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Resonance stabilization of the transition state is one of the key factors in modeling the kinetics of
hydrogen abstraction reactions between hydrocarbons. A group additive model is developed
which allows the prediction of rate coefficients for bimolecular hydrogen abstraction reactions
over a broad range of hydrocarbons and hydrocarbon radicals between 300 and 1300 K. Group
additive values for 50 groups are determined from rate coefficients determined using the high level
CBS-QB3 ab initio method, corrected for tunneling and the hindered internal rotation around the
transitional bond. Resonance and hyperconjugative stabilization of the transition state is
accounted for by introducing 4 corrections based on the structure of the reactive moiety of the
transition state. The corrections, fitted to a set of 28 reactions, are temperature-independent and
reduce the mean absolute deviation on E, to 0.7 kJ mol~" and to 0.05 for log 4. Tunneling
contributions are accounted for by using a fourth order polynomial in the activation energy.
Final validation for 19 reactions yields a mean factor of deviation between group additive
prediction and ab initio calculation of 2.4 at 300 K and 1.8 at 1000 K. In comparison with

6 experimental rate coefficients (600-719 K), the mean factor of deviation is less than 3.

1. Introduction

Hydrogen abstraction reactions (Fig. 1) play an important
role in many free-radical processes such as polymerization,
combustion, pyrolysis and steam cracking of hydrocarbons.
Accurate kinetic modeling of these complex processes requires
a detailed reaction network that can contain hundreds of
elementary hydrogen abstraction reactions. For every elementary
reaction, kinetic parameters are required. Experimental
determination of rate coefficients for radical reactions is
complicated however, as most radicals are very unstable.
Moreover, in most experimental determinations the temperature
range is limited. Hence, there are only a limited number of
experimentally determined kinetic parameters for hydrogen
abstraction reactions available in literature. Despite the
increasing computational performance, ab initio methods are
still too demanding to determine the kinetic data for the
numerous reactions in the network, particularly for larger
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Fig. 1 Schematic representation of an H abstraction reaction.
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hydrocarbons. Therefore, methods have been developed that
require only a limited number of parameters to predict the
kinetics for large sets of radical reactions.! These methods
range from correlating the activation energy with the
reaction enthalpy, such as Evans-Polanyi correlations and its
variations,> * to highly sophisticated methods based on the
structure of the transition state.’

For hydrogen abstraction reactions, the Evans-Polanyi type
of correlations are generally based on a combination of
valence bond theory, bond dissociation enthalpies and reaction
enthalpies, such as the methods of Zavitsas," Ma and
Schobert,” and Su et al.® A disadvantage of these methods is
that they are limited to the prediction of activation energies
only and do not allow the prediction of pre-exponential
factors. More sophisticated methods can predict both Arrhenius
parameters. Most of these methods are related to Benson
group additivity.>!® Among these are:

1. the structural group contribution method of Willems and
Froment,'""'? in which contributions added to the Arrhenius
parameters of a reference reaction account for structural
differences between the latter and the considered reaction.

2. methods that calculate the thermochemistry of the tran-
sition state, such as the supergroup method described by
Sumathi ez al.'*"3

3. the Reaction Class Transition State Theory developed by
Truong et al.'®™®

4. the group additive (GA) method for activation energies as
described by Saeys ez al.'®*

Many of these methods have been developed for a limited
range of hydrogen abstraction reactions. The method of
Sumathi ef al. is currently limited to H and CHj; radicals while
the reaction class transition state theory considers only
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abstractions from alkanes by H, O, OH, CHO and CHj;
radicals and from alkenes by H and OH radicals. The group
additivity method as presented in previous work?>?' can be
considered as an extension of Benson’s group additivity
method®?*?* and allows prediction of the kinetic parameters
for hydrogen abstractions between a broad range of hydro-
carbons using a limited number of parameters. In this method,
the kinetic parameters for a given reaction are written as
perturbations to the kinetic parameters of the reaction methyl
+ methane, which is considered to be the reference reaction.
The perturbations terms, i.e. the group additive values, thus
relate to structural differences between the reaction under
study and the reference reaction. Saeys et al.>® reported 52
group additivity values for activation energies at 0 K.
However, group additive values to predict pre-exponential
factors are not yet available in literature.

The most recent work on the modeling of hydrogen
abstraction reactions uses ab initio calculations to determine
the kinetic parameters. Sumathi es al.'> applied the CBS-Q
complete basis set method of Ochterski ef al.,** Kungwan and
Truong'® based their work upon BH&HLYP calculations and
Saeys et al.?® and Carstensen and Dean? used the CBS-QB3
method of Montgomery e al.?® Numerous ab initio level of
theory studies have been performed for hydrogen abstractions
of all kinds.?”*! Particularly for the hydrocarbon reactions in
this work, the influence of the level of theory, tunneling and
ID hindered rotor treatment on the accuracy of hydrogen
abstraction rate coefficients has been evaluated in a previous
paper.’! Among the evaluated methods, CBS-QB3, G3B3,
MPWI1PWI1 and BMK with varying tunneling methods and
treatment of internal rotation, best agreement with experimental
data for a set of hydrogen abstractions was obtained using the
CBS-QB3 method with a 1D-HR treatment of the internal
rotation around the forming bond in the transition state and
with Eckart corrections for tunneling effects.>> For a test set
consisting of 21 hydrogen abstractions for which accurate
experimental data are available, the mean factor of deviation
between experimental and calculated rate coefficients in the
temperature range of 300-1000 K was found to be 6.

As reported by Saeys et al.,*® the presence of resonance
effects in the transition state of reactions between allylic and
propargylic hydrocarbons hampers the application of the
group additive method for this subclass of hydrogen abstraction
reactions. To the best of our knowledge, the influence of this
resonance effect on the kinetics of H-abstractions has not been
reported before, since most authors consider only methyl
or hydrogen radicals as abstracting radical.'*>'82% Only the
influence of resonance in the product radical on the reactivity
has been discussed.? Clearly, an evaluation of the effect of this
resonance stabilization on the kinetics is needed for an accurate
modeling of the kinetics of a broad range of H-abstractions
between hydrocarbons.

The aim of this work is to extend the work of Saeys et al.,”°
which only reports activation energies at 0 K, for both
activation energies and pre-exponential factors in the temperature
range 300-1300 K, including a systematic evaluation of
the effects of resonance stabilization in the transition
state. First, Arrhenius parameters are calculated with the
CBS-QB3 composite method and, in addition to the work of

Saeys et al.,”® corrected for the 1D hindered rotation around

the transition state bond and zero curvature tunneling according
to the Eckart scheme.?' Based on these high level ab initio
calculations, a database of 52 group additivity values is
constructed enabling the calculation of both the activation
energy and the pre-exponential factor for hydrogen
abstractions between a broad range of hydrocarbons (excluding
polyaromatics). In this work, only abstractions by carbon-
centered radicals are considered. Next, a more general
approach than the one presented by Saeys®® to account for
resonance stabilization in the transition state for hydrogen
transfers involving propargylic, allylic and alkylic hydro-
carbons is presented. Also, a model to account for the tunneling
contributions is proposed. Finally, the group additive model
with corrections is validated by comparing predicted rate
coefficients with ab initio calculated and experimental
values. The temperature range covered is 300-1300 K, which
encompasses most chemical applications except combustion.

2. Methodology

2.1 Computational method

Rate coefficients are calculated according to the methodology
described by Vandeputte er al.*' Following this procedure rate
coefficients are calculated using the transition state theory
(TST) in the high pressure limit:*

kgT  Mopei 9% AE(OK)

koo(T) = x(T) e wT (1)

h nopt,AQA nopt,BqB

In eqn (1) ¢ represents the molecular partition function per
unit volume, AE(0 K) the zero point corrected electronic reaction
barrier and k(7) the transmission coefficient accounting for
quantum mechanical effects. The term 7, in eqn (1) corrects
for the number of optically active isomers. The activation
barrier at 0 K is determined with the CBS-QB3 complete basis
set method of Montgomery et al.?® All ab initio calculations
have been performed using the Gaussian 03 computational
package.>* Partition functions ¢ are calculated using statistical
thermodynamics based on a B3LYP/6-311G(2d.d,p) frequency
calculation using a default scale factor of 0.99. The partition
functions are evaluated using the rigid rotor and harmonic
oscillator approximation assuming separability of translational,
rotational, rovibrational and electronic contributions. Symmetry
numbers are contained in the partition functions. In case of a
symmetric hydrogen abstraction, such as for instance the
reaction between methyl and methane, the transition state
possesses a twofold symmetry axis that is not present along the
reaction path. As pointed out by Pollak and Pechukas®® and
by Karas et al.,>® any symmetry element that is present in the
transition state but not along the reaction path has to be
removed from the transition state partition function to avoid
imposing this symmetry element on the entire reaction path.
Therefore, for symmetric reactions in which a twofold
symmetry axis is present in the transition state, the partition
function of the transition state is divided by 2 to remove the
contribution of the twofold symmetry axis.*® Zero curvature
tunneling coefficients «(7) were calculated using the Eckart
tunneling®? scheme as described by Vandeputte er al.®' since
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this method has already proven to be very successful for
hydrogen abstractions.’’3”3® In this procedure, the effective
mass is approximated by the reduced mass as illustrated by
Truhlar and Garrett.®

Within the harmonic oscillator approximation large-amplitude
motions, such as internal rotations, are not treated accurately.
The influence of most of the internal rotations upon the rate
coeflicient is limited, as the contributions of internal rotations
that exist in both the reactants and the transition state largely
cancel out in the rate equation (eqn (1)). For all reactions, the
internal rotation about the axis formed by the breaking and
forming C-H—C bond in the transition state was treated as a
1D-hindered rotation (HR) using the methodology described
by Van Speybroeck et al.*>* The potential energy profiles for
internal rotation were determined using a relaxed scan at the
B3LYP/6-31G(d) level to which a third-order Fourier series is
fitted (for exceptional sixfold symmetric rotors, a sixth order
series was taken). However, for internal rotational barriers
below 1 kJ mol™", the free rotor approximation was applied.
Also, internal rotors in reactants and products for which
the harmonic oscillator approach yielded an imaginary or
extremely low frequency (<10 cm™!) were treated as a
free rotor.

Arrhenius parameters were fitted to the obtained rate data
using linear least square regression on the Arrhenius model:

Eq
RT

Ink=InA4 — 2)
with k sampled at intervals of 50 K between 7' — 100 and
T + 100 K, with 7T the temperature of interest. The calculation
of the partition functions, the tunneling corrections, the rate
coefficient and the Arrhenius parameters were performed
using in-house developed programs. The transition state geo-
metries, calculation of number of single events and parameters
characterising the internal rotations are given in the ESI for all
reactions discussed in this paper.

In this study, the accuracy of the GA method is assessed by
comparing the group additively estimated rate coefficients with
ab initio calculated and experimental rate coefficients. As a
measure for the deviation between both values the factor p is
defined as:>'=3!'4

kg
p= ﬁ for kGA >kexp (3)
- kCX
for  for kexp>kga

The factor p is a value larger than 1 and gives a proper
indication for the mutual factor of difference between both
rate coefficients. It permits to calculate a mean factor of
deviation for a set of reactions, (p), which is not possible for
the ratio of both rate coefficients.

2.1 Group additivity method

In the group additive model, the rate coefficient is expressed as

k = knokga = kneA exp (f If;) 4)

with k as the tunneling coefficient, n, the number of single
events, A the single-event pre-exponential factor and E, the
activation energy. The modeling of the Arrhenius parameters

using the group additivity method has been described in detail
in previous work.?**! In this section, attention is focused on
the inclusion of resonance and hyperconjugative effects in
the transition state of hydrogen transfer reactions between
two allylic and/or propargylic hydrocarbons, and of hyper-
conjugative effects in the transition state of hydrogen transfer
reactions between two alkylic hydrocarbons.

In the group additivity model, a group is defined as a
polyvalent atom (coordination number > 2) together with
all of its ligands. Groups are characterized as
X-(A){B){(C)(D); with X as the central atom surrounded by
i A atoms, j B atoms, k C atoms and / D atoms. To describe the
hydrocarbons in this work, only hydrogen and carbon atoms
are required, however, but different types of carbon atoms are
distinguished: C4 and C; for a double, respectively triple bond
carbon atom, C* for a radical carbon and Cg for a carbon
atom in a benzene ring. As shown previously,?' the activation
energy and the pre-exponential factor of a given reaction can
be written as perturbations to the kinetic parameters of a
reference reaction. In general, the prediction of the influence of
resonance and hyperconjugative effects on a thermodynamic
property is problematic using group additivity. Therefore, a
formal correction, AEgmres, is introduced to account for their
influence on the stability of the transition state of a given
reaction. For the activation energy this yields:

2 2
Eo(T) = Earet(T) + Y AGAVY (C)) + Y AGAVR, (X))

i=1 i=1

2
+

E, res

AGAVY (Y;) + >  ANNIY + AEj,

i=1

()

In eqn (5), the AGAV® are related to the transition state
specific groups that belong to the reactive moiety, i.e. the
groups centered on the C, X and Y carbon atoms of Fig. 1 and
pertain to structural differences between the transition state of
the considered reaction and the transition state of the reference
reaction. The term AL}, . represents the additional stabilization
of the transition state of a given reaction that cannot be
included in the AGAV?®, i.e., the stabilization relative to the
transition state that is expected from the reactions that are
used to determine the group additive values.

Saeys et al. have previously shown that the contributions of
the group centered on the carbon atoms C; between which the
hydrogen atom is exchanged constitute the major contribution
to the activation energy.'® The substituents on the X and Y
groups have only a secondary effect and can be neglected for
most reactions. The non-nearest-neighbor interactions typically
only influence the kinetics for reactions with strong sterical
hindrance,'®?® and can be neglected for most reactions as well.
With these assumptions, the activation energy for hydrogen
abstractions can be written as:

Eo(T) = Eqrer(T) + i AGAVY (C)) + AE} (6)

E, res
i=1

The two corresponding groups are indicated as the
Ci (X )(X2)(X3) and the C," (Y )(Y2)(Y3) group (see Fig. 2).

1280 | Phys. Chem. Chem. Phys., 2010, 12, 1278-1298

This journal is © the Owner Societies 2010



e
NYA
|

Fig. 2 Schematic representation of a H abstraction transition state.
The full line indicates the central atoms of the primary contributions.
The dotted line indicates which groups will contribute to the reaction
kinetics if non-nearest-neighbor effects are neglected.

The subscript of the central carbon atom indicates the
direction of the reaction: C,*> is the radical carbon atom that
abstracts a hydrogen atom of a C,™> atom. In analogy with the
work of Saeys er al.,'” the H abstraction from methane by a
methyl is chosen as reference reaction. Since the AGAV°(C))
are determined as the difference between the activation energy
of the hydrogen abstraction by a given radical from methane
and the activation energy of the reference reaction, i.e.
the hydrogen abstraction by methyl from methane, the
AGAV°(C)) include the influence of resonance and hyper-
conjugation due to the group centered on C;. Similarly, the
AGAV®(C,) include the influence of resonance and hyper-
conjugation due to the group centered on C,. Therefore, the
term AEgR o accounts for the additional resonance and
hyperconjugative effects due to the simultaneous presence of
groups centered on C; and on C,. For instance, AGAV®
C,—~(Cq)(H), represents the difference in activation energy
between the abstraction of a hydrogen atom from methane
by methyl (R1) and by a primary allylic radical (R2).

CHS + CH, — CH, + CHY (R1)
“F + CH; — CHy® +F (R2)
CHy® + " — CHy+~” (R3)

NN N Ny (R4)

The AGAV® C»(Cg4)(H), represents the difference in activation
energy between the hydrogen abstraction by a methyl radical
from methane (R1) and from propene (R3). In the hydrogen
transfer reaction between two allylic moieties (R4), the term
AE} o thus accounts for the additional resonance in the
transition state due to the simultaneous presence of the
primary allyl group on both C; and C,.

For hydrogen transfers involving a primary allylic radical,
Saeys et al.?® proposed a resonance correction on the group
additive activation energy. The correction is function of the
difference in reaction enthalpy between the studied reaction,
A,H(298 K), and the reaction of methane with a primary
allylic radical, A, H(298 K, methane), that is the reaction from
which the AGAV® has been derived:

AE, = 0.179-|A,H(298 K) — A,H(298 K, methane)|  (7)

However this relation was only constructed for hydrogen
abstractions from or by a primary allylic group. To calculate
resonance stabilizations for reactions of other resonance-
stabilized radicals, such as propargylic or benzylic groups,
extra correlations should be involved. Also the additional
stabilization by hyperconjugation for the reaction between a
secondary allylic radical and 3-methylbut-1-ene (reaction 31,
Table 2) cannot be described without the introduction of an
additional correction for secondary allylic radicals. Therefore,
in this work a more general model to account for resonance
stabilization is proposed. Moreover, the new model should
also be able to account for the resonance effects on the
pre-exponential factor.

Resonance effects in the transition state can affect the
entropy of the transition state, e.g. by influencing barriers to
internal rotation, and have hence also an effect on pre-
exponential factors. Therefore, similar to the activation energy
(eqn (6)) a correction term A 10g A esonance 18 introduced in the
group additive expression for the pre-exponential factor:

2
log A(T) = log Awer(T) + Y AGAVY  1(Ci) + Alog Aresonance

i=1
(®)

in which A stands for the single-event pre-exponential factor,
i.e., excluding the number of single events, n,. The relation
between the single-event A and 4 is:

log A = log A + log n, Q)

n. in eqn (9) equals the reaction path degeneracy given by
(Pollak and Pechukas®® and Coulson®®):

N nopti 040B (10)

ne =
Nopt,4Mopt, B Gi

with ¢ the total symmetry number of the molecule. The total
symmetry number is the product of the external symmetry
number and the internal symmetry numbers. In the reaction
family of hydrogen abstractions symmetric reactions can
occur, as e.g. the reaction between a methyl radical and
methane. For such reactions, an additional twofold symmetry
axis is present in the transition state that is not present along
the reaction paths. To avoid imposing this twofold symmetry
on the entire reaction path,***® the contribution of the twofold
symmetry axis to the total symmetry number of the transition
has to be removed. This is equivalent to multiplying the
number of single events by 2 in case of a symmetric reaction
with a symmetric transition state.>

2.3 Tunneling correction

The tunneling corrections on the ab initio rate coefficients are
calculated using the Eckart tunneling potential, as mentioned
in section 2.1. The main purpose of the group additivity
method is to determine the rate coefficients for all the reactions
in the network from a set of available AGAV® for activation
energies and pre-exponential factors. However, the AGAV® as
such do not include quantum mechanical tunneling effects.
Accounting for tunneling contributions for a given reaction in
the reaction network would require knowledge of the energy
along the reaction path for this reaction, which, in practice, is
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Table 1 Tunneling coefficients «, pre-exponential factors [log(m?® mol~! s™1)], activation energies [kJmol ], rate coefficients [m* mol~' s~'] and
reaction enthalpies [kJ mol™'] for the training set of H-abstractions at 300 K (k = kA exp(—E,/RT), Arrhenius parameters exclude tunneling

contribution)
Forward Reverse

Reaction K logA E, k logd E, k AH°
1 CH;® + CH, =~—= CH; + CHy° 4907 6171 697 54 x107° 6171 697 54x107° 0.0
2 CHs® + S/ =—= CH; + /° 3487 6364 589 45x 1070 5305 744 78 x 1077 —155
3 CHy® + ™ =—= CH, + " 2269 5880 490 50x 1072 5020 76.1 13x 1077 =271
4 CH3® + Y =~ CH; + Y 1322 5627 396 7.1 x 107" 4917 740 14 x 1077 —34.4
5 CHs:* + ~ =—= CH, + .~ 1558 5766 429 31x107' 6569 1189 12x 107" —759
6 CH;® + N =—= CH; + >~ 3822 5749 354 3.1 x 10° 6.050 1245 20x 107" —89.1
7 CH;® + ﬁ/\ =~—= CH, + Y\ 5.34 5570 294 1.5 x 10! 5255 1250 1.6 x 107 956
8§ CHs® + C == CH, + 333 5764 260 58 x 10! 6.491 1562 6.6 x 10721 —130.2
9 CH;° + C == CH, + —C 2.44 5143 209 7.8 x 10! 5957 1582 62 x 107%* —137.3
10 CHy® + ¢ ~—= CH, + >~ 2034 5991 459 20x 107! 6.087 1043 1.7x 107" —584
11 CHs® + N === CHj + > 1163 5826 379 20 x10° 5.565 1089 4.6 x 107 —71.0
12 CHy® + \r\ ~—= CH, + \(\ 6.86 5501 303 12x100 5109 1107 47 x10°% —80.4
13 CHi;* + ( == CH, + « 5.07 5787 278 4.5 x 10! 6.066 133.6 33 x 1077 —105.8
14 CHs°® + C == CH,; + 3.39 5457 220 1.4 x 10° 5532 1378 12x 107" —115.8
15 CHs® + /7 ~—= CH,; + Ve 3093 6244 693 46 x 1070 5925 475 14x 107" 218
16 CHs® + ™ =<—>= CHy + X 28.63  5.668 60.0 47 x107* 5728 510 20x 1072 9.0
17 CHs® + Sy =—= CH; + SN 3644 5976 598 13x107° 5681 80.7 1.6 x 1077 =209
18 CH:® + S === CHy + "™ 2240 5533 490 23x 1072 5059 687 28x10° —19.7
19 CHs® + @ == CH,; + @ 16.46 5522 495 13x 1072 5947 1102 94x 107"  —60.7
20 CH3° + @5 =~—= CH, + é 9.05 5589 415 21x 107" 5871 1120 21x107"%  —704
21 CH3° + 6 ~—> CH4 + é 7.31 5177 361 56x 107" 4576 1094 24 x 107 —733
22 CHs® + © ~—= CH, + @ 1562 6430 759 26 x107° 5839 339 1.3 x 10! 42.0
23 CHy° + Q ~—= CH, + Q 19.14 5011 444 37x10> 5951 816 Ll1x107 —37.2
24 CHj3° + O ~—>= CH,; + O 2417 6319 490 15x 107" 5407 738 8.6 x 1077 —249
25 CHs° + <:>_ =~—= CH4 + O— 1450 5326 389 51x107' 4906 712 46x1077 323
26 CHj® + IO === CH,; + |O 7.64 6042 322 21x10" 5919 1237 19x 107" 915
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not available during the application of the group additive
method. Therefore, a method allowing to correct the group
additively calculated rate coefficients for quantum mechanical
tunneling effects that avoids explicit calculation of the tunneling
coeflicients for all the reactions present in the reaction network
is proposed.

The method developed to correct the GAV-calculated rate
coefficient for tunneling is based on the idea that reactions

belonging to the same reaction class have similarities in the
potential energy surface along the reaction path.*® This feature
is also applied in the reaction class transition state theory,
developed by Truong,*® to transfer high-level tunneling
calculations performed on the small reactions of the reaction
class to the tunneling contributions of the larger reactions.
The tunneling coefficient for a given reaction in the class is
determined by multiplying the temperature dependent tunneling

Table 2 Tunneling coefficients , pre-exponential factors [log(m® mol~! s7!)], activation energies [kJ mol~'], rate coefficients [m> mol~! s™!] and
reaction enthalpies [kJ mol~'] for the set of H-abstractions to evaluate resonance stabilization at 300 K (k = kA exp(—E,/RT), Arrhenius

parameters exclude tunneling contribution)

Forward Reverse

Reaction K log A E, k log 4 E, k AH°
27 NS N = N+ NS 1449 5682 817 41 x 1077 5682 817 41x1077 0.0
28 Nt S == N 4+ NS 1023 5547 7120 14 x 1070 5046 843 23 x 107° —13.1
29 N+ \(\ _— N + Y\ 56.1 5407 60.6 4.0x10™* 4200 803 1.1x107°% —19.7
30 NS F NN e SNy N 7840 4973 7140 28 x107° 4973 714 28 x107° 0.0
31 NN \(\ _— N Y\ 575  4.604 635 21 x107° 3988 700 3.6x1077 -6.6
2 Y + \(\ —_— \r\ + Y\ 446 3615 603 59x10°° 3615 603 59x10° 0.0
3B NS+ N = N+ N 945 6304 867 1.5x1077 5598 692 34x107° 17.6
3 NS O+ N = N+ NS 781 57560 751 37 x107° 0 4693 702 23 x107° 49
35 NS+ \(\ _—— N + ﬁ/\ 56.8 5.636 645 15x 107 4442 690 15x10° —45
36 N+ N = NS+ NS 21 5853 749 60x10°° 5853 749  6.0x10° 0.0
37 N+ ™S e N NS 653 5621 630 29x 107t 5264 757 80x 1077 —126
33 NS 4+ NS = SOSN +NS 553 0 4688 637 22x 1070 4688 637 22x 1070 0.0
KNS \r\ _—— NN+ \(\ 38.8 4551 521 12x107° 4420 615 20x107° —94
40 1 + \(\ —_— W/\ + \(\ 327 3897 503 44 x107* 3897 503 44x107* 0.0
a4 N7 + —_— 7 + 251 6.699 1045 8.1 x 107" 4837 440 37x 1077 604
2 NS N = N+ T 277 6197 906 73 x 1070 4535 418 51 x 1072 48.8
43 N+ \( _— N+ \r 238 5894 792 3.0x 1077 4381 377 16x 107" 416
4 NS N e SO YT 1940 5546 9700 87 x 107 4385 351 3.7x 107 619
45 Y\ + N - \r\ + ™7 120 4736 965 10x 107" 4191 280 25 68.5
46 \(\ + \r _—— \(\ + Y 1.1 4139 697 1.1x 1077 3821 23.6 5.7 46.1
47 N 4+ N e S+ YT 3720 4602 547 44 x 1070 4602 547 44 x 1074 00
48 7 + \( —_— Y + \( 261 3.898 408 1.7x 1072 3898 408 1.7x1072 0.0
49 7 + / - 7 + /7 200 5992 465 1.6x 107" 5992 465 1.6x 107" 0.0
50 /° + N — + N 43 5472 216 22x 10> 6594 1194 27 x 107" 978
e + \r\ _ 7 + \(\ 1.8 5176 106 3.9 x 10° 5104 1129 5.1 x 107" —102.3
2 /7 + / — 7 + 133 6151 365 8.1 5412 739  46x 1077 374
53 /7 + " = / + 7 68 5682 270 66x10° 5142 759 57 x 107 —48.9
54 Nt O SN™SN w NS+ ™S 89 6.407 1089 2.5x 107'% 5310 53.8 7.7x107* 551
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coefficient of the reference reaction with a relative, temperature
dependent, function. Kungwan and Truong successfully
applied this approach to predict rates for hydrogen abstrac-
tions from alkanes and alkenes by hydrogen and methyl
radicals,17:18:47.48

In this work a more pragmatic approach is followed to
obtain the tunneling contribution for a given hydrogen
abstraction reaction based on properties that are easily
accessible during the group additive prediction. In practice,
the main factors controlling tunneling in the zero-curvature
approximation, i.e., the net electronic tunneling barrier and
the imaginary frequency in the transition state, are not
accessible during the application of the group additive model
for rate prediction. However, the net electronic barrier, which
is the section of the reaction barrier through which tunneling is
possible, i.e., without endothermic contributions, corresponds
to the electronic barrier of the exothermic direction of the
reaction. The Arrhenius activation energy for the exothermic
reaction, which can be predicted using group additivity, thus
provides a good measure for the electronic tunneling barrier.
Within this approximation, the tunneling contribution to the
rate coefficient of a reaction in the family can be expressed as a
function of the temperature and the activation energy of the
exothermic direction of the reaction, x(7T,E,.,). Therefore, in
this work, a generalized correction for tunneling, k(7,E, .y,), 18
derived by fitting to the Eckart tunneling coefficients of the
reactions mentioned in Tables 1 and 2.

3. Results and discussion
3.1 Rate coefficients and Arrhenius parameters

The tunneling coefficients, Arrhenius parameters and rate
coefficients for the set of 26 hydrogen abstraction reactions
by methyl radicals, from which the group additive values are
determined, are given in Table 1 (300 K). The 28 reactions
from which the influence of resonance stabilization in the
transition state is evaluated are tabulated in Table 2. The
influence of resonance effects on the activation energy and
pre-exponential factors due to the simultaneous presence of
groups centered on C; and C, has been evaluated for hydrogen
abstractions between species with a varying degree of resonance
and hyperconjugative stabilization (see Table 2). The species
considered include vinyl radicals, which are stabilized by
neither resonance nor hyperconjugation effects, resonance-
stabilized primary allyl and propargyl radicals, methyl
substituted allyl and propargyl radicals, which are stabilized
by resonance as well as by hyperconjugation, and alkylic
radicals with various degrees of hyperconjugative stabilization.
Kinetic data at 600 and 1000 K are available in The ESI,
Tables S1 and S2, respectively.i The transition state geometries
are given in the ESI for all reactions. In contrast to Carstensen
and Dean,? all geometries agreed to the expected geometry.*’

Most of the hydrogen abstraction reactions involving
methyl radicals (Table 1) are exothermic since in most cases
the formed radicals are more stable than the methyl radical.
At 300 K, the rate coefficients range between 10722 and
10* m® mol™' s™'. The slowest reactions are abstractions
by the most resonance-stabilized radicals, such as diallylic

radicals (reverse reactions 8-9) and dipropargylic radicals
(reverse reactions 13-14), while the fastest reactions are
obviously the corresponding reverse reactions. The internal
rotations about the transitional C-H-C bond have a significant
contribution to the rates, particularly for abstractions by
methyl radicals; due to the small size of the methyl radical
all rotations have barriers below 1 kJ mol™" and are treated as
a free rotor. Accounting for the internal rotation decreases
rate coefficients up to a factor of 10 for the reactions with the
lowest HO-rovibrational frequencies in the transition state.
The low barriers are indicative of the small effect of steric
interactions for H-abstractions, and the rotational barriers
are, even for reactions with radicals larger than methyl
(Table 2), generally limited to a few kJ mol™", with exceptions
up to 12 kJ mol ™! for the reaction of a propargyl radical with
propyne (reaction 36).

The tunneling coefficients (Table 1-2) range between 1.8 and
150. The Arrhenius parameters reported in Table 1-2 have
been determined from rate coefficients without tunneling
contributions. For the abstractions by methyl (Table 1), the
pre-exponential factors span a rather narrow range with
log(4/m® mol™! s7!) varying between 5.0 and 6.5. The largest
values pertain to abstractions leading to less stable radicals,
such as vinylic and phenyl radicals (reactions 15 and 22) while
the lowest values are related to the formation of the resonance-
stabilized radicals, such as diallylic, dipropargylic and benzylic
radicals. The limited dependence of the pre-exponential
factors to substitution at the attacked site is in agreement with
the findings of Carstensen and Dean.?® For the abstractions by
other radicals, the values for log A show a broader variation
and range from 3.6 (reaction 32) to 6.7 (reaction 41).

The activation energies vary over a very broad range and
mainly depend on the relative stabilities of the reactant and
product radical. For the abstractions by methyl, an obvious
decrease in activation energy is observed for stronger resonance-
stabilization in the product radical in agreement with other
work,? with the activation energies ranging from 20 kJ mol !,
for the formation of the strongly stabilized radicals of
reactions 9 and 14, to 76 kJ mol~! for the formation of the
phenyl radical (reaction 22). For most of the hydrogen
abstractions from methane, the activation energies are, due
to the their endothermicity, larger and amount up to 158 kJ mol ™!
for the abstraction by the resonance stabilized 3-methylpenta-
1,4-dien-3-yl (reverse reaction 9). For the reactions in Table 2,
the activation energy varies between 10 and 120 kJ mol .

As illustrated in Fig. 3, an accurate prediction of the
activation energy for the reactions mentioned in Tables 1
and 2 using a simple Evans-Polanyi correlation can be
expected to be problematic.

3.2 Resonance interactions

In this section, the presence of resonance and hyperconjugative
interactions in the transition state is discussed. As mentioned
above, corrections are necessary to account for these effects
due to the simultaneous presence of groups centered on C; and
on C,, i.e. cross-resonance and cross-hyperconjugation. The
influence of resonance effects on the Arrhenius parameters due
to the simultaneous presence of groups centered on C; and C,
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Fig.3 Evans-Polanyi plot for the reactions from Tables 1 and 2, with
linear Evans-Polanyi correlation shown (E, = 0.4A.H + 64.8)
(298 K).

has been evaluated for hydrogen abstractions between species
with various types of resonance and hyperconjugative stabili-
zation. These involve resonance stabilization between allylic
and propargylic fragments, and hyperconjugative stabilization
between an allylic/propargylic fragment and a § C—H bond
(see Table 2 for the full set of reactions). Note that hyper-
conjugative effects involving B C—C bonds are not included in
the available set of reactions.

The presence of resonance stabilization can be clearly
illustrated by comparing the Mulliken spin densities for the
transition states of the allyl + methane (reaction 5 of Table 1)
and the allyl + propene (reaction 27 of Table 2) in Fig. 4.
Graphical representations of the HOMO of the transition
states for these reactions, and for the other reactions discussed
in this section, can be found in the ESI (Fig. S2).1 For reaction
5, the radical is delocalized over the methyl p orbital and
the p orbitals of the allyl system. From this reaction the

reaction 5

Fig. 4 Spin density plots illustrating the resonance stabilization of the
transition state for reactions of allylic radicals, with indication
of the most important Mulliken atomic spin densities. Top: Allyl +
methane (reaction 5), Bottom: Allyl + propene (reaction 27)
(B3LYP/6-311G(d,p), 0.006 isosurfaces).

reaction 2

Fig. 5 Spin density plots illustrating the hyperconjugative stabiliza-
tion of the transition state for reactions between allylic radicals and
alkanes, with indication of the most important Mulliken atomic spin
densities. Top: methyl + ethane (reaction 2), Bottom: allyl + ethane
(reaction 41) (B3LYP/6-311G(d,p), 0.006 isosurfaces).

contributions to account for an allylic fragment centered on
C, or C, are derived. Hence, these contributions (AGAV®)
account for the radical delocalization in the allyl fragment
centered either on C; or on C,. In reaction 27, the simultaneous
presence of allyl fragments on both the C; and C, atom
provides p orbitals available for electron delocalization that
extend beyond the local entity described by the allylic fragment,
as illustrated by the spin densities in Fig. 4. Therefore, the
stabilization of the transition state of reaction 27 resulting
from the electronic coupling between the two allyl fragments
on C; and C, cannot be accounted for by contributions taken
from reaction 5 since these cross conjugation effects are not
included. As illustrated in Fig. 5 and 6, similar cross conjugation
effects can be expected for other radicals stabilized by resonance
or hyperconjugation. Only additivity methods using entities
that encompass the two radical centers of the transition state,
as e.g. the supergroups introduced by Sumathi ez al.,'® are able
to include these cross effects without requiring additional
corrections. However, the use of supergroups would require
the introduction of a supergroup for every possible combina-
tion of allylic, propargylic or benzylic groups, leading to a
combinatorial increase in the number of supergroups needed.
Therefore, a correction method based on the various types of
electronic cross-interaction between the two substituents
seems to be more reasonable, as this significantly reduces the
number of required parameters.

The following combinations have been considered: (i)
no—mn—, (i) n--—n_, (i) n_—mn—, (iv) nocgc_uy and (v)
Opc—n—Opc—n cross interactions. The first type of cross
conjugation between two allylic fragments, m_-m_, is
exemplified by the allyl + propene reaction. The second
combination is the m_-m_ cross resonance conjugation
between an allylic and a propargylic fragment in the transition
state, which is a cross-resonance effect akin to the first type of
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reaction 3

reaction 47

Fig. 6 Spin density plots illustrating the hyperconjugative stabilization
of the transition state for reactions between an iso-propyl radical and
propane, with indication of the most important Mulliken atomic spin
densities. Top: iso-propyl + methane (reaction 3), bottom: iso-propyl
and propane (reaction 47) (B3LYP/6-311G(d,p), 0.006 isosurfaces).

n_—m— cross conjugation. The third combination, representing
the stabilizing interaction in transition states between
propargylic fragments, n_—mn—, shows a similar resonance
pattern. The fourth combination n-cgc_p describes the cross
stabilization due to resonance stabilization in one fragment
and hyperconjugative stabilization in the other fragment. The
smallest possible reaction with this type of cross-stabilization
is the reaction of an allyl radical with ethane. The Mulliken
spin density plots of Fig. 5 illustrate the cross-resonance-
hyperconjugative effect in the transition states of the reaction
of the methyl and allyl radical with ethane. The effect of
T-Cpc_p interaction appears to be small, but since the ethyl
radical has only a single hyperconjugation possibility in
contrast to multiply alkyl substituted radicals, the contribution
is expected to be significant for larger substituted radicals. The
distribution of the spin density in the transition state is
different from the spin densities in the training set reactions,
which are the reactions of an ethyl and allyl radical with
methane. This difference is mainly due to the difference in the
location of the transition state. For the reaction between the
methyl radical and ethane, the transition state is more reactant
like and the spin density is mainly located on C;, the methyl
carbon atom (see Fig. 5). In contrast, for the reaction between
the resonance stabilized allyl radical and ethane, the transition
state is more product like and the spin density is mainly
located on the C, carbon atom of ethane resulting in an
increased hyperconjugative overlap with the § C-H bond
(see Fig. 5). As illustrated in Fig. 6 for the reaction of
and iso-propyl radical with propane, cross-hyperconjugative
stabilization of the transition state also occurs for reactions
between substituted alkyl radicals. The spin density plot

clearly shows the redistribution of the spin density indicative
of cross-hyperconjugative stabilization. Other examples of this
type of stabilization are given in the ESI. The magnitude of the
effect of the opc_py—opc_p interaction can be expected to be
small, but might contribute significantly for reactions between
multiply substituted alkyl radicals.

Clearly, stabilizing cross-conjugation and cross-hyper-
conjugation interactions that act beyond the local groups are
present in the transition state. Accurate modeling of the
kinetics of these hydrogen abstraction reactions requires that
the interactions are explicitly accounted for. Therefore, a
model is proposed that takes a stabilizing correction into
account for every occurrence of a m_—m_, T_—T—, T_——T—,
n—6pc—n and opc_p—Opc_u interaction. This stabilization
correction is added to the group additive prediction of E,
and log A to obtain a proper prediction of the Arrhenius
parameters. As will be discussed later (see section 3.3.2 on
resonance corrections), the 1_—n_ and m_—n_ correction can
be grouped together in the n_—m_ = correction.

The number of corrections can be obtained by counting the
number of cross interactions between the groups centered on
C; and C,. The number of corrections required to account for
cross-n-conjugation of the type m_—n_ — (correction 1) can be
obtained by multiplying the number of allyl systems on one
fragment with the number of allyl/propargylic systems on the
other fragment. For instance, the reaction of an allyl radical
with propene or propyne requires 1 m_—m_ = correction while
the reaction of the penta-1,4-dien-3-yl radical with propene
requires 2 such corrections. Similarly, the number of
corrections required to account for cross conjugation between
two propargylic m-systems (correction 2, t——n_) is obtained as
the number of interactions between the propargylic structures
on C; and those on C,. For instance, the reaction between a
propargyl radical with propyne requires the use of 1 m——mn—
correction. The number of cross-n-hyperconjugative inter-
actions n-Ggc_y (correction 3) amounts to the number of
interactions between unsaturated bonds in one fragment and
alkyl substituents on the radical center of the other fragment
and can be obtained as

n(Tf—Gscfﬂ) = Npilsy + Nl
with 7n,; the number of m systems in resonance with the radical
on Cy, ngy the number of alkyl substituents on the C, radical
atom, efc. For instance, a single cross-n-hyperconjugative cor-
rection is required for the reaction between an allyl radical and
ethane, as well as for the reaction between a but-1-en-3-yl
radical and propene, while two n-Ggc_py corrections are needed
for the reaction of an allyl radical with propane forming
2-propyl, as well as for the reaction of a penta-1,4-dien-3-yl
radical with ethane. The number of corrections required for
cross-hyperconjugation  (correction 4, Opc_p—Opc_n) IS
obtained as the number of interactions between the alkyl
substituents on the first radical center with those on the second
radical center and can be obtained by multiplying the number
of alkyl substituents at C; with the number of alkyl substituents
at C,. For instance, a single cross-hyperconjugation correction
is required for the reaction of ethyl with ethane and for the
reaction between the but-1-en-3-yl radical and ethane, while
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four ogc_u—opc_n corrections are needed for the symmetric
reaction of 2-propyl with propane.

3.3 Group additive model

3.3.1 Group additive values. The group additive values
AGAV® required to describe the kinetics of hydrogen transfer
between a broad range of hydrocarbons, are derived from the
Arrhenius parameters of Table 1. Each AGAV® is determined
from a single reaction. The applied number of single events
can be retrieved in Table S3 of the ESI.

The group additive values at 300 and 1000 K are presented
in Table 3, and the temperature-dependent Arrhenius
parameters for the reference reaction are given in Table 4.
For the abstracting radical C,, the group additive values can
be directly related to the stability of the abstracting radical.
The AGAV® for activation energies increase with increasing
stability of the abstracting radical, with as largest influences
+88.5 kJ mol~! for the AGA Vg, of the diallylic C,—~(Cy)2(C)
group and —35.8 kJ mol~' for the AGA Vg, of the unstable
phenyl C, g-group. For pre-exponential factors the values

Table 4 Single-event Arrhenius parameters for the reference reaction
(CHS + CHy hydrogen abstraction) in the temperature range from
300 to 1300 K

T/K log A/m® mol™! 57! E,/kJ mol™!
300 5.267 69.7
400 5.453 70.9
500 5.662 72.6
600 5.863 74.7
700 6.050 77.0
800 6.219 79.5
900 6.371 81.9
1000 6.509 84.4
1100 6.633 86.9
1200 6.746 89.4
1300 6.849 91.9

range between —1.294 for the C;—(Cg)(C), group and
+0.320 for the C—(Cqy)>(H) group. There is no correlation
with the AGAV® for the activation energy. In general, the
AGAViye 4 decrease with increasing methyl substitution on the
abstracting radical. For the formed radical C,, the AGAVE,

Table 3 Standard group additivity values for the group additivity method at 300 K and 1000 K (HR without tunneling contributions,

m® mol~' s™! and kJ mol ™)
T1 T4 R4 R4
R2—C|31 4+ H CZ_R5_> R2—C1—H + CZ_R5
Rs 6 Rs Re
300K 1000K
C, contribution C, contribution C, contribution C, contribution
No.  Group AGAVigs  AGAVY  AGAViy  AGAVY — AGAVRgs  AGAVE — AGAV%, — AGAVY
Reference reaction:
CH;j + CH,4 5.267 69.7 5.267 69.7 6.509 84.4 6.509 84.4
1 Ci—~(C)(H), —0.866 +4.7 +0.017 —10.8 —0.790 +54 +0.071 —10.4
2 Ci—(C)»(H) —0.850 +6.5 +0.010 -20.6 —0.682 +8.0 +0.101 -20.0
3 C—C)3 —0.953 +4.3 +0.059 —30.1 —0.628 +7.3 +0.187 —-29.1
4 Ci—~(Cy)(H), +0.097 +49.2 —0.581 —26.8 +0.334 +51.3 —0.535 —26.5
5 Ci—~HCy)(O)(H) —0.121 +54.8 —0.121 —34.3 +0.144 +57.2 —0.025 -33.5
6 Ci—(Cy)(C), —-0.916 +55.3 —0.300 —40.3 —0.618 +58.1 —0.203 —-39.6
7 Ci—(Cq)>(H) +0.320 +86.5 —0.105 —43.7 +0.658 +89.5 +0.007 —42.9
8 Ci—(Cy)(C) —0.213 +88.5 —0.425 —48.8 +0.419 +94.8 —0.339 —48.2
9 Ci—~(Cy)(H), —0.083 +34.6 —0.055 —23.8 +0.059 +35.9 —0.010 —23.5
10 Ci—~(C)(C)(H) —0.606 +39.2 —0.044 -31.8 —0.389 +41.2 +0.046 -31.1
11 Ci—~(C)(C), —1.061 +41.0 —0.067 -394 —0.772 +43.7 +0.049 —38.6
12 Ci—(Cy»(H) —0.105 +63.9 —0.082 —41.9 +0.181 +66.5 —0.002 —41.3
13 Ci—(C)(0) —0.639 +68.1 —0.111 —47.7 —0.025 +74.3 —0.002 —46.9
14 Ciq—(H) +0.055 —22.2 +0.074 —-0.4 +0.288 —20.1 +0.132 +0.0
15 Ciq—(C) —0.141 —18.7 +0.100 -9.7 +0.158 —-15.9 +0.176 -9.2
16 Ci.a~(Cq) —0.188 +11.0 +0.106 -9.9 —0.010 +12.6 +0.186 -9.4
17 Cia—(Cy) —0.810 —-1.0 —0.035 —20.7 —0.702 +0.1 +0.030 —-20.3
18 Ci—(Cg)(H), +0.077 +40.5 —0.824 —-20.2 +0.309 +42.6 —0.520 —17.0
19 Ci—~(Cg)(C)(H) —0.300 +42.3 —0.582 -28.2 —0.044 +44.6 —0.499 -27.6
20 Ci—(Cg)(C), —1.294 +39.7 —0.693 —33.5 —0.976 +42.7 —0.581 —32.7
21 Cip —0.031 —35.8 +0.084 +6.2 +0.354 —32.2 +0.144 +6.5
22 Ci cyclo—s—(H) —0.220 +11.9 —0.858 —25.3 —0.040 +13.5 —0.787 —24.8
23 Ci cyclo—6—(H) —0.462 +4.2 —0.028 —20.7 —0.262 +6.0 +0.060 —20.1
24 Cicyelo—6—(C) —0.964 +1.6 —0.243 -30.8 —0.647 +4.5 —0.157 -30.2
25 Ci eycloaliytic—6—(Ca)(H) —0.252 +54.0 -0.129 —-37.5 +0.029 +56.5 —0.035 —36.8
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range between —48.8 kJ mol~! and 6.2 kJ mol™!, again for
resp. the C;—(Cy)»(C) and the C, - group. For pre-exponential
factors, the AGAV°s range between —0.858 and 0.106, for
resp. the C, cycio-s—(H) and the C; 4-(Cy) group. In general, the
group additive values AGAV® for activation energies of the
cyclic reactants are similar to their linear equivalent within
a few kJ mol™!, but for the pre-exponential factor large
differences are noticed, up to 0.87 for the difference between
the C; ¢ycio-5-(H) and the C,—(C),(H) group.

The AGAV®s at other temperatures are given in Table S4 of
the ESI. As illustrated in Fig. 7, the temperature dependence
of the AGAV°s is remarkably small: from 300 to 1000 K, the
AGAV®s for activation energies vary for 48 of the 50 AGAV®s
by less than 4 kJ mol™', and the AGAV°s for pre-exponential
factors log A by less than 0.4. For the AGAV°(C,), pertaining
to groups describing the formed radical, the dependence is
even smaller: for 24 of the 25 AGAV®s the changes remain
below 1 kJ mol™" on AGAV, and 0.1 on AGAVig,. The
larger deviations all pertain to reactions in which one of
the reactants has a free rotor that is obviously not present in

C, groups
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the reference reaction: the abstraction from toluene, in which
the free methyl rotor of toluene is lost in the transition state
(group C>,—~(Cp)(H),), and the abstractions by the 3-methyl-
penta-1,4-dien-3-yl and 3-methylpenta-1,4-diyn-3-yl radicals,
in which a free methyl rotor is lost in the transition state
(groups C;—Cy)»(C) and C;—C)»(C)). The limited temperature
dependence of the AGAV® allows their use over a broad
temperature range, in particular at higher temperatures,
without much loss of accuracy. The accuracy also benefits
by the compensation of the limited increase in AGAV® for log
A with increasing temperature with the increase in AGAV® for
E, with temperature.

3.3.2 Resonance corrections. In this section, the contribu-
tions to E, and log A4 arising from resonance and hyper-
conjugative effects in the transition state that cannot be
included in the AGAV® are discussed. As already mentioned,
these contributions account for the additional resonance and
hyperconjugative effects due to the simultaneous presence of
groups centered on C; and on C,. According to eqn (6) and

C, groups
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Fig. 7 Temperature dependence of the group additive values: difference of AGAV°s with AGAV°(300 K).
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(8), the observed effects of resonance stabilization on the
activation energy can be defined as

2
AE;)esonance =Eqo(T) - <Eﬁ,ref(T) + Z AGA Vg{, (Cl)> (11)
i=1

and on the pre-exponential factor as

A log /‘]resonance = 10g /‘] ( T)

2
- <10g /iref(T) + ZAGAV]?)g/](Ci)>
i=1
(12)

The effect of resonance stabilization for the reactions of
Table 2 is summarized in Table 5. Since the cross-resonance
stabilization pertains to the transition state only, the observed
resonance stabilization according to eqn (11) and (12) is
independent of the direction of the reaction. The applied
symmetry numbers in the group additive modeling can be
found in Table S3 of the ESI, and the observed resonance
stabilizations at 600 and 1000 K in Tables S5-S6.¥

The reactions in Table 5 are grouped according to the types of
cross-resonance and cross-hyperconjugation interactions proposed
in section 3.2. First the resonance stabilization of the activation
energy is discussed, followed by the pre-exponential factor.

The first type of resonance stabilization, i.e. the m_—m_
interaction, pertains to reactions between allylic structures, for
which the resonance stabilization AFEp.gonance amounts up to
—25 kJ mol ™! for the H abstraction between tertiary allylic
structures (reaction 32, Table 5). The n_—n_ stabilization is
closely followed by the. m——mn_ stabilization occurring in the H
transfer between allylic and propargylic radicals (reactions
33-35, Table 5). For these reactions, the resonance energy is
only 1 to 3 kJ mol™! smaller in magnitude than for the
equivalent reactions between two allylic radicals, suggesting
the use of a single correction to account for both types of
resonance stabilization in order to reduce the number of
parameters. For the third type of resonance stabilization, i.e.
the m——m- interaction, pertaining to hydrogen transfer
between two propargylic radicals, the resonance effects are
3 to 6 kJ mol™! smaller than for the the m_-m_ inter-
action. Note that within these three categories, there is a clear
trend of increasing stabilization with increasing number of
methyl substituents on the radical center due to the stabilizing
n-cpc_u hyperconjugative interaction between the allylic m
system and the methyl C—H bonds. Each additional methyl
substituent on the radical center increases the stabilization
energy by some —3 to —4 kJ mol~!. This n-Gpc—u hyper-
conjugative effect is further evident from the reactions between
resonance-stabilized and alkylic radicals (reactions 41-46,
Table 5). For these reactions, the resonance stabilization
amounts from —2 to —11 kJ mol~!, depending on the number
of methyl substituents on the radical center. The hyper-
conjugative Ggc_p—Opc—p interaction occurring in H transfer
between alkylic radicals (reactions 47-48, Table 5) is rather
small. Even for reactions between tertiary alkylic radicals,
for which the maximum number of cross-hyperconjugation

interactions is present in the transition state, the maximum
stabilization amounts to —3.1 kJ mol~!. Clearly, even for
the reaction between these textbook examples of sterically
hindered groups, a stabilizing interaction occurs, indicating
the electronic nature of the stabilization and the absence of
strong steric effects. The absence of steric effects is also
evidenced by the very low barrier of 1.8 kJ mol™! to internal
rotation about the C-H-C bond for this reaction. However,
the influences on the pre-exponential factor, which decrease up
to a factor of 3 due to cross-hyperconjugation and are
discussed further, are substantial enough to justify the inclusion
of a correction for this interaction. With the current set
of reactions only C-H hyperconjugation interactions were
studied. The influence of C-C hyperconjugation is not
considered, but based on bond dissociation enthalpies of
various primary radicals the influence can be expected to be
similar.>

To check the validity of the resonance model, also 6
reactions are included for which one of the reactants is not
stabilized by resonance nor hyperconjugation (reactions
49-54, Table 5). For these reactions, no cross-conjugation
effects in the transition state can be present. Indeed, no
stabilization is observed for the reactions with these vinylic
radicals; the formal value for AEponance ranges between —0.6
and 2.5 kJ mol~!, indicating that even a small destabilization
with respect to the reference reaction could be present. Note
that the resonance-stabilized buta-1,3-dien-2-yl radical (reverse
reaction 54, Table 5) adopts the butadiene structure prior to
reaction, and therefore reacts as a non-resonance-stabilized
vinylic radical (see Fig. S1 of the ESI).

The decreasing effect of cross-conjugation stabilization on
the pre-exponential factor due to motional restriction imposed
by the resonance, as discussed previously, is also shown by
Table 5. For the first category, log A decreases between
0.2 and 0.8 depending on the number of substituents on the
radical center. For the other categories, the influence is less
pronounced although for the more substituted radicals the
decrease can amount up to 0.5 on log 4. This also pertains to
the reactions in category 5, for which the hyperconjugative
effect on the activation energy is limited but for which A log 4
amounts up to 0.475, corresponding with an effect of a factor
3 on the pre-exponential factor.

The four corrections accounting for cross resonance/
hyperconjugative interactions (see section 3.2) are determined
by fitting to the values for AESonance and A 10g A esonance Of
Table 5 at 300, 600 and 1000 K (see Table 6). The applied
number of corrections for the reactions in Table 5 are given in
Table S7 of the ESI. The first type of cross-n-conjugation, the
junction of the m_—n_ and m_-n_ interactions denoted as
n_—m— = (correction 1), has the largest contribution to both
the activation energy, —9.8 kJ mol™', and the pre-exponential
factor, —0.180 on log A4 (300 K). The second type of cross-n-
conjugation between propargylic radicals (correction 2,
n_—n_) has a contribution of —6.2 kJ mol™! to the activation
energy, while its contribution to the pre-exponential factor is
rather small and amounts to —0.067 only. For cross-n-
hyperconjugative stabilization m—cgc_p (correction 3), the
correction on E, is —3.4 kJ mol~! per interaction, and
—0.061 on log A. The values for the cross-hyperconjugative
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Table 5 Resonance stabilization energies and effects of resonance on the pre-exponential factor, according to eqn (17) and (18), and remaining
deviations between group additive prediction and ab initio value after correcting the group additive predictions with the resonance corrections of
Table 6 (300 K)

Resonance effect Remaining deviations
Reaction AE(r)esonance/kJ m0171 4 log /iresonance Ea.predf a,AI/kJ m0171 log Apredflog AAI
L AN N
217 + N —= N + N -104 —0.181 +0.6 +0.001
287 T+ S = N+ NN 134 —0.298 +0.2 +0.057
29 NS + W/\ _—— N + Y\ ~18.0 ~0.259 +14 ~0.043
30 NN oSN e Sy SN 189 —0.353 +2.0 +0.002
3 NS + W/\ _—— A \(\ -20.7 —0.544 +0.1 +0.083
YN W/\ - - ﬁ/\ + Y\ 245 ~0.738 0.1 +0.118
2. Ao X
BN + N = N+ NS 83 —0.085 -15 —0.095
MNSS + NN w N 4+ SN 1119 —0.167 -1.3 —0.074
3557 + ﬁ/\ _—— NS 4+ j/\ ~15.0 ~0.263 ~16 ~0.039
AN
36 + N = N+ N 56 —0.055 —0.6 ~0.012
3TN+ ™ e N+ NS 05 —0.122 —0.1 —0.006
NN NN e w SN N 134 —0.231 +0.1 —0.007
39 NN+ W/\ _—— SN+ \(\ ~174 —0.344 +0.4 —0.004
40 O + ﬁ/\ - . \(\ + \(\ -20.9 —0.543 —0.1 +0.036
I AP
N7 + S — = N + /° -3.6 —0.063 +0.2 +0.002
NS + N = NS + T 76 —0.080 +0.8 —0.042
3 N7 + Y _—— N + Y 9.5 —0.131 0.7 —0.052
UNN + N e NN+ YT 68 —0.213 —0.6 —0.007
45 Y NG ﬁ/\ N 78 ~0.228 ~02 009
46 Y + —_— \(\ + Y ~10.9 ~0.427 ~11 ~0.050
5 R D
R N O S | X —0.126 —0.4 —0.070
48Y + —_— Y \r -3.1 ~0.475 +0.4 +0.034
6. No resonance stabilization
49 /° + / I 4 + /7 06 —0.006 +0.6 +0.006
50 /° + N e [/ + N 09 —0.048 -0.9 +0.048
51 7 + W/\ N + ﬁ/\ 25 ~0.079 25 +0.079
ye + _ /7 + /7 o 0.033 +0.1 -0.033
3/ + N~ - / + 7 ol 0.048 —0.1 -0.048
5457 4+ SN e N 4+ SN 01 0.033 +0.1 —0.033
MD 0.2 —0.009
MAD 0.7 0.042
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Table 6 Corrections for resonance stabilization of the transition state, with indication of the 97.5% confidence intervals (£, in kJ mol™")

300 K 600 K 1000 K Average
Correction Corresponding structure  E, log A E, log 4 E, log 4 E, log A
1 momo AN 98408 01804005 ~10.0  —0202  —10.1  -0212 99  —0.198
2 mme //\ ..... - /% 6.2+ 1.1 —0.067 £ 0.06 5.7 —0.003 5.5 0.008 -58  —0.021
3  mOpc_n /\ _____ e }Q -34+03 —0.061 £0.02 -33 -0.052 34 -0.053 -34  —0.056
4 Open-Spen 0{ _____ e }b —03+02 —0049+001 —03  —0050 —03  —0051 —03 —0.050

stabilization opc_p—0pc_p correction (correction 4) are very
small, —0.3 kJ mol~' on E, and —0.049 on log A per interaction;
both corrections are however significantly different from zero
(see Table 6). Since the number of type 4 interactions add up
easily, e.g., 6 corrections for the reaction between a tertiary
alkylic radical and a secondary group, the influence on the
Arrhenius parameters can be considerable. The corrections for
the activation energy are slightly temperature dependent: from
300 to 1000 K the largest change pertains to 0.7 kJ mol~" for
the n——m_ correction. This same correction also exhibits the
largest temperature dependence for the A 108 A esonance terms
and this correction is only at 300 K significantly different from
zero (determined for 97.5% confidence intervals). All other
corrections are significant in the range of 300-1000 K. The
limited temperature dependence allows, similar to AGAV®, the
use over a broad temperature range without losing much
accuracy.

As illustrated in Table 5, the proposed method accurately
describes the resonance stabilization. In combination with
the group additive model, the MAD between the predicted
and ab initio activation energies in Table 5 amounts to only
0.7 kJ mol™!, compared to 9.4 kJ mol™! without the
cross-resonance corrections. For pre-exponential factors, the
introduction of cross-resonance corrections reduces the MAD
between the GA prediction and ab initio log A reduces from
0.219 to 0.042 (see Table 5). The deviations for category
6 remain unchanged, since no resonance corrections pertain
to these reactions.

To illustrate the applicability of the proposed correction
method, the total resonance/hyperconjugative correction is
calculated for the abstraction of the allylic hydrogen atom
from 1-butyne by 3-methyl-1-butyn-3-yl (see Fig. 8) at
300 K. The number of cross resonance and hyperconjugative
interactions between the structures on C; and those on
C, can be determined as follows. A single T_—m_ correction
(type 2) is needed to account for the cross-m-conjugation
between the two propargylic structures. Next, three cross-
n-hyperconjugative interactions m-Ggc_p (type 3) can be
identified: two m—opc_p interactions between the propargyl
fragment on C; and the 2 methyl substituents on C,, and one
n-Gpc_p interaction interaction between propargyl fragment
on C, and the methyl substituent on C,;. Finally, 2
Gpc—n—Opc—n corrections account for the cross-hyper-
conjugation between the methyl substituent on C; and the

Fig.8 Resonance interactions in the transition state of the H-abstraction
from the propargylic H of 1-butyne by 3-me-1-butyn-3-yl. The plot
shows the m_—m_ correction (full line), the n-cgc_y corrections (dotted
line) and the opc_p—Opc_n corrections (dashed line).

2 methyl substituents an C,. This yields following value for the
resonance energy:

AE‘:"CSOH&HCﬁ =
=1(=6.2)+3(=3.4) + 2(~0.3) = —17.0 kJ mol "

I n—mn-+ 3 n~6gc—u + 2 Gpc—u—Opc-H

agreeing well with the observed stabilization energy of
—17.4 kI mol™" (reaction 39). In order to obtain the activation
energy, this resonance energy should be added to the group
additively predicted activation energy. The effect on the
pre-exponential factor is:

Alog Aresonance = | T=—n= + 3 m—0gc—n + 2 Opc—H—Opc—H
1(=0.067) + 3(—0.061) + 2(—0.049)

= —0.348

which is only 0.004 off the observed resonance effect on log A4
of —0.344.

3.4 Tunneling model

As discussed in section 2.3, the reported group additive values
do not include tunneling contributions. The contribution of
tunneling to the rate coefficients, which is mainly dependent on
the electronic barrier to tunneling and the imaginary frequency
in the transition state, cannot be predicted directly by group
additivity. Therefore, in this section, the tunneling is correlated
with the Arrhenius activation energy, which is a good measure
for the electronic tunneling barrier and can be predicted using
group additivity. The activation energy considered pertains to
the smallest value among the forward- and reverse activation
energy, i.e. the activation energy of the exothermic reaction
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Fig. 9 Tunneling coefficients as function of the ab initio activation
energy, for the reactions from Tables 1 and 2 (dots) and the fit from
eqn (10) (the reaction CHS + H, is excluded).

E, exo, as tunneling can only proceed through the net electronic
barrier that excludes contributions from reaction endothermicity.
Therefore, prior to the calculation of the tunneling correction
the activation energy for both the forward and the reverse
reaction needs to be calculated using the AGAV* and resonance
corrections presented above.

Fig. 9 presents the Eckart tunneling coefficients for the
reactions in Tables 1 and 2versus the ab initio activation energy
E, .., at 300 K. The actual Eckart tunneling coefficients for all
reactions are shown in Table S8 of the ESI (300-1000 K).
A fourth order polynomial with temperature-dependent
coefficients allowed to fit the data. The second and third order
terms were not significant. The following polynomial:

K(T) =1+ <$)3(Ea,exo)

+2.71 x 10 % exp (f

(13)
7 — 300

o) (B

could describe the 54 tunneling coefficients in the range
300-1000 K with a mean factor of deviation (p) of only
1.15. The only deviation larger than 2 is for the reaction
1,3-butadien-2-yl + propene at 300 and 400 K (reaction 54).

4. Application and validation of the model

In this section, the group additivity is validated by comparison of the
rate coefficients calculated by group additivity with those obtained
from ab initio calculations and with experimental rate coefficients.

We first demonstrate the application of the group additive
method by calculating two examples, starting with the rate
coefficient for the abstraction of the allylic hydrogen of
propene by the penta-1,4-dien-3-yl (1000 K).

e N = A+ N

The groups related to this reaction are the C;—(Cq),(H)
group for the abstracting radical and the C,—(Cy)(H), group
for the group from which the hydrogen is abstracted. The
resonance corrections involved in this reaction are 2 m_—m_ —
cross-m-conjugation corrections, since there are 2 allylic

fragments on C; and 1 allylic fragment on C,. The activation
energy can thus be obtained as:

E,(1000 K) = E, (1000 K) + AGA Vgﬂ [Ci — (Ca),(H)]
+ AGA Vg“ [CQ — (Cd)(H)z} +2n_ — =)=
= 84.4+89.5 — 26.5 + 2(—10.1) = 127.2 kJ mol "'

which differs only by 1.3 kJ mol™" from the ab initio calculated
value of 125.9 kJ mol™'. The pre-exponential factor can be
determined as

log A(1000 K/m® mol™! s71) = log A, (1000 K)
+ AGAVgilC1~(Ca)2o(H)] + AGAVipgilCa~(Ca)(H)]
+ 2n_—m_,— + logn, = 6.509 + 0.658 — 0.535

=/=

+ 2(=0.212) + log 12 = 7.287

which is again in perfect agreement with the ab initio
determined value for log(4/m> mol™' s7!) of 7.291. The
tunneling coefficient for this reaction is determined using
expression (13). The smallest activation energy for this
reaction is the activation energy of the exothermic reverse
reaction, which amounts to 72.6 kJ mol™! = 84.4 — 429 +
51.3 + 2(—10.1). The tunneling coefficient resulting from
expression (13) is, at 1000 K using a barrier of 72.6 kJ mol ™',
1.31. With this information the rate coefficient can be calculated:
-1
k(1000 K) = 1.31 x 107%7 exp (— w)
RT
=5.8m’mol!s7!
The ab initio rate coefficient is 6.7 m> mol™' s™!, which agrees
well with the group additively determined rate coefficient.
As a second example, the rate coefficient for the abstraction
by an ethyl radical from the propargylic hydrogen of 1-butyne
(300 K) is calculated:

_—+ SN

TS

The kinetics for this reaction are described using the
C,—(C)(H), group for the abstracting radical and the
Co—(C)(C)(H) group for the formed radical. In the transition
state, two types of cross-hyperconjugative corrections can be
distinguished. The first one pertains to n—cpc_n, describing
the interaction between the methyl substituent of the abstract-
ing radical and the triple bond adjacent to the abstracted
hydrogen. The second one pertains to cgc_p—0pc—_u for the
interaction between the two methyl substituent. Using these
contributions, the activation energy is obtained as:

E4(300 K) = E,r(300 K) + AGAVS. [Cy — (C)(H),]
+AGAVE [Cy — (CH(C)(H)] + 7 — opc-n
+ 0pc-H — Opc-H
=09.7+4.7
—31.8 4+ (—3.4) + (—0.3)

= 38.9 kJ mol™!
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which differs only by 0.1 kJ mol~! from the ab initio calculated
value of 38.8 kJ mol™!. The pre-exponential factor is
determined as

log A(300 K/m* mol™!' s™') = log A,er (300 K)
+ AGAV g lCi~(C)(H)2] + AGATV gl Co~(C)(C)(H)]
++ nopc—u + Spc—u—Opc—u + logn, = 5.267 — 0.866
— 0.044 — 0.061 — 0.049 + log 4 = 4.850

differing only 0.07 with the ab initio determined value for
log(4/m>® mol~' s71) of 4.923. With 38.9 kJ mol " as the smallest
activation energy among the forward and reverse activation
energy, the tunneling coefficient calculated using expression
(13) is, at 300 K, 13.3. This yields for the rate coefficient:

-1
k(300 K) = 13.3 x 10*5% exp (_ %)

=0.16 m> mol~! 7!

which is within 50% of the ab initio rate coefficient of
0.26 m* mol ™! s~!. The major part of the deviation can be traced
back to the tunneling coefficient, which amounts to 18.5 in the
Eckart approximation.

4.1 Ab initio validation

To validate the group additivity method, group additive
predictions are compared to ab initio obtained values for a
set of 19 reactions that have not been used previously to
determine group additive values or resonance corrections.
These reactions have been chosen to represent a variety of
reactants and resonance stabilization. Table 7 and 8§ illustrate
that for hydrogen transfer reactions that involve reactants
included in the reactions to determine the AGAV®s (see
Table 1), the deviations between the group additive predicted
and ab initio values are identical for the forward and reverse
reaction; for these reactions, the deviation pertains only to
differences between the group additively predicted and actual
transition state. This is no longer the case when one of the
reactants differs from those of Table 1, as for these reactions
not only the transition state but also the reactants differ.
Therefore in Tables 7 and 8, deviations for both forward
and reverse reactions are included. The calculation of the
number of single events and the applied number of resonance
corrections can be retrieved in Tables S9—S10 of the ESI.

First, pre-exponential factors, activation energies and
tunneling coefficients are compared at 300 and 1000 K, see
Table 7. The applied group additive values and resonance
corrections are 300 and 1000 K values resp., as reported in
Table 3 and Table 6. The actual ab initio and group additive
kinetic parameters are given in Tables S11-S12 of the ESI.
At 300 K, the pre-exponential factors are predicted with a
maximum deviation of a factor of 7. The largest discrepancy is
noticed for the hydrogen abstraction between a methyl radical
and 2,3-dimethylbut-2-ene (reaction 10), for which the
pre-exponential factor is overestimated by a factor of 7. This
is an exception however: 75% of the pre-exponential factors
are correctly reproduced within a factor of 2 with respect to
the ab initio obtained value.

For the activation energies, the predictions are within
6 kJ mol™! of the ab initio values; the largest deviation is
observed for the reaction of a neopentyl radical with methane
(reaction 9). For 75% of the reactions, activation energies are
predicted within 3 kJ mol~'. Tunneling coefficients are also
reproduced in an excellent way. At 1000 K, the deviations
between prediction and ab initio calculation are of the same
magnitude, only the tunneling is obviously better predicted
since the tunneling coefficients are much smaller.

The comparison of the predicted rate coefficients with
ab initio rate values is given in Table 8, again at 300 and
1000 K. The overall agreement can be considered as excellent.
At 300 K, the overall mean factor of deviation (p) amounts
to 2.4. Ratios range between 0.18 and 5.8. For 4 of the 19
reactions, the factors of deviation p are larger than 4.
Comparison with ab initio rate coefficients at 1000 K yields,
on the same set of reactions, an overall mean factor of
difference of 1.8. All but 2 rate coefficients are predicted within
a factor of 4, while for 11 of the 19 reaction the rate coefficients
are predicted within a factor of 2.

As thermodynamic consistency is of importance for many
applications, the reaction equilibria obtained from group
additive rate predictions are compared to the ab initio
calculated equilibrium using the ratio Kgia/Ka} in Table 8.
As mentioned above, for reactions involving reactants of
Table 1 that have been used to determine the AGAV°s, the
predicted equilibrium coefficients are identical to the ab initio
equilibrium coefficients. At 300 K, the deviations from the ab
initio equilibrium coefficients can amount up to a factor 10,
which reduces to a maximal factor of 4.5 at 1000 K. The
largest deviations are observed for the reaction with cis-2-
butene (reaction 3) and reactions with isobutyl radicals
(reactions 8 and 15). Accounting for secondary and tertiary
contributions, which are neglected in the truncated group
additivity method, might reduce the deviations to an accep-
table level for use in reaction networks. However, as inclusion
of these contributions is already difficult for thermochemistry
it can be expected that it will be even more difficult in the
modeling of kinetics.?! Therefore, it is recommended to
implement thermodynamic consistency explicitly by calculating
the reverse rate coefficient from the forward rate and the
thermodynamic equilibrium coefficient. The thermodynamic
equilibrium can be calculated using thermochemical group
additivity, which predicts equilibrium coefficients more reliably,
typically within a factor of 2.%!

4.2 Experimental validation

In Table 9, the group additive predictions are compared with
experimental values from literature. The experimental rate
coefficients are taken from the NIST Chemical Kinetics web
site® for all hydrogen abstractions between hydrocarbons for
which experimental data was available, excluding the data that
have already been used in the level of theory study reported
by Vandeputte et al3! Also, rate coefficients from the
compilations of Tsang for which Tsang indicated the rate
coefficients to be predictions were excluded.*® From the resulting
set of 17 hydrogen abstractions, 10 rate coeflicients are
determined by fitting to complex reaction mechanisms. As
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Table 7 Group additive validation: comparison of the group additive pre-exponential factor and activation with ab initio values, and comparison
of the predicted tunneling coefficient x with the Eckart value (f: forward, r: reverse)

300 K 1000 K

Reaction K/KA1 % Eqca—Eqar K/KA1 % E,ca—Eq a1
If  CHy + ~ —= CH, + ~~ 103 094  —09 099 095 —08
Ir 121 +21 110 +18
2f CH;* + ~ =——= CHsy + ~_- 1.14 389 408 0.99 390 +0.7
r L1 419 109 +18
3 CH® + \—/ - CH, + \_/ 1.37 169  +57 1.02 167  +58
3r 326 +1.6 3.04 413
af CH® + >~~~ ——= CHy + > 1.21 103 +0.6 1.07 105 +0.7
4r 140 1.1 132 —14
S5 CHy® + )\ . CH, + )\ 111 110 +05 1.01 111 +05
5 200 +57 114 +29
6f CH;* + ~_~ === CHy + i_~ 1.16 3.05  +0.2 0.97 305 +0.2
6r 100 +1.2 099  +12
7t CH;* + ~_~ == CHy + >~~~ 1.05 125  +0.8 1.04 126  +0.8
r 135 +1.8 133 +18
8  CHs;® + \( ~— CH; + )\ 113 369  +0.7 0.99 3.67 406
8r 114 +32 109 +3.0
of  CH® + >< ——= CHy + > 1.05 106  +16 1.01 091  +09
9r 182 +6.0 177 +59
10f  CHz® + >=< ~——= CHy + >=< 133 742 +48 108 741 +49
10r 083 27 0.69 3.5
1f  CH;® + \H\ ~—— CH; + \H\ 107 465  +23 096 451  +22
11r 415 +41 412 +40
S N e S+ 085 087 04 099 08  —03
12r 087  —0.5 089  —03
Bf 7 NN e + NS 072 085  +0.1 097 083  +0.1
13r 0.84  +0.1 083  +0.1
o |O - /S + [O 075 046  +02 090 046  +0.2
14r 046  +0.2 046  +0.2
156 a_” + \( .~ 4+ )\ 084 555  —06 099 584 —04
150 171 +1.9 173 +20
166 N oA =—= N+ o~ 08l 104 +16 100 099  +14
16r 104  +16 099  +14
17f Y + < - . \r + < 063 064 24 094 076 -20
17r o 0.64 24 076 2.1
18f Y + N — \( + e 063 086 38 1.12 109 32
18r 086  —3.7 109 -32
19f e+ o/ =~ 0.78 145  +3.6 0.95 136 +3.4
19r 129 +34 105 +28

mean (p) value/MAD 123 200  +20 1.04 195  +18

the rate coefficients for these reactions might be biased by an Table 9. The rate coefficients are compared at 600 K for the
incomplete reaction network, they are reported separately in reactions for which this temperature is in the experimental
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Table 8  Ab initio rate coefficients, ratios between the group additive prediction and ab initio rate coefficient and equilibrium coefficient (m* mol~' s~

300 K 1000 K
Reacti k kGax KSy k kGax Ky
eaction Al Kal K Al kal Kyl
If CH® + N —= C(CH, ~ 5.7E-06 1.45 2.6 4.1E+02 1.05 1.2
Ir 1.8E-01 0.57 1.5E+04 0.91
of CH® + ~ ——= CHy ~ 1.6E-03 3.40 5.5 22E+03 3.65 4.1
or 1.5E-06 0.62 1.2E+02 0.90
3f CH® + \—/ - CH, \_/ 2.8E+00 0.24 0.1 3.1E+04 0.86 0.3
3r 2.6E-14 2.47 2.1E+00 2.66
af CH;° + >~~~ =— CHy4 SN 6.5E-01 1.02 0.4 2.7E+04 0.99 0.6
4r 2.2E-14 2.87 3.5E+00 1.61
5f CH? + /l\ CH, )\ 6.4E-01 1.04 4.3 2.5E+04 1.06 1.3
5r 52E-13 0.24 1.4E+01 0.82
6f CH* + ~_~ = CH; NP 1.6E-03 3.41 4.6 2.7E+03 3.06 3.5
6r 1.3E-06 0.74 1.3E+02 0.88
7t CH;°* + ~_~ === CHy4 N 1.1E-01 1.01 1.4 1.5E+04 1.16 1.1
I 3.9E-07 0.72 9.3E+01 1.09
8f CHy® + \( -~ CH, )\ 2.5E-03 33 90 35E+03 348 45
8r 2.6E-06 0.37 1.4E+02 0.77
of CH;® + >< ——~ CH, > 1.8E-02 0.63 3.6 2.0E+04 0.83 0.9
9r 5.4E-06 0.18 1.3E+02 0.88
10f CH;® + >=< ~—— CHy >=< 9.0E-01 1.48 0.4 1.2E + 04 4.26 39
10r 1.8E-14 3.49 5.2E+00 1.08
11f CHs® + \H\ ~—= CHyu \H\ 1.3E-03 2.06 2.3 1.2E+03 3.52 1.4
11r 1.1E-06 0.90 4.4E+01 2.57
12f ya + S S/ ~ 1.5E-03 0.92 1.0 71E+02 0.92 1.0
12r 2.3E-05 0.92 3.0E+02 0.91
13f ° T RN 2.6E-01 0.60 1.0 3.8E+03 0.81 1.0
13r 3.6E-10 0.60 3.3E+01 0.81
14f ) + |O —_— [O 5.5E+00 0.34 1.0 2.2F +04 0.44 1.0
14r 2.7E-12 0.34 2.5E+01 0.44
15f N’ + \( NG~ )\ 1.4E-11 5.84 9.1 23E+01 6.07 45
151 3.9E-02 0.64 1.IE+03 1.36
16f Nt e —= NS PN 1.0E-02 0.47 1.0 53E+03 0.84 1.0
16r 3.1E-12 0.46 6.7E+00 0.84
17f Y + < N \( « 3.5E+02 1.14 1.0 2.4E + 04 0.92 1.0
17r 1.3E-09 1.13 4.5E+01 0.92
18f \( + o — \( PN 2.7E+02 2.58 1.0 1.8E+04 1.53 1.0
18r 1.5E-13 2.60 5.1E+00 1.51
19f IO N R W G R S 9.7E-06 0.29 1.0 22E+02 0.86 12
19r 8.2E+01 0.27 9.6E + 04 0.72
Overall (p) 2.4 1.8

temperature range. For experimental temperature ranges not
containing 600 K the rate coefficients were evaluated at the

center of the reported temperature range, using the 600 K
AGAV®. The experimental rate coefficients and sources can be
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Table 9 Experimental validation set. Source of the experimental data can be retrieved in Table S13 of the ESI

Reaction T/K ke,(p/m3 mol ! s7! Ref. keate/kexp o

Other
I Sow T — /s )\ 600 70x 10" 53 0.54 19
2 ya \r — + Y 600 1.3 % 10° 53 1.49 15
3 ya @ —_— S + @ 600 3.8 x 10 54 0.25 4.0
4 ~A @ _— N+ @ 719 1.4 % 10° 55 2.04 2.0
5 + . \( + 600 1.1 x 107! 53 2.12 2.1
6 Y + ) = \( + 600 1.0 x 1072 53 3.16 3.2

) 2.5

Rate coefficients derived from complex reaction mechanisms
7 S+ Q —_ + Q 700 1.6 x 10 56 0.26 3.9
8 S+ @ —_ + @ 400 1.7 x 10° 57 0.01 97.4
9 ~ + ) == ~ o+ 500 23 x 107" 58 0.76 1.3
10 N+ N ——= + A 522 3.1 x 10° 58 3.72 3.7
11 \/' + N = + 350 1.2 x 1072 59 0.60 1.7
12 ~ 4+ \=\ _— ~ + \:\ 490 2.8 x 10° 60 4.46 4.5
13 N > == o+ > 542 1.5 % 107! 61 7.07 7.1
14 N+ >=< _— N+ >:< 515 1.0 x 10! 62 4.06 4.1
15 TLARG N . RRR b &Y 817 1.1 x 10 63 0.04 26.7
16 i~ t S == o~ *+ 911 1.3 % 10° 64 171 1.7
17 e+ o/ —= o~ o+ /74 1.5 % 10° 65 0.01 1115

(p) 24.0

retrieved in Table S13 of the ESI. The calculation of the
number of single events for the reactions and the applied
groups and number of resonance corrections can be found in
Table S14 of the ESI.

For the first set of reactions in Table 9, the mean factor of
deviation (p) amounts to 2.5 while it amounts to 24 for the set
of rate coefficients derived by fitting. The latter deviation is
caused mainly by reaction 8 and 17, for which a p value of,
respectively 97 and 111 is observed. As the group additively
determined values for these reactions agree well with the
ab initio based values (see reactions 14 and 19 in Table 8),
this large deviations from the experimental value are not due
to limitations in the group additive method. Next to these
reactions, there are three more reactions for which the p value
exceeds a factor of 4. In view of the excellent performance of

the group additive method in comparison with ab initio
calculated rate coefficients, vide supra, and the good agreement
between CBS-QB3 and experimental rate coefficients of a
mean factor of deviation of 3.9 at 600 K,*' the experimental
rate coefficients of reactions 8, 13, 15 and 17 can be regarded
questionable with respect to influence of incomplete reaction
networks on the fitted rate coefficients. Similar reactions in the
set of Table 8 did not reveal problems related to the group
additive modeling or to modeling of tunneling contributions.
Therefore, ignoring the experimental rate coefficients derived
by fitting to complex mechanisms, it can be concluded that, at
600 K, the methodology presented in this work allows obtaining
rate coefficients for hydrogen abstraction reactions with a
mean factor of deviation (p) of 2.5 between group additive
predictions and experimental rate coefficients.
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5. Conclusions

This study presents a consistent group additive model to
predict the rate coefficients of hydrogen abstraction reactions
between hydrocarbons in the range 300-1300 K, based on
the model of Saeys e al.** The model is developed based on
high-accuracy ab initio kinetics, using the CBS-QB3 method
with corrections for internal rotation about the forming/
breaking bond in the transition state and Eckart tunneling
corrections, an approach which has previously shown its
accuracy in comparison with experimental rate coefficients
for these reactions.”’

Cross-resonance and cross-hyperconjugation stabilization
of the transition state is shown to have a significant influence
on the energy and internal flexibility of the transition state.
The derived group additive models account for a wide range of
possible reactants for hydrogen abstractions. As expected
from the construction of the method, the temperature
dependence of these AGAV® is very low, which allows the
use of a set AGAV® over a broad temperature range without
loss of accuracy. For reactions between hyperconjugative and
resonance-stabilized radicals, cross-conjugation and cross-
hyperconjugation effects in the transition state can be well
described using 4 corrections based on the topology of the
transition state. The tunneling coefficients, which are strongly
dependent on the barrier height, can be predicted using a
polynomial of fourth order in the group additive activation
energy of the exothermic direction of the reaction.

The resulting model performs very well in predicting 19 ab
initio calculated rate coefficients: the mean factor of deviation
(p) between the group additive prediction and the ab initio
calculated rate coefficients for 19 reactions amounts to 2.4 at
300 K and 1.8 at 1000 K. The predictions also compare well to
experimental rate coefficients, with a mean factor of deviation
of 2.5. Hence, the proposed model, which can describe a wide
variety of gas-phase hydrogen abstractions between hydro-
carbons in the range 300—-1300 K, can be considered to provide
reliable rate coefficient predictions.

Notation

A Pre-exponential factor m* mol ™! s~!

A Single-event pre-exponential factor
m® mol ' s™!

AE(0 K) Activation barrier at 0 K (including
ZPVE) J mol~!

AE} o cross-conjugation contribution to the

' activation energy J mol ™!
AGAV® Group Additive Value of kinetic

parameter, referred to the value of
the reference reaction m® mol™' ™'
or J mol™!
cross-conjugation contribution to the
pre-exponential factor
E, Activation energy J mol~!
activation energy of the exothermic
direction of the reaction J mol™!
ko high pressure rate coefficient
m’ mol™' s7 or 57!

A log A~resonzmce

k(T) tunneling coefficient —

n, Number of single events —

Topt Number of optical isomers —

P Pressure Pa

q Molecular partition function —

p factor of deviation —

T Temperature K

c Symmetry number (ext: external, int:
internal) —
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