An increase oA
timates the experimental rates, particularly in the lower tem- is generally observed for reactions showing higher energy
perature range. Therefore, for G3B3, inclusion of tunneling conformers in the internal rotational potential, such as the
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Figure 11. Difference between HO and HR Arrhenius parameterd ¥sr reactions 13, 7, and 9 (left: additions; rightS-scissions).

TABLE 6: Mean Deviation Factor <p> According to Expression 5

<p> addition <p> p scission
T (K) kHO kHR kHR-%—W kHR+ST kHR-%—E kHO kHR kHR-%—W I(HR+ST kHR+E
CBS-QB3

300 2.1 2.1 2.4 2.5 2.5 3.2 3.3 4.0 4.1 4.1

600 4.2 3.2 34 34 3.4 2.8 25 2.6 2.6 2.6

1000 5.2 3.9 4.0 4.0 4.0 3.9 2.6 2.6 2.6 2.6

mean 3.8 3.1 3.2 3.3 3.3 3.3 2.8 3.0 31 31

G3B3

300 16.0 11.6 9.3 8.9 8.9 1.9 1.9 1.6 1.6 1.6

600 3.0 2.2 21 21 21 2.2 21 21 21 21

1000 3.3 2.3 2.3 2.3 2.3 2.9 1.9 1.9 1.9 1.9

mean 7.4 5.3 4.5 4.4 4.4 2.3 2.0 1.9 1.9 1.9
TABLE 7: Calculated Arrhenius Parameters for the CBS-QB3 HR and the G3B3 HR+E Methods?

CBS-QB3 HR G3B3 HRE
300 K 1000 K 300 K 1000 K
radical addition ~ f-scission radical addition  f-scission radical addition  f-scission radical addition  f3-scission
log A E log A E. log A E log A E. log A E. log A Ea log A E. logA Ea

1 8.785 305 13485 1251 9.871 43.1 13.848 1285 8.650 36.5 13.365 127.6 9.847 50.0 13.841
2 7737 27.8 13511 1180 8.890 41.0 13.704 119.8 7.669 33.0 13.405 1215 8941 472 13.711
3 7573 223 13.743 1099 8814 36.3 13.800 110.2 7.559 26.9 13.620 1144 8932 42.0 13.786
4 8587 294 13.614 1249 9.677 420 14.047 129.0 8460 359 13560 126.5 9.661 49.4 14.117
5 8.278 35.4 13.894 125.9 9.415 48.4 14197 128.6 8.139 414 13.759 128.6 9.416 55.6 14.197
6 7.89 40.2 13593 1256 9.054 53.4 13.815 1275 7.784 46.2 13.457 128.6 9.106 60.8 13.828
7 9.464 36.5 14.034 1435 10.277 46.1 14.859 1514 9.156 41.3 13.844 143.7 10.071 51.7 14.838
8 8850 33.1 13.860 1342 9.888 452 14.486 140.2 8.710 39.2 13.686 136.3 9.877 523 14421
9 9.026 39.3 14536 238.0 10.14 52.1 15.336 2455 8939 448 14.326 236.7 10.252 59.3 15.298

3300 and 1000 KE, is measured in units of kJ md| and logA is measured in units of frkmol~ s™* for additions and s for 3-scissions.

additions of ethyl and isopropyl radicals (reactions 2 and 3), and 9, which have a free rotor in, respectively, the transition
see Figure 11. At 300 K, the influence of HR becomes minor, state and the resulting reactant radical.
except for reactions 2 and 3, in which ldgincreases due to

the inclusion of higher energy conformers, and for reactions 7 is a small decrease of 2.1 kJ mot? on activation energies

The effect of tunneling on the G3B3 Arrhenius parameters
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and an average decrease of 0.15 of the pre-exponential factoAE, = electronic activation barrier (excluding ZPVE) (J m9l

at 300 K (See Table S9 in Supporting Information). At 1000 AE(0 K) = activation barrier 80 K (including ZPVE) (J mot?)

K, the average changes are reducee @4 and—0.01 kJ mot?, lred = reduced moment of inertia for internal rotation (kg)m

respectlv_ely. ) ke = high-pressure rate coefficient frkmol~s™* or s7%)
Arrhenius parameters for the set of reactions are reported in, ~ — number of optical isomers

Table 7 for the best performlng methods (i.e., CBS-QBS HR q= molecular partition function

and G3B3 HR-E). For additions, the G3B3 HRE activation _ . ) . . .

. . Y Vi = cosine Fourier expansion coefficient fd(p) (J mol?)

energies are systematically-3 kJ mot! higher than the CBS- Vi ine Fouri . ffient f 7 mol--

QB3 HR. Forj-scissions, the G3B3 HR values are, in general, "'~ sine Founier expansion coetlien bi(%) ( - mo )

2—4 kJ mol L higher. The G3B3 HRE pre-exponential factors V(@) = potential energy profile for internal rotation (J mé)

are similar to the CBS-QB3 HR pre-exponential factors at ZPVE=  zero point vibrational energy (J md)

1000K. At 300 K the G3B3 HRE pre-exponential factor (log ~ « = tunneling coefficient

A) are systematically lower, on average, by 0.13 kJthébr o= symmetry number

additions and 0.14 kJ mol for S-scissions, which is caused
by the inclusion of tunneling in the G3B3 HRE pre-

exponential factors and not by the G3B3 method itself. In the Acronyms
absence of tunneling contributions and also at 300 K, the G3B3

pre-exponential factors are very similar to the CBS-QB3 HR 1D-HR = ong;c?LTeigsailo::)a;:):Jncoupled hindered rotation treatment
values. HO = harmonic oscillator
4. Conclusions HR = hindered rotation treatment of rotation about forming/
breaking bond in transition state and product radical
For a set of nine reactions, ab initio rate coefficients were HR+E = HR-+Eckart tunneling correction

calculated with the compound methods CBS-QB3 and G3B3 jr4sT= HR+Skodje and Truhlar tunneling corrections
and three DFT functionals, MPW1PW91, BB1K, and BMK. HRAW =
Five different computational approaches of hindered rotation
and tunneling were compared: the harmonic oscillator approach,
the hindered rotor approach, and the hindered rotor approach
combined with three different tunneling corrections (i.e., the Supporting Information Available: Part one: Discussion
Wigner, the Skodje and Truhlar, and the Eckart methods).  of experimental values from the NIST chemical kinetics web
All three considered DFT methods are computationally much sjte. parameters used for the calculation of the hindered rotor
less demanding than the high-level compound methods, but theypartition functions, Table S1. Calculated reaction enthalpies and
provide rate coefficient predictions that do not allow an accurate gntropies at the five studied levels of theory using the HO and
description of the experimentally observed equilibrium for this R approaches (298 and 1000 K), Tables S2 and S3, respec-
set of reactions, particularly not at lower temperatures. The DFT yely. Ratios between calculated and experimental rate coef-
methods predict reaction enthalpies that are generally lower by ficients for the five studied levels of theory in the HO approach,
5-15 kJ mor than the CBS-QB3 and G3B3 values and tend Taple S4. Ratios between calculated and experimental rate
to underestimate the experimental reference values. coefficients for the CBS-QB3 and G3B3 methods for all
For the studied hydrocarbon radical addition ghscission approaches HO, HR, HRW, HR+ST, and HR-E (300, 600,
reactions, corrections for hindered internal rotation about the 5nq 1000 K), Tables S5 and S6, respectively. Electronic barriers,
forming/breaking bond in transition state and product radical jmaginary frequencies, and tunneling coefficients for the three
significantly improve the agreement with experimental values, studied tunneling methods, Table S7. Arrhenius parameters for
particularly at higher temperatures. The improvement is most he CBS-QB3 and G3B3 method for the HO, HR, and-HR
pronounced for addition reactions. approaches (300, 600, and 1000 K), Tables S8 and S9,

- CBS-QB3 tends to overestimate the reference rate coef-regpectively. Part two: Transition state geometries for the five
ficients, whereas the G3B3 method underestimates the latter.stydied levels of theory. This material is available free of charge

Therefore, the inclusion of tunneling only improves G3B3 rate yja the Internet at http://pubs.acs.org.

coefficients. The best agreement with experimental data for this
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