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Carbon-Centered Radical Addition and

-Scission

Reactions: Modeling of Activation Energies and Pre-

exponential Factors

Maarten K. Sabbe,” Marie-Francoise Reyniers,*

Michel Waroquier,” and Guy B. Marin®

A consistent set of group additive values AGAV® for 46 groups is
derived, allowing the calculation of rate coefficients for hydrocar-
bon radical additions and B-scission reactions. A database of 51
rate coefficients based on CBS-QB3 calculations with corrections
for hindered internal rotation was used as training set. The re-
sults of this computational method agree well with experimental-
ly observed rate coefficients with a mean factor of deviation of 3,
as benchmarked on a set of nine reactions. The temperature de-
pendence on the resulting AGAV°s in the broad range of
300-1300K is limited to +4.5 kJmol~" on activation energies

1. Introduction

To optimize the performance of industrial processes, accurate
kinetic models based on elementary reactions are required.
Many of the world’s largest scale chemical processes, such as
steam cracking, polymerization and partial oxidation rely on
radical chemistry. The reactive nature of the radical intermedi-
ates results in huge reaction networks typically containing
hundreds of species and thousands of elementary reactions."
The construction of these reaction networks evolved from
manually constructed reduced networks to the automated
generation of extensive networks using advanced algorithms
for the selection of the relevant reactions.*'® Sensitivity analy-
ses are then valuable tools for tracking to which thermody-
namic and/or kinetic model parameters the simulated product
yields are most sensitive."”'® Most sensitivity studies, such as
the recent work of Zador et al.,"® point out that most of the
uncertainty on the product yields stems from inaccurate
knowledge of kinetic data.

Accurate kinetic data are required to obtain reliable process
simulations. Moreover, if rate-based network construction algo-
rithms are applied, accurate rate data are even more important
as inaccuracies can result in the construction of an incomplete
network that is not capable of grasping the underlying chemis-
try of the process. As it is not feasible to determine all the re-
quired kinetic data by experimental means, a variety of meth-
ods to determine reliable estimates of kinetic parameters has
been developed. These methods range from correlating the ac-
tivation energy to the reaction enthalpy, such as Evans-Polanyi
correlations and its variations,”®*? to highly sophisticated
methods based on the structure of the transition state. Several
of the latter methods are related to Benson group additivi-
ty. 22 Among these are: 1) the structural group contribution
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and to +0.4 on logA (A: pre-exponential factor) for 90% of the
groups. Validation of the AGAV°s was performed for a test set of
13 reactions. In the absence of severe steric hindrance and reso-
nance effects in the transition state, the rate coefficients predict-
ed by group additivity are within a factor of 3 of the CBS-QB3
ab initio rate coefficients for more than 90% of the reactions in
the test set. It can thus be expected that in most cases the GA
method performs even better than standard DFT calculations for
which a deviation factor of 10 is generally considered to be ac-
ceptable.

method of Willems and Froment,”®* in which contributions
added to the Arrhenius parameters of a reference reaction ac-
count for structural differences between the latter and the
considered reaction; 2) methods that calculate the thermo-
chemistry of the transition state, such as the method described
by Sumathi etal.,””* 3) the Reaction Class Transition State
Theory developed by Truong et al.?**" and 4) the group addi-
tive (GA) method for activation energies as described by Saeys
et al.®? Experimental determination of the parameters required
for these methods is only possible for a limited number of pa-
rameters due to scarcity of experimental data. The increasing
accuracy of first-principles methods and the spectacular in-
crease in computational power has made the ab initio calcula-
tion of kinetic and thermodynamic parameters feasible and the
more recently developed parameterization schemes are all
based on first-principles calculations to determine the model
parameters.

In the GA method for activation energies as presented by
Saeys et al. the transition state is the central entity,*? as is the
case in the method of Sumathi et al.,”?* but the results are
cast in a format similar to the structural contribution method
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of Willems and Froment in which structural differences be-
tween a reaction under study and a reference reaction are con-
sidered as perturbations to the reference reaction.”? This
offers the advantage that less parameters are required and
that most of the temperature dependence can be taken up in
the parameters related to the reference reactions. Until now,
only group additive values (AGAV®) for activation energies
have been presented by Saeys et al.®*?. These authors calculat-
ed activation energies for a set of radical addition and [3-scis-
sion reactions based on classical transition state theory using
CBS-QB3 and the harmonic oscillator (HO) approximation for
all internal modes in the reactants, products and transition
states.

In this work, the group additivity framework for activation
energies as presented by Saeys et al. is extended to pre-expo-
nential factors and a consistent set of group additive values
(AGAV°) for the activation energies and pre-exponential factors
of radical addition and f-scission reactions is presented. The
temperature range covered is 298-1300 K, encompassing tem-
peratures of practical interest for a broad range of applications
such as polymerization and steam cracking of hydrocarbons.
The CBS-QB3 method of Montgomery et al.*¥ is applied for de-
termination of the rate coefficients within the conventional
transition state theory. Transitional internal rotations that do
not cancel out, that is, rotation about the forming bond/break-
ing bond in the transition state, are treated as a one-dimen-
sional hindered internal rotor.**>” It has been shown that for
the types of reactions considered in this study the CBS-QB3
method with one-dimensional (1D) hindered rotor corrections
for the internal rotation about the forming/breaking bond pro-
vides good agreement with experimental rate coefficients in
the temperature range 300-1000 K, with a mean factor of devi-
ation of 3.%% Herein, we first present the computational
method and the group additivity scheme, followed by an over-
view of the results for the Arrhenius parameters and group ad-
ditivity values, AGAV°s. Finally, the group additive method is
validated.

2. Computational Procedures
2.1. Rate Coefficients

In classical transition state theory the rate coefficient for bimo-
lecular additions is expressed as [Eq. (1)]

o (T) = M - exp (7 AE(OK)) )

nopLAqAnopt.BqB RT

and for monomolecular f3 scission as [Eq. (2)]

 kgT Mo 194 AE(0K)
kao(T) - T nopt‘PqP exp| — RT (2)

with n,,, the number of optical isomers, g the partition func-
tions per unit volume, evaluated at 1 bar and temperature T,
and AE(0 K) the zero-point energy corrected electronic barrier.
Transition states are located using the bond length scaling al-
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gorithm of Saeys et al.*” The electronic barrier AE(0 K) is calcu-
lated using the CBS-QB3 method of Montgomery et al.?¥ Parti-
tion functions per unit volume g are calculated according to
the rigid rotator-harmonic oscillator approximation based on
the CBS-QB3 built-in frequency analysis, that is, at the
B3LYP/6-311G(d,p) level using a scale factor of 0.99. All first-
principles calculations have been performed using the Gaussi-
an 03 suite of programs.*” The internal rotation about the
forming/breaking bond in the transition state is treated as a
1D-hindered rotation (HR) using the approach of Van Spey-
broeck et al.®>**") The potential energy profiles for internal rota-
tion are determined using a relaxed scan at the
B3LYP/6-31G(d) level to which a Fourier series is fitted (n=3,
or 6 for six-fold symmetric internal rotors). The procedure to
calculate the hindered rotor partition function has been fully
automated using in-house programs. In previous work®¥ we
have shown the reliability of the CBS-QB3 method with 1D-hin-
dered rotor corrections for the internal rotation about the
forming/breaking bond for hydrocarbon radical addition and 3
scission. On a set of nine reactions, for which accurate experi-
mental rate coefficients are known, the mean factor of devia-
tion between calculated and experimental rate coefficients in
the temperature range 300-1000 K was found to be 3. The
imaginary frequency, the length of the forming bond in the
transition state and the main factors that characterize the hin-
dered internal rotation are summarized in Tables S1-S3 of the
Supporting Information, as well as the transition state geome-
tries for all reactions.

Activation energies and pre-exponential factors at a temper-
ature T were determined by a linear Arrhenius fit in the range
T+100 K with k values sampled at 50 K intervals. The 51 reac-
tions considered in this study have been grouped into three
classes of reactions: 1) addition of methyl to the unsubstituted
carbon atom of various alkenes and their reverse B-scission re-
actions (Table 1); 2)addition of methyl to the substituted
carbon atom of various alkenes and their reverse B-scission re-
actions (Table 2) and 3) addition of various types of radicals to
ethene and their reverse (3-scission reactions (Table 3). Rate co-
efficients, E, and logA have been determined at T=298 K and
are reported in Tables 1-3. Rate coefficients at 600 and 1000 K
are available in Tables S4-S6 of the Supporting information.

2.2. Group Additivity Method: Theoretical Background

The extension of the group additive method for activation en-
ergies developed by Saeys et al.*? to pre-exponential factors
enables accurate estimates of the rate coefficient for a wide
range of bimolecular carbon-centered radical additions and
the reverse B-scission reactions. The GA method for activation
energies® is based on the additivity of the enthalpy of forma-
tion as developed by Benson,??** which allows the calcula-
tion of the enthalpy of activation. In this work, an extension of
the group additive method to pre-exponential factors is intro-
duced, based on group additivity of the entropy. In the follow-
ing paragraphs the derivation of the method is summarized,
addressing especially the calculation of the pre-exponential
factor.
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Table 1. Calculated rate coefficients and fitted Arrhenius parameters for reactions evaluating the influence of the structure of the formed radical, and reac-
tion enthalpy. (HR approach, 298 K. log(Am® mol~'s™") for addition and log(A/s ") for f scission, E, and AH° in kJmol ™).
Addition P scission AH°
logA k logA E, k
1/0 CHy + —— — PN 8.782 30.5 2.6x10° 13.482 125.1 35x107° —97.1
11 CHy + T == 8.583 29.4 26x10° 13.611 124.9 52x107° —98.0
1/2 oHy + NNl /== e 8.521 29.2 24x10° 13.487 123.0 82x107° —96.3
1/3 CH; + \)\ — /\/k 8334 28.9 1.8x10° 13.398 123.1 6.5x107° —96.8
1/4 CH; + — /\r 8.578 27.6 54x10° 13.149 121.1 8.0x107° —96.0
1/5 N S N P e N 8.800 17.3 5.6x10° 14.155 160.2 1.2x107™ 1454
. X s
1/6 CHy + o — o 8.542 15.4 6.6x10° 13.778 157.7 1.3x107" —144.8
. 1 \
177 CHy + —= — 8.647 11.2 46x10° 14.674 197.8 9.5x107% —189.1
_ o
1/8 CH; + x@-—*/\/@ 8.018 24.6 48x10° 13.991 156.9 3.0x10™ —134.9
1/9 CH; +>—Q—@ 8.346 24.0 1.3x10* 14.017 155.0 6.8x107" —1336
1/10 CHy + W - M 8.608 16.6 47%x10° 13.867 153.4 9.4x10™" —139.4
N RN
/M CHy + \‘/\ - /\’/\ 8617 16.3 56x10° 13.645 155.2 27%x107 —1414
1/12 CH, + —o— == _F 8.846 33.1 1.1x10° 13.855 134.2 2.1x107" —103.8
. —C—
113 CH; + N —— /k/ 8.786 35.0 43%10? 14.615 2356 1.9x107%7 —203.3
/ .
1714 CH, + ZC% — I 8.901 313 25%10° 14.454 2293 1.8x10°% —200.6
115 CHy + = _ X 9.423 372 7.7%102 14.496 144.1 1.7x107" ~109.6
116 CH; + M — X 8.767 233 46x10* 14.371 173.1 1.0x107' —1525
117 CH; + % % — /W 10.061 22.1 1.5%x10° 13.853 165.6 63x107" —146.1
In general, the rate coefficient in the thermodynamic formu- ; ; Mot H‘Ti ;
. . . T t, 4 J I'c
lation of the transition state theory is expressed as [Eq. (3)]: A'S=A'S+RIn %a—i =A*S+RInn, (4)
. opt.j

CAH-TAs

RT 3)

k_kBT RT ~atn
T h\p exp

with A¥n the change in number of moles upon formation of
the transition state (i.e. 0 for unimolecular reactions, —1 for bi-
molecular reactions), AiH the enthalpy of activation and Ais
the activation entropy. The activation entropy can be written
as a sum of the symmetry-independent activation entropy AS
and a term containing all symmetry and optical contributions
[Eq. (4)I:
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with, n,,. the number of optical isomers, the index j running
over A and B for a bimolecular reaction, o the product of the
external symmetry number o, and the internal symmetry
numbers o,,; that is, the symmetry numbers for the internal
rotations present, and finally n, the number of single events
[Eq. (4):14

no— nopt.i ll_laj (5)
‘ Hnoth 01
J
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Table 2. Calculated rate coefficients and fitted Arrhenius parameters for reactions evaluating the influence of the structure of the attacked carbon atom,
and reaction enthalpy. (HR approach, 298 K; log(A/m*mol's™") for addition and log(A/s™") for B scission, E, and AH° in ki mol™").
Addition P scission AH°
logA E, k logA E, k
21 CH; e Y )\ 8.274 354 1.1x107 13.891 1259 6.5x107° —-93.0
2/2 CH; SR — \/k 8.123 339 1.4x10? 13.582 124.0 6.7x107° —92.6
. \ . o
2/3 CH, — : 7.933 39.6 9.3 13.560 126.0 3.0x10 —88.8
2/4 CH; >: — 4\ 7.890 40.2 6.8 13.590 125.6 3.6x107° —87.8
2/5 CH N — \/K 8.528 36.1 1.5%107 13.338 11.6 59%1077 ~780
2/6 CHj \/K — \/{\ 7.894 40.4 63 13.865 111.9 1.7%x107° —-73.9
2/7 CH; — = X 7.884 40.4 6.2 13.695 109.3 33x10°¢ -713
2/8 CHy @j\-——‘ ®—< 7.685 424 1.7 13.431 125.3 29x107° —85.4
2/9 CHy @—Q-——‘ ©7< 7.589 47.0 2.1%x107" 13.706 123.7 1.0x1078 —79.1
2/10 CHy M — Q\ 8.269 337 22x10? 13.325 114.6 1.7%x1077 —833
2/11 CH; \/K —— . 7.920 395 9.5 13.883 116.3 3.0x1077 —79.2
% A
2/12 CH; = — X 9.461 36.5 1.1x10° 14.027 143.4 7.2x10°" —~109.8
2/13 CHy —_—— = 9.001 438 2.1x10 14.355 139.6 72x107" —985
2/14 CH; W — \/K 8.707 42,9 1.5% 10 14.839 150.0 33x10°" —109.9
2/15 CHy % % - x/K 9.321 42.8 6.3x10' 13.951 140.2 23x107" —100.2
2/16 CH —C—= = /J,\ 9.022 39.2 1.3x10? 14.528 237.9 62x10°% —201.4
In this work, the determination of the external and internal i
symmetry number of the species has been fully automated K keT (RT\ 4" A*H - TAbs
and is based on the three-dimensional representation of the T h \p RT (6)

species from the ab initio calculations. To determine the inter-
nal symmetry numbers of the molecule, a planar geometry for
all radical atoms was assumed. Note that Pollak and Pechu-
kas*' and Coulson”® originally defined n, as the reaction path
degeneracy.

Substition of Equation (4) in the rate coefficient expression
[Eq. (3)] yields Equation (6)
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number of single events n, and the single-event rate coeffi-
cient k, k = n,k.
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Table 3. Calculated rate coefficients and fitted Arrhenius parameters for addition of various radicals to ethene and f3-scission reactions, and reaction en-
thalpy: influence of the structure of the attacking radical. (HR approach, 298 K; log(A/m*mol~'s™") for addition and log(A/s™") for B scission, E, and AH° in
kJmol ™).

Addition P scission AH°
logA E, k logA E, k

7.733 27.7 7.1x10? 13.509 118.0 6.6x10°® -92.7

/

N = /k/ 7.568 223 43x10° 13.742 109.9 29%10°° —90.0
3/3 /L v F = 4\/ 7.015 15.6 1.8x10° 13.827 99.7 22x107 —86.4

/\.

\
|
4

3/1

3/2

3/4 + == 8.567 55.3 7.1x1072 13.209 843 2.7x1072 —312
N /

3/5 e = /\r\ 7.698 53.5 1.9%1072 12.854 78.8 1.1%107" —275

= . / . / . 5 1

3/6 v = 6.764 492 13x10 13.458 70.1 14%10 —232

3/7 N — :>—\ 8.035 73.8 12x107° 12.881 56.9 8.1x102 14.8
. \ -

3/8 ~ v = X 7.364 716 73%10°6 12.994 505 1.6x10° 17.7

3/9 ©/ + i©/v 8.263 457 17 12.800 90.9 73x107* —474

3/10 ©/\ - -AQX/ 7.583 424 13 12,974 84.6 14%107? —445

3/m ©_<* Z = Q/}\/ 6.715 39.6 55x107" 13.553 79.5 41%107 —42.1

3/12 = +F = __ / 8.271 45.0 23 13.225 89.6 33x1073 —46.9

3/13 — + = :—( 7.504 423 12 13.224 83.2 43%1072 —43.1

314 = +F = ‘ i 6.812 38.8 9.7x107" 13.374 76.5 9.0x107" —40.0
=

3/15 — + == 8.464 13.5 1.2x10° 13.547 150.1 1.7x107" —139.0

3/16 TN\ v = 8.139 123 9.2x10° 13.682 141.2 85%x107"2 —131.2

/\/
317 @ v F = ©/\ 8583 3.0 1.1x10° 13.893 164.0 221078 ~163.2

[a] The addition of an ethynyl radical to ethene, a non-activated reaction according to Nizamov and Leone™" and Stahl et al.*?, is not included as the cal-
culation of rate coefficients for barrierless reactions using the conventional TST approach can yield unreliable values

From this expression the Arrhenius activation energy can be A te
derived as [Eq. (7)l: k=n KT (AT ™ op (A2 1- At
q. ) =Ne - ) exp| - exp( - n)><
E,(T) = RT? (%_In k=AM + (1 — Aln)RT (7) i (8)
A'H + (1 — A*n)RT
exp| —

RT
Expressing the exponential term in Equation (6) in terms of

the activation energy of Equation (7) yields Equation (8)
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in which the single-event pre-exponential factor A can be iden-
tified.

All reaction-specific information in E, and A is included in
the activation enthalpy A*H and the activation entropy Aig, as
A*n can be assumed to be constant for a given reaction family
and the other terms are only a function of temperature and
pressure. Both quantities can in good approximation be mod-
eled by group additivity for stable species.”**" Sumathi et al.
and Saeys et al. showed that this also holds for the enthalpy of
the transition state,”’*? which allows the prediction of activa-
tion energies. In the group additivity method the standard en-
thalpy of formation AH°;(TS) and entropy §$(TS) of the transi-
tion state at 1 bar and temperature T are written as a sum of
group additive values GAV and non-nearest neighbor interac-
tions (NNI), with the Benson groups centered on all carbon
atoms C; present [Egs. (9) and (10)]:

Z GAV,(C™) + z NN, (9)

Z GAV;(C™®) + Z NNI;,

AHA(TS)

So(TS) (10)

The properties of interest are however the enthalpy and en-
tropy of activation and these properties can be expressed as
the difference between the enthalpy and entropy of the TS
and the reactants. Taking into account Equation (7), this can be

Figure 1. Transition state of a radical addition/B-scission reaction depicting
the carbon numbering for the group additive method.®?

written, using the notation of Figure 1 for the carbon atoms,
as [Egs. (11) and (12)1:

3
T) = AGAV(
i=1

+ i: AGAV (

i=1

2 2
G)+ > AGAV, (X) + Y AGAV, (V)
i=1 i=1

(11)
Z)+ > ANNI,; + (1 — A'n)RT

2
A'S: X)+ 3 AGAV,(Y)

i=1

3
=) AGAV(
i=1

3
+> AGAV,
i=1

2
G)+ ) AGAV,(
= (12)
(Z)+>_ ANNIs,
in which [Eq. (13)]
AGAV = GAV(TS) —

GAV(reactants)

(13)
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The GAVs of groups that do not belong to the reactive
moiety have an identical value in the reactants and the transi-
tion state and, hence, cancel out. Only GAVs of transition state
specific groups (Figure 1) remain in Equations (11) and (12).
The atoms C; are directly involved in the addition reaction; C,
refers to the formed radical, C, to the attacked carbon atom
and G; to the attacking radical. The atoms X;, Y; and Z; are adja-
cent to these atoms. The groups in the transition state that are
not centered on the atoms C, X, Y; and Z do not belong to
the reactive moiety and do not contribute to the entropy and
enthalpy of activation. The non-nearest neighbor interactions
are accounted for by the ANNI; term.

Equations (11) and (12) can be cast in a more practical
format by introducing a reference or a standard reaction. The
activation energy of a given reaction can then be expressed as
[Eq. (14)]:

3 2
)+ > AGAVE (G)+ > AGAVE (X))

i=1 i=1

Ea(T) = a.ref(T

(14)
2 3
+3 T AGAVE (V) + D AGAVE (Z) + Y ANNI?
=1 =1 i
with [Eq. (15)]
AGAVZ = AGAV;, — AGAV;, (15)

Analogously, the single-event pre-exponential factor for a
given reaction can be expressed as [Eq. (16)]

Alge - (Aii‘;)
R

log A(T) = log A(T) e + “loge (16)

Expressing the single event entropy of activation A*S in
terms of the AGAV from Equation (12) yields [Eq. (17)]:

IogA( )=

ZAGA o aalY,

with [Eq. (18)]

log A( A

Z AGAV 4(X
Z ANNF?

f9f + Z AGAV; IogA

ZAGA e a2

(17)

AGAV? (18)

log&X

|
AGAVe , —29€ (

log&k — R - AGAVIog?’(.ref)

By separating the leading term of the activation energy,
E,.f(T), and of the pre-expontential factor, logA(T),er, from the
perturbations, it can be expected that the ab initio determina-
tion of the AGAV® values is more accurate as these methods
are generally more suited to yield more accurate relative than
absolute values. Moreover, most of the temperature depend-
ence of the kinetic parameters is accounted for through E, (T)
and logA(T) of the reference reaction and hence the AGAV®
values are much less temperature-dependent than the AGAV
values in Equations (11) and (12).
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For activation energies, Saeys et al.*? showed that the pri-
mary contribution to the activation energy is formed by the
AGAV°(C) related to groups with as central atom the carbon
atoms involved in the addition reaction (see Figure 1). The sec-
ondary contributions to the activation energy, represented by
the AGAV°s of the groups further away from the reaction
centre (X, Y; and Z), and the tertiary contributions, originating
from non-nearest neighbor interactions (NNI), were found to
be negligible. To a good approximation, the summation in
Equation (14) can thus be truncated after the primary contribu-
tions [Eq. (19)1:

Ea(T) = a,ref(T) + iAGAVEH(Ci)

i=1

(19)

The AGAV® in Equation (19) thus pertain to structural differ-
ences involving the attacking radical, AGAV°(C;), the attacked
carbon atom, AGAV°(C,), and the formed radical, AGAV°(C,), as
depicted in Figure 1.

For the single-event pre-exponential factor, it can be expect-
ed that the same approximation will hold even better than for
activation energies as steric effects and resonance stabilization,
which possibly disturb activation energy calculations, only
have a minor influence on entropy. The single-event logA too
can thus be expressed as [Eq. (20)]:

log A(T) = log A¢(T) + 23: AGAV°(C)

i=1

(20)

The practical implementation of the calculation of pre-expo-
nential factors involves also the number of single events n,,
yielding [Eq. (21)]:

3
log A(T) = log A¢(T) + Z AGAV°(C)) + log n,

i=1

(21)

Note that in this expression, the single-event pre-exponen-
tial factor A, which is evaluated without symmetry contribu-
tions, of the reference reaction is used.

2.3. Group Additivity Method: Practical Implementation

Equations (19) and (21) can be directly used for the prediction
of activation energies and pre-exponential factors. The nota-
tion of the AGAV®s is analogous to the Benson notation, that
is, X-(A)(B);(C)(D), with X the central atom surrounded by i li-
gands A, j ligands B and so forth. Different types of carbon
atoms are distinguished: C stands for a single-bound, C, for a
double-bound, and C, for a triple-bound carbon atom, C, for a
carbon atom in a benzene ring and C° stands for a carbon rad-
ical. For example, C°5-(C)(H), represents the addition of a pri-
mary radical such as a prop-1-yl radical to an unspecified
alkene. As reference reaction, the smallest hydrocarbon radical
addition to an alkene is chosen, that is, the addition of a
methyl radical to ethene (see Figure 2). For [} scission, the ref-
erence reaction is obviously the reverse reaction, that is, the 3
scission of a 1-propyl radical into a methyl radical and ethene.
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H H H H H

/ / A
H—C; + C;=C4 === H—C;—C,=C;
\ \
H H H H H H

Figure 2. Reference reaction for radical addition/f scission.

All AGAV°s express a structural difference with this reaction,
hence the AGAV°s C;-(H),, C,-(H), and C;-(H), that relate to the
reference reaction are zero. The nature of the C,, C, and G
carbon atom is accounted for as well: the C,-(H) group de-
scribes the addition to a triple bond such as ethyne. The addi-
tion to the unsubstituted end of propyne is represented by
the C,-(C) and C,~(H) group. As a C,-(X) group always co-
occurs with a C,~(Y) group, the C,-(X) and C,-(Y) groups are
linearly dependent, which is resolved by setting the C;-(H)
AGAV° zero. Additions to allene (CH,=C=CH,) and derivatives
are described as follows: addition to a terminal allenic carbon
atom is accounted for by C; .. While addition to the central
carbon atom is represented by C, eqe. The formation of a sec-
ondary or tertiary radical after addition to the central allenic
carbon atom is described by C; ene-(O)(H) and C; enei-(C)a
with the subscript ‘allenell’ indicating that the group on the G,
carbon atom is C, jene-

Most AGAV°s can be calculated from a single, well-chosen
reaction in which only one AGAV® occurs. This provides a
straightforward determination of most AGAV°s by taking the
difference in E, and logA between the chosen reaction and the
reference reaction. For the forward addition, the difference
with the reference addition is made; whilst for the reverse
[ scission, the difference with the reverse reference B-scission
reaction is taken. The only AGAV°s that are determined by
averaging out the differences of several reactions pertain to
the C;-(C)(H) and the C,-(C)(H) AGAV“s. Some AGAV°s occur si-
multaneously and can only be estimated from reactions in
which multiple AGAV°s are present, such as the AGAV°s
C1,a|lenell_(c)(H)l C1,a||enell_(c)21 C1,t_(cd) and C1,t_(ct)‘ For example,
the smallest reaction corresponding to the AGAV°C, ,jene-(C)(H)

is the following methyl addition:
d_

to which both the AGAV®s C, ,jene and C 4jene-(C)(H) apply. Sim-
ilarly the AGAV°C, jienerr(C), always appears together with the
Cyaene AGAVC. The AGAV®s C, ~(C), C,-(Cy) and C,;~(C) always
co-occur with G, ~(X), with X=H, C, C4 or C..

Rate coefficients and Arrhenius parameters in the HO and
HR approach, for all addition and {3-scission reactions are avail-
able at 298 K in Tables S4 and S5, at 600 K in Tables S6 and S7
and at 1000 K in Tables S8 and S9. The Arrhenius parameters,
E, and logA, derived from the HR rate coefficients can be
found in Tables 1-3 at 298 K, and in Tables S6 to S9 of the Sup-
porting Information at 600 and 1000 K. Potential energy pro-
files for the asymmetric internal rotors and transition state geo-
metries for all reactions are available in the Supporting Infor-
mation.

CHE} + Hzc:Cﬂ
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3. Results and Discus-
sion

298 K

-]
3.1. Effect of Hindered Internal
Rotation

First the effect of hindered inter-
nal rotation for the training set ™
of 51 reactions considered in

ARTICLES

47 1000 K

this study is discussed. The bar-
rier to internal rotation in the V...
transition state varies between

0.25 and 16.8 kimol™. In gener-
al, the barrier to internal rota-
tion is mostly correlated with
the nature of the attacking radi-
cal and only moderately with
the degree of substitution of the alkene. The barrier to internal
rotation in the transition state of methyl additions is lower
than 5 kJmol ™', independent of the nature of the alkene. Upon
variation of the structure of the attacking radical to include all
types of alkylic, allylic, propargylic, vinylic and benzylic radicals,
the rotational barrier varies between 1.8 and 16.8 kimol™". The
height of the rotational barrier is strongly correlated with the
stability of the attacking radical: the less stable the attacking
radical, the earlier and looser the transition state and the lower
the barrier to internal rotation. The lowest barriers correspond
to the addition of highly reactive vinylic and phenylic radicals
to ethene, the highest barriers to the addition of the more
stable tertiary allylic and benzylic radicals.

The effect of internal rotation on the transition state parti-
tion functions is shown in Figure 3, in which the ratios gus/quo
between hindered rotor and harmonic oscillator partition func-
tions are plotted as a function of V,,,, the barrier to internal
rotation about the forming bond in the transition state. The
data are shown for 298 and 1000 K for the three classes of rad-
ical additions considered in this work, that is, 1) methyl addi-
tions to the unsubstituted carbon atom of various alkenes to
evaluate the effect of the structure of the formed radical,
2) methyl additions to the substituted carbon atom of various
alkenes to evaluate the effect of the structure of the attacked
carbon atom, and 3) additions of various radicals to ethene,
evaluating the effect of the structure of the attacking radical.
The almost continuous curve for barriers smaller than
5 kJmol™" in Figure 3 pertains to
the reactions of the first and the

Figure 3. Ratio of hindered rotor and

and 1000 K (o: reactions from Table 1
carbon atom, m: reactions from Table

20 0 5 10 15 20
V,..! kJmol" —p>

10 15
/ kdmol" —p»

harmonic oscillator partition functions gya/qyo for the rotation about the

forming bond in the transition state of all reactions, as a function of the barrier to internal rotation V,,,, at 298

, varying the formed radical, x: reactions from Table 2, varying the attacked
3, varying the attacking radical).

correspond to the third class of reactions, that is, addition of
different types of radicals to ethene. For these radicals higher
energy rotational conformers are present and the irregular
shape of the potential energy profile induces an irregular
effect on the partition functions explaining the scattered
values. The corrections on the partition functions are moder-
ately temperature dependent. The corrections are most pro-
nounced at higher temperatures, and amount up to a factor 4
for small barriers at 1000 K.

The correction for the internal rotation about the form-
ed/broken bond in the products of the first and second class
of reactions is close to unity independent from temperature.
The only exception is the correction for the rotation in the
2-methyl-prop-1-en-3-yl product of reaction 2/16 (numbering
of Table 2), which approaches a free rotor. However, for the
third class of reactions the effects on the partition functions
are very large, with g,z/qyo ranging between 1 and 5 due to
the presence of conformers of intermediate energy. At higher
temperatures, the HR corrections slightly increase.

The effect of hindered rotation on the rate coefficient for ad-
dition is the same as on the transition state partition function.
The averaged value for each class of reactions is shown in
Table 4. For the addition of various radicals to ethylene
(class 3), the rate coefficient at 298 K increases by a factor of
1.9 due to the presence of conformers of intermediate energy,
while for the other two classes the effect of hindered rotation
is much less pronounced. For the reverse [ scission, the HR

second class, that is, methyl ad-

Table 4. Influence of hindered rotation treatment: averaged values for kyg/kio, Espr—Eano @and App/Ayo for the

ditions to various alkenes. For all
these reactions the energy pro-
files for internal rotation possess
a threefold symmetry and have
the same shape, which makes
the partition function only de-
pendent on the barrier height as
the reduced moment of inertia
for methyl additions remains
practically constant. The squares

ChemPhysChem 2008, 9, 124 - 140

reactions from Tables 1-3 (£, in kJmol™', 298 K and 1000 K).

298K 1000 K
kim Ea v Aur kim E. v Aur
Set G G B @ () ®
1/ addition 0.96 —06 0.75 0.62 -35 041
B scission 0.85 -07 0.65 054 29 038
2/ addition 1.09 -03 1.01 0.85 29 0.61
f scission 1.16 -0.2 1.15 0.96 —24 0.80
3/ addition 1.89 0.6 245 216 -07 210
B scission 0.80 04 0.87 074 —11 0.66
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treatment results in a reduction for most 3-scission reactions
of the first and the third class as the internal rotation gets
looser from the reactant radical to the transition state. At
298 K the effect is limited, but at 1000 K the strongest reduc-
tion of the rate coefficient is up to a factor of 6 (see Tables S4-
S9 in the Supporting Information). There is one notable excep-
tion for the [ scission of the 2-methyl-prop-1-en-3-yl radical
into allene and a methyl radical (reaction 2/16b; see Table S5
in the Supporting Information). The four-fold increase in the
rate coefficient for this outlier is due to the nearly-free methyl
rotor in the product radical, which is inadequately described
by the HO approximation. The increase of the f scission rates
of the second class of reactions at 298 K is mainly due to this
reaction.

The Arrhenius parameters that are derived from these rate
coefficients (see next section) are also influenced by the cor-
rections for hindered rotation. The net effect of hindered rota-
tion on the activation energy for additions is depicted in
Figure 4 as a function of the barrier to internal rotation. At
298 K the effect is limited to RT/2, that is, about 1 kJmol™', and
amounts to about 4 kJmol™" at 1000 K. The change in the acti-
vation energy, E,(HR)—E,(HO), correlates almost linearly with

M.-F. Reyniers et al.

3.2. Arrhenius Parameters

In the following, first the pre-exponential factor A is discussed,
followed by a discussion of the activation energy E,.

For the addition reactions, the calculated pre-exponential
factor log(A/m>*mol™"s™") varies between 6.7 and 10.1 and cor-
relates well with the degree of substitution of the reactants
and the double or triple-bonded nature of the attacked unsa-
turated bond. The pre-exponential factor decreases with in-
creasing substitution of the attacking radical. For the addition
of a methyl radical to ethene, log(A/m*mol™"s™") amounts to
8.8 at 298 K (see Table 1). For the addition of the primary radi-
cals to ethylene, (see Table 3) this reduces on average to 8.3,
for secondary radicals to 7.8 and for tertiary radicals to 7.0.
These average values agree well with the generalized values of
8.5, 8.0 and 7.5 for, respectively, primary, secondary and tertiary
radicals as reported by Fischer and Radom."*”! The other trends
in the pre-exponential factors reported by Fischer and Radom
are retrieved in this work as well: a decrease of the pre-expo-
nential factor for increasing substitution at the attacked
carbon atom (Table 2) and an increased pre-exponential fac-
tor for additions to alkynes. For the additions to alkynes,

log(A/m*mol~"s™") is on average
9.2 for the reactions 1/15, 1/16,
1/17 (see Table 1) and 2/12-15

27 208k 27 1000 K - D o
a W Wym b (see Table 2), which is again in
0] put mm o - I. excellent agreement with the
E.(HR) Q; " a generalized value of 9.2 report-
'Ea(HO) ed by Fischer and Radom. For f3-

/ kdmol - .
2 4 -2 1 f scission reactions, the calculated
pre-exponential factor log(A/s™")
4. 4 g varies between 12.8 and 14.8
and the general trend observed
is a slight decrease in the pre-
6 ’ * 16 ' ' ' ' exponential factor for increasing
0 10 15 20 0 5 10 15 20

5
V... / kJmol'—

Figure 4. Difference in activation energy between the HO and HR approach as a function of the height of the bar-
rier to internal rotation about the forming bond in the transition state V,,,,, at 298 and 1000 K (o: reactions from

Table 1, x: reactions from Table 2, m: reactions from Table 3).

the barrier to internal rotation. A decrease in activation energy
is observed for low rotational barriers (V. <5kImol™" at
298 K and V,,,,<10kimol™" at 1000 K) while for the higher
barriers, an increase in activation energy is found. The changes
in the B-scission activation energy show the same trends as
the changes observed for additions but tend to be smaller in
magnitude. The average changes per reaction class for addi-
tion and f-scission reactions are summarized in Table 4.

The net effect of hindered rotation on the pre-exponential
factor runs roughly parallel with the changes in rate coefficient,
that is, a decrease for most reactions except for the addition
reactions from the third class, for which a doubling on average
is observed as shown in Table 4.
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alkyl substitution at the radical
center of the reactant radical (C,
carbon atom).

The activation energy for the
forward reactions ranges from 3
to 74 khmol™" at 298 K whereas
for the reverse [-scission reac-
tions, the activation energy lies between 50 and 230 kJmol ™.
Reactivity patterns in addition reactions are frequently de-
scribed using an Evans—Polanyi relation for a set of homolo-
gous reactions [Eq. (22)]:
E, = E) + y,AH (22)
with EJ the reference activation energy and y, the transfer co-
efficient. An Evans-Polanyi plot of the activation energy vs. the
standard reaction enthalpy at 298 K is shown in Figure 5 for
the homologous series of methyl additions to the unsubstitut-
ed carbon atom of various unsaturated compounds. These re-
actions form a subset of the first class of reactions of Table 1,
in which reactions 1/13 and 1/14 are excluded as these pertain
to additions to allenic carbon atoms and hence do not belong

ChemPhysChem 2008, 9, 124 - 140
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Figure 5. Evans-Polanyi plot for the methyl additions evaluating the struc-

ture of the forming radical (numbering of Table 1; 298 K; reactions 1/13 and
1/14 are no members of the homologous series and are excluded from the
graph.)

to the homologous series. From Figure 5 it can be seen that
the activation energies are correlated to reaction enthalpies,
but the trend is not very clear. In general, the more stable the
product radical, the lower the addition activation energy. The
lowest activation energy (11 kimol™) in the series is observed
for reaction 1/7 forming a stable diallylic radical. Reaction 1/15
forming a vinylic radical has the highest activation energy
(37 kymol™"). An important role is also played by the stability
of the alkene as evidenced by the activation energy for reac-
tion 1/8 (25kJmol™") forming a secondary benzylic radical
which is 8 kimol™" higher than that of reaction 1/5 forming a
secondary allylic radical.

For the second class of reactions, that is, the addition of a
methyl radical to the substituted carbon atom of various unsa-
turated compounds (Table 2), the reaction enthalpy has no in-
fluence on the activation energy (see Figure S1 of the Support-
ing Information). The Evans-Polanyi transfer coefficient y,, is
not significantly different from zero. The effect of alkyl sub-
stituents at the attacked carbon atom is usually explained by
changes in pre-exponential factor. From Table 2, it can be seen
that for this class of reactions the activation energies also vary
between 34 and 47 kJmol™". Due to the early character of the
transition state, the addition activation energy is not so much
influenced by the stability gained from the strength of the
C,—C; bond but seems to be related to the steric effects in-
volved in the reorganization from sp? to sp’ around C,.

For the third class of reactions (Table 3) in which the struc-
ture of the attacking radical is varied, an Evans-Polanyi plot is
shown in Figure 6. The highest activation energies are found
for the addition of the diallylic radicals to ethylene (3/7 and
3/8); these reactions are even endothermic. The lowest activa-
tion energy is found for the highly exothermic addition of the
phenyl radical to ethylene (3/17). From Figure 6 it is clear that
the main reactivity trend follows an Evans-Polanyi relation,
[Eq. (22)], but that the relative activation energy for addition of
a primary, secondary and tertiary radical within each type of
radicals deviates from this trend. Each substitution of a hydro-

ChemPhysChem 2008, 9, 124 - 140
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Figure 6. Evans—Polanyi plot for the third class of radical additions evaluat-
ing the structure of the attacking radical. The line represents the upper
bond to the data points, corresponding to an Evans—Polanyi fit to reactions
in which polar effects are insignificant. (numbering of Table 3, 298 K).

gen atom by a methyl group, for example, from a primary to a
tertiary allylic radical, introduces an increase in reaction enthal-
py and, contrary to the general Evans-Polanyi trend, a de-
crease in the activation energy. These deviations from Evans-
Polanyi behavior are predominantly caused by the energy-de-
creasing effect of charge transfer in the transition state. Fischer
and Radom™”! describe the charge transfer effect on activation
barriers using the polar factor F, that is, the ratio of the actual
activation energy, E,, and the enthalpic contribution to the ac-
tivation energy, E,(enth). The latter quantity is derived from an
Evans—Polanyi correlation considering only the parent radicals
that lack the methyl groups for each radical type (see the line
in Figure 6) and describes the upper bond to the set of data
points, that is, the line through reaction 1/0 and 4
(E2=67.0 kkmol ™', y,=0.376). Fischer and Radom™” propose
to describe the influence of charge transfer effects by superim-
posing multiplicative polar factors to this enthalpic contribu-
tion [Eq. (23)]:

E, = (67.0+4 0.376A,H°) F, F, (23)

The nucleophilic factor, F,, depends on the difference be-
tween the ionization energy of the radical and the electron af-
finity of the alkene, E(R)—E..«(alkene); its electrophilic counter-
part, F,, depends on the difference between the ionization
energy of the alkene and the electron affinity of the radical,
E(alkene)—E..«R). A lower value for E—E, corresponds to
stronger mixing with charge transfer states in the transition
state resulting in a stronger decrease of the activation energy;
for example, a low value of E(R)—E,«(alkene) correlates with a
nucleophilic addition pattern, giving a decrease in activation
energy. The ionization potential and electron affinity of the al-
kenes and the radicals involved in this set of reactions were
calculated based on the B3LYP/6-311G(3d2f,2df,2p) energies at
0 K on the relaxed geometries of the ions (see Table 5).
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. . . - . adding alkyl radicals methyl,
Table 5. Calculated ionization potential and electron affinity for the radical reactants of the additions to .
ethene of Table 3 in which the attacking radical is varied, the measures for expected nucleophilicity and elec- ethyl, iso-propyl and tert-butyl
trophilicity of the addition pattern, respectively. E(R)—E.,(A) and E(A)—E..(R), and the polar factor F=E,/E,(enth) E(radical)—E..(alkene) decreases
at 298 K (energies in kJmol™', alkene energies: E(A) =988.8 kJmol™', E..«(A) = —206.5 k mol ™). from 1162 to 858 kimol™' and
Radical Nucleophilicity ~ Electrophilicity the activation energy iecreases
Radical E(R) Eea(R) E(R)—Ecan(A) E(A)—EerlR) F from 31 to 16 kJmol™', corre-
1/0 methyl 955.6 —60.5 1162.1 1049.3 1.00 Spondmg to a decrease in pOIar
3/1 ethyl 7920  -738 998.5 1062.5 oge | factor from 1.0 to 0.45, respec-
3/2 2-propyl 7104 —67.0 916.9 1055.8 0.67 tively. A similar behavior is ob-
3/3 tert-butyl 651.5 —4838 858.0 1037.6 045 served for all other types of radi-
3/4 allyl 780.2 6.9 986.7 981.9 1.00 .
3/5 but-1-en-3-yl 7123 —-1.8 918.7 990.6 0.94 cals. studied. 7]
3/6 3-methylbut-1-en-3-yl 676.7 33 883.2 985.5 0.84 Fischer and Radom™” propose
3/7 penta-1,4-dien-3-yl 703.0 64.5 909.4 924.3 1.02 to model the nucleophilic ef-
3/8 3-methylpenta-1,4-dien-3-yl 682.5 68.9 888.9 919.9 0.97 fects on the activation energy
3/9 benzyl 690.0 61.3 896.5 927.4 0.93 s .
3/10 1-phenyl-1-ethyl 646.8 54.7 853.3 934.1 0.84 by  fitting  the F/Ei(radl_call)
3/ 2-phenyl-2-propyl 6213 - 827.7 - 077 | —Eerlalkene) data to a heuristic
3/12 Propargyl 837.5 54.4 1043.9 934.4 0.91 s-shaped function. A single func-
3/13 but-1-yn-3-yl 759.5 445 966.0 944.3 083 | tion does not seem appropriate
3/14 2-methylbut-3-yn-2-yl 706.4 40.7 912.8 948.1 0.75
3/15 ethenyl 833.6 20.0 1040.0 968.8 0.91 for our.data, as tw.o groups of
3/16 prop-1-en-2-yl 7226 19.9 929.0 968.9 070 | data points can be identified on
3/17 phenyl 7925 68.8 999.0 920.0 0.53 Figure 7: an “upper” group in-

The behavior of the polar factor E,/(67 +0.376AH°) versus
the energy of the charge separated configurations explains the
nature of the polar influence. There is no correlation found be-
tween the expected electrophilicity E(alkene)—E.«R) and the
polar factor F. The expected nucleophilicity E(R)—E..«(alkene)
however correlates strongly with the polar factor F (see
Figure 7), hence the polar influence is mainly determined by
nucleophilic polar effects in the transition state. For each type
of adding radical, an additional methyl substitution results in a
decrease in E(radical)—E,,«(alkene) and a corresponding de-
crease in activation energy. For example, within the set of

12 Nucleophilic effect: additions to ethene
1 L e LR L e
A o
T 087 4~
4
Y4
o alkyl
F, = 0.6 o allyl
E,/E (enth) A diallyl
0.4 A benzyl
m propargyl
o vinyl
02 1 fit 1
- =fit2
0 T T T !
800 900 1000 1100 1200

E(radical)-E, (alkene)/kJmol' —»

Figure 7. Expected nucleophilic effects on the activation energy for the third
class of radical additions evaluating the structure of the attacking radical:
the nucleophilic polar factor and two fits according to the empirical correla-
tions observed by Fischer and Radom™” (fit 1: alkylic, propargylic and vinylic
radicals, 1—exp[—((E{(R)—E..(A)—679.5)/221.1)]; fit 2: allylic, diallylic and
benzylic radicals, 1—exp[—((E;(R)—E..«(A)—650.3)/147.6)).
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volving allylic, benzylic and dia-
llylic radicals, and a “lower”
group describing the polar factors of alkylic, propargylic and
vinylic radicals. With the exception of propargylic radicals, all
resonance-stabilized radicals are comprised in the upper
group.

For the set of additions of various radicals to ethene, knowl-
edge of the reaction enthalpy A,H°, the reactant ionization po-
tential £; and electron affinity E..4 allows the calculation of the
activation energy. However, this methodology does not yield
satisfying results for the first and second class of reactions, in
which the structure of the attacked alkene is varied. Charge
transfer effects are not sufficient to describe deviations from
Evans-Polanyi for the latter type of reactions, and the second
class of reactions do not show an Evans-Polanyi correlation.
Hence the combination of Evans—Polanyi plots and expected
charge transfer effects cannot be applied for a general predic-
tion of activation energies for addition reactions, and other
methods such as group additivity are better suited.

3.3. Group Additivity Values

The Arrhenius parameters obtained from the rate coefficients
including the hindered rotor corrections were used for the de-
termination of group additive values (AGAV°s) for activation
energies E, and pre-exponential factors logA. The results can
be found in Table 6 for 298 and 1000 K and in Tables S10-513
of the Supporting Information for other temperatures in the
range 300-1300 K.

A closer look at the group additive values at 298 K (see
Table 6) provides a clear view on the effect of substituents on
the Arrhenius parameters. For the group additive values per-
taining to the formed radical (AGAV°(C,)), there is a clear corre-
lation between the nature of the formed radical (alkylic, allylic,
benzylic or propargylic) and the activation energy of both ad-
dition and f scission. A more stable product radical results in a

ChemPhysChem 2008, 9, 124 - 140
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Table 6. Group additive values AGAV® for addition and B-scission reactions [298 K, 1000 K; log(A/m*mol~"s™"); for addition, log(A/s™") for B scission and E,
(in kJmol™")]. Reference values are in bold.
298 K 1000 K
Addition P scission Addition f scission
logA E, logA E, logA E, logA E,
Reference reaction 7.879 30.5 13.181 125.1 8.968 43.1 13.547 128.5
(see Figure 2)
G-1 C-(Q)(H) —0.002 -13 0.017 —-1.4 —0.006 —-1.4 0.084 —-0.8
G2 C-(Q), 0.097 —2.9 —0.333 —4.0 0.091 —-3.1 —0.183 —25
C-3 C-(Co)(H) 0.018 —132 0.673 35.1 0.060 —1238 0.832 36.6
Cr4 C-(Cy)(Q) 0.061 —15.1 0.296 32,6 0.110 —147 0.478 344
C,-5 C-(Cy), 0.467 —~19.3 1.192 72.7 0.624 -17.9 1.523 75.8
C,-6 Ci-(Ce)(H) —0.463 —59 0.509 31.8 —0.431 56 0.679 334
C-7 C-(C)(Q) —0.135 —6.5 0.535 29.9 —0.106 -63 0.732 31.8
C,-8 C-(CY(H) 0.127 —13.9 0.385 283 0.174 —135 0.523 29.6
C,-9 C-(CY() 0.136 —142 0.163 30.1 0.177 —139 0.334 31.8
C,-10 Catlone- 0.064 2.6 0.674 9.1 0.017 2.1 0.939 1.7
-1 Ciatienen-(Q)(H) 0.065 —4.2 0.087 -23 0.059 —44 —0.011 —3.1
C,-129 Cratenai-(C)2 0.180 7.9 0.227 -86 0.166 —8.1 0.063 —-10.1
C,-13 C,(Q) 0.263 0.7 0.469 0.7 0.511 34 0413 0.1
C,-14® C(Cy) —0.694 —132 0.043 29.7 —0.384 9.9 —0.069 286
C,-15" Ci~(C) 0.600 —14.4 —0.174 222 0.643 —14.0 —0.296 21.1
C,-1 C-(Q)(H) —0.371 5.8 0.095 0.2 —-0.314 6.3 0.038 —-0.4
C,-2 C-(Q), —0.591 9.7 —0.369 0.5 —0.516 103 —0.510 -1.0
C,3 Cy(Co(H) —0.254 56 —0.144 —135 —0.190 6.2 -0.218 142
Cr4 C(CH(O) —0.587 9.9 0.082 —13.2 —0.479 10.8 —0.068 -14.8
C,-5 C-(Cy), —0.296 9.9 0.213 —15.8 —0.142 1.3 0.082 —-17.3
C,6 Cy(C)(H) —0.796 1.9 —0.352 0.2 -—0.735 124 —0.414 -05
C,7 C(C)(Q) —0.892 165 —0.378 —14 -—0.779 17.5 —0.505 -28
C,-8 C,-(CY(H) —0.212 3.2 —0.157 —10.5 —0.147 3.8 —0.253 -11.4
C,-9 C-(CH(Q) —0.561 9.0 0.100 —8.8 —0.454 9.9 —0.019 —10.1
C,-10 C,-(H) 0.980 6.0 0.846 18.3 0.707 3.0 1.312 229
-1 G, (Q) 0.821 13.3 1.174 14.5 0.809 13.1 1.481 17.5
C,-12 Cor(Cy) 0.226 124 1.357 24.9 0.242 12.5 1.671 279
C,-13 G, (C) 0.840 12.3 0.770 15.1 0.591 9.5 1.117 184
C,14 Caatene 0.240 8.7 1.046 1128 0.269 9.0 1.488 117.0
Ci-1 G5-(O)(H), —1.049 —28 0.027 —7.1 —0.981 -2.1 -—0.144 —87
G2 G5-(O),(H) —-1.214 —8.2 0.260 —15.2 —1.057 —6.8 —0.048 —18.3
G-3 G-(O)s —1.466 —14.9 0.345 —254 —-1.151 —12.1 0.026 —28.8
G4 C5-(Cy)(H), —0.516 24.8 —0.574 —40.8 —-0.216 274 —0.669 —41.7
G5 G-(CIOH) —1.084 23.0 —0.628 —46.3 —0.642 27.0 —0.756 —47.7
C;-6 G-(Cy)(Q), —2.018 18.7 —0.325 —55.0 —-1.513 23.2 —0.432 —56.4
C-7 C-(Cy),(H) —0.747 433 —0.601 —68.2 —0.340 47.0 —0.813 —704
G-8 C(Cy)y(Q) —-1.418 411 —0.488 —74.6 —0.698 48.3 —0.734 —77.3
G99 C5-(Gy)(H), —-0.519 15.2 —0.682 —34.2 —0.260 17.5 —0.851 —35.9
C;-10 G-(C)(O)(H) —1.199 1.9 —0.809 —40.5 —0.842 15.1 —-1.013 —42.7
G- G-(Cp)(Q), —2.067 9.1 —0.230 —45.6 —1.618 13.2 —0.426 —48.0
C-12 GC5-(CY(H), —0.511 14.5 —0.257 —35.5 —0.300 16.4 -—0.341 —36.4
GC-13 G-(CQH) —1.278 1.8 —0.258 —41.9 —0.915 15.0 —0.379 —434
C-14 G-(CY(Q), —1.970 8.3 —0.108 —48.6 —1.474 12.8 —0.233 —50.3
C-15 Cyq4-(H) —0.017 —-17.0 0.065 25.0 0.175 —153 —0.007 244
C-16 (@ (@] —0.342 —18.2 0.200 16.1 —0.084 —15.9 0.045 14.6
C;-18 GCyp- 0.102 —27.5 0.411 38.9 0.398 —24.8 0.285 37.7
[a] Determined from reactions containing C,-14 contribution as well. [b] Determined from reactions containing C,-10 contribution as well.

decrease in addition activation energy and an increase in [3-
scission activation energy, in line with the moderately good
Evans—Polanyi behavior for this type of reactions. The single-
event pre-exponential factor logA remains almost constant for
the additions of this set, except for additions to triple bonds
(Ci~(Q), C,~Cy and C;~(Cy) or additions yielding a pentadi-
enylic product (C,~(Cy),). For B-scission reactions logA changes
in parallel to the activation energy, partially compensating a
higher activation energy by a higher pre-exponential factor.
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The group additive values AGAV°(C,) accounting for the in-
fluence of substitution at the attacked carbon atom, decrease
the addition rate coefficient with respect to the reference reac-
tion by a combination of a decrease in pre-exponential factor
and an increase in activation energy. Indeed, in general, addi-
tion at unsubstituted carbon atoms is preferred over addition
at substituted atoms. The only exceptions in this set of reac-
tions, for which an increase in logA is observed, are additions
to triple bonds and allenic structures. For [3-scission reactions
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both the AGAVl‘;gA and AGAVE,
are negative, except for the
same additions to triple bonds
and allenic structures. In contrast

to additions, the AGAV°(C,)s for

AGAV,(T)-AGAVS, (300 K) / kdmol ™ 2

[p-scission reactions have no
overall effect on the rate coeffi-
cient.

For the group additive values
AGAV°(C;), accounting for the
type of adding radical, the
trends in activation energy cor-
respond with the previously dis-
cussed Evans-Polanyi behavior
and nucleophilic effects. For pre-
exponential factors, the AGA I?)gA
values for addition are negative
in all but one case, implying that
the entropy loss associated with
the formation of the addition
transition state is larger than this
entropy loss for the reference re-
action. This can be attributed to
the very low rotational entropy
of the methyl radical compared
to the rotational entropy of the other adding radicals. Two ro-
tational degrees of freedom of an adding radical are lost upon
formation of the transition state, which explains the larger en-
tropy loss for additions of radicals heavier than a methyl radi-
cal. The P scission group additive values for activation energy,
AGAVE, are negative except for -scission reactions releasing
the instable vinyl or phenyl radicals. The pre-exponential fac-
tors are decreased by the group additive values AGAVy . and
this is mostly pronounced for (-scission reactions forming the
stable allyl and benzyl radicals, for which the transition state is
much tighter than in the reference reaction.

The temperature dependence of the AGAV®s, designed as
perturbations on a reference reaction, is very limited as most
of the temperature dependence of the kinetic parameters can
be accounted for by the reference reaction.*® This small tem-
perature dependence avoids the need to determine heat ca-
pacity values for all groups which are necessary in some other
group additive methods.”” The group additive values are
shown as a function of temperature relative to the AGAV°
value at 300 K in Figure 8, for the extremes of each class of re-
actions. The temperature dependence is very small: in the
range 300-1300K, 75% of all AGAVZ, vary by less than
3 kJmol™" and 90% by less than 4.5 kJmol™', with a maximum
variation of 9 kJmol™" for addition and 5.1 kJmol™' for B scis-
sion (resp. for the C;—(Cy),(C) and C,—H AGAV®). In the same
temperature range, the activation energy of the reference reac-
tion changes by 18.8 kimol™' for additions, which is an order
of magnitude higher than that observed for AGAVg,. For {3-scis-
sion reactions the temperature dependence of the reference
activation energy is smaller (3.7 kimol™' in the range 300-
1300 K) due to the unimolecular nature of the reaction, but
the variations on AGAV, are still smaller for most groups. For

AGAV,

from Table 3).
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Figure 8. Temperature dependence of AGAV® relative to 300 K: Differences between AGAV°(T) and AGAV°(300 K)
versus temperature for E, and logA of radical addition (left) and B-scission (right) reactions. The lines represent the
extremes for each class of reactions (solid: reactions from Table 1, grey: reactions from Table 2, dashed: reactions

the pre-exponential factors, the variation of AGAV; . in the
range 300-1300 K is less than 0.4 for 90% of the groups. The
maximum variation is 0.8 for addition and 0.5 for 3-scission re-
actions (for the same groups as for activation energies), hence
in all cases, the effect on A remains below one order of magni-
tude. The value for logA of the reference addition reaction on
the other hand changes by 1.3, which shows that also for the
pre-exponential factor the major part of the temperature de-
pendence can indeed be accounted for by the reference reac-
tion.

For most groups, the temperature dependence is much
smaller: the C1 and C2 AGAVg, for addition only varies be-
tween —0.6 and + 1.5 kJmol™" in the 300 to 1300 K tempera-
ture range, except for the AGAV[, relating to additions to
triple bonds. The C,-H and C,-C; AGAVE, decrease linearly with
approximately 0.4 kJmol™" per 100 K. Due to this variation the
C,C and C,-C4 AGAVE,, which are determined using the C,-H
AGAVE,, vary at the same pace but with opposite sign. The
cause for this deviating behavior is the presence of the linear
reactants ethyne and butadiyn in the determination of the
Cy-H and C,-C; AGAVZ,. The absence of a third degree of free-
dom for external rotation for these linear species and the dif-
ferent computational approach of the additional vibrational
mode might be responsible for the different temperature de-
pendence.

The limited temperature dependence allows the use of the
AGAV’s in a temperature range of several hundred Kelvin. Par-
ticularly at higher temperatures, where most AGAV°s are con-
verging, the AGAV°s can be applied over a broad temperature
range without losing much accuracy. This allows the use of a
single set of AGAV°s for the description of reaction kinetics
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over a broad temperature range which is particularly interest-
ing for the description of non-isothermal chemical processes.

3.4. Application and Validation of the Group Additive
Method

The AGAV°s reported in Table 6 are applied to a test set of 13
reactions (see Table 7), in which each reaction corresponds to
multiple AGAV®s, to verify the validity of the group additive
approximation. Group additive rate coefficients, Arrhenius pa-
rameters and equilibrium coefficients are compared to the
ab initio calculated values that are presented in Tables S14-S15
of the Supporting Information.

First, the application of the group additive method for the
calculation of the Arrhenius parameters is illustrated for the
ethyl addition to propene forming a 2-pentyl radical (reac-
tion 11 in Table 7). The groups that pertain to this reaction are

ARTICLES

the C;-(C)(H) group, accounting for the formation of a secon-
dary radical, and the C;-(C)(H), group, accounting for the sec-
ondary nature of the adding ethyl radical. Using the group ad-
ditive values from Table 6, the activation energy for addition at
298 K is found as [Eq. (24)]:

E,= Eu + AGAVR[CHO)(H)] + AGAVZ[G-O(H)]

=30.5-1.3-2.8 = 26.4 kimol™’ (24)
which agrees well to the ab initio value of 27.2 kimol™' (see
Table S14 in the Supporting Information). For the pre-exponen-
tial factor, first the number of single events has to be deter-
mined. The reactants ethyl and propene have no external rota-
tional symmetry but possess an internal symmetry number o,
of 6 and 3, respectively. The transition state has ¢,,=9 and
molecular chirality, hence the number of optical isomers n,, is
2. Hence, the number of single events is given by [Eq. (25)]

Table 7. Validation of the group additive method: comparison of the ab initio calculated (Al) and group additive predicted (GA) rate coefficients, kinetic
parameters and equilibrium coefficients for a) addition and b) B scission (298 and 1000 K; E, in kJmol™").
298 K 1000 K
ne /:\% E.ca—Eani % ’;GT? :% E.ca—Eani % %’3
1a . a 2 4 0.68 0.6 0.56 0.33 0.69 0.6 062 063
b CHy + S == & 1 08 18 170 077 19 0.98
b
2a . a. . 8 0.53 0.2 0.51 1.09 0.52 0.2 051 114
/ /\/v
2b PR Fb Z 2 044  —0.1 0.47 0.45 0.1 0.45
3a I _a. : 2 1.06 0.5 0.91 1.04 1.10 0.7 107 113
—_— —
3b -~ b = 1 1.07 0.6 0.87 1.00 0.4 0.95
4a a . 2 1.38 33 0.38 0.44 1.69 42 1.04 104
4b + \\ = 2 0.95 0.3 0.87 1.14 1.0 1.00
— b N
5a | 2 094 16 1.93 1.03 1.08  —1.1 125 147
sb . + T N 2 057 -29 1.88 064  —25 0.86
b
6a 8 3.78 8.0 0.16 0.06 4.06 8.1 153 423
6b CH, + >:< — T . 6 017 68 267 015 -7 036
b
7a 2 140 —6.7 2221 2150 088  —9.0 253 2507
7b > + >_ —a- 2 037 9.1 0.01 0.24 7.2 0.10
b
8a . a 8 0.58 22 0.25 0.22 0.60 2.3 046 047
8b CHy + X~ T . 2 097 -03 1.12 094  —04 0.99
9% . a 4 068  —23 1.81 0.82 067  —23 089 097
9b P N T N 2 0.61 -3.1 2.20 062 —30 0.92
10a a. -~ . 8 0.77 17 0.42 0.78 0.85 2.1 067  1.12
b N+ T 4 0.55 0.1 0.54 0.66 0.9 0.60
11a . _a- : 4 085  —0.7 1.20 0.91 085 —07 093 113
+ = NN
w7 N b 2 067 —16 131 069 —15 0.83
12a . a y 4 0.92 1.8 0.48 1.44 0.81 1.2 070 120
2 -+ X PT 2 079 21 0.34 0.74 20 0.58
13a a | 4 0.77 5.6 0.09 1.09 0.92 6.2 044 118
13b @ — ——— N 2 0.62 52 0.08 0.79 6.2 0.37
- * )v/ //\/\/
b =
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1o
n. — Noprt j J: 2 (1'6)(1'3):4
¢ HnOP‘J 0% (1-1) 1-9
j

(25)

and the pre-exponential factor log(A/m*kmol™"'s™") can be
then calculated as [Eq. (26)]

logA=10gA ¢ + AGAVS ., [C~(C) (H)] + AGAVS, 4 [C5-(C)(H) ]+
logn, = 7.879—0.002—1.049 + log4 = 7.430
(26)

which again is in excellent agreement with the ab initio calcu-
lated value of 7.504 for log(A/m’>kmol~"s™").

The rate parameters based on group additivity are com-
pared to the ab initio values in Table 7, at 298 and 1000 K.
Parity plots showing the group additivity calculated rate coeffi-
cients versus the abinitio calculated values are provided in
Figure 9, while the actual values are tabulated in Table S14 and
S15 of the Supporting Information. The group additive calcula-

M.-F. Reyniers et al.

Figure 10. Plot of the HOMO orbital of the transition state of propargyl addi-
tion to 2-methyl-1,3-butadiene (contour value 0.03) with the Mulliken spin
densities per carbon atom (B3LYP/6-311G(d,p)).

tends towards a slight under prediction of the B-scission pre-
exponential factors.

For activation energies, most group additivity calculated
values are within 3 kimol™" of the ab initio calculated activa-
tion energies, with only four addition and four -scission reac-
tions exhibiting a larger disparity. The deviations on the activa-
tion energy are the main cause for deviations on the rate coef-
ficients: effects that can not be modeled by group additivity

show up most clearly in the acti-
vation energy. For example, the

T 107 208K %7 1000 K underprediction of the addition
61 9 A activation energy for reaction 7
log(ke, / m’kmol's™) 2 | " 8 is most probably caused by the
2] 7 X presence of gauche interactions

A 1 between the methyl groups of

1 & - iso-butene and those on the

101 5 1 tert-butyl radical. These interac-

14 4 i . i tions are not accounted for by

4 40 6 2 2 6 10
log(k, / m’kmal's™) —>

Figure 9. Parity plot of kg, predicted by group additivity versus the ab initio calculated k,, rate coefficients for the

reactions from Table 7 (m: addition, A: (3 scission; 298 K and 1000 K).

tions give good agreement for the set of 13 reactions: for addi-
tions at 298 K the group additive method succeeds in repro-
ducing the addition rate coefficient within a factor of 3 of the
ab initio rate coefficient for 9 of the 13 reactions and for 3 scis-
sion, 10 out of 13 reactions were within this range. At 1000 K
the agreement is even better, with 12 out of 13 additions and
10 out of 13 B-scission reactions within a factor of 3 of the
ab initio rate coefficients. The few reactions for which the GA
rate coefficient deviates more than a factor of three from the
ab initio value, are reactions containing interactions that
cannot be accounted for by the truncated group additivity
method. The non-next nearest neighbor effects in reactions 6
and 7 and the resonance stabilization in the transition state of
reaction 13 (as illustrated by the HOMO orbital plot of
Figure 10 with the spin densities indicated) are such interac-
tions.

The pre-exponential factors for addition are well described,
with all calculations within a factor two of the ab initio calcu-
lated values, except for the fourfold overprediction of reac-
tion 6. For P-scission reactions the pre-exponential factor is
within a factor of 2 for all but 3 reactions. Group additivity
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10 the truncated group additive
method.”? As the tertiary contri-
butions are neglected, the steric
repulsion in the transition state
is larger than predicted by the
AGAV“’s. Hence, the actual acti-
vation barrier exceeds that obtained via group additivity by 6.7
to 9.0 kkmol™". For B-scission reactions, the effect is reversed.
The relief of strain from the reactant radical towards the transi-
tion state induced by the gauche interactions is not accounted
for by the truncated group additive method because of the
neglect of non-next-neighbor effects. Therefore, the actual f3-
scission activation barrier is smaller than expected from group
additivity. Next to steric influences on the stability of the transi-
tion state also resonance stabilization of the transition state
can occur, as illustrated by the radical delocalization in the
transition state of the propargyl addition to 2-methyl-1,3-buta-
diene (reaction 13) in Figure 10. The resonance stabilization in
the adding propargylic fragment and in the forming allylic
moiety of the attacked butadiene structure is properly ac-
counted for, but the extra resonance stabilization induced by
the resonance coupling of both fragments cannot be de-
scribed by the truncated group additive method.

As thermodynamic consistency is of primary importance for
many applications, the reaction equilibria that can be derived
from the ratio of forward and reverse rate coefficients are also
compared as KZ /Ky in Table 7. The GA predicted equilibria
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agree well with the ab initio predictions for most reactions:
only for five reactions at 298 K and three reactions at 1000 K
do both values differ by more than a factor of two. The devia-
tion is particularly important for reactions in which steric ef-
fects in the transition state are neglected, that is, reactions 6
and 7, because the deviations in the forward and reverse rate
coefficient reinforce each other’s effect on the equilibrium co-
efficient. Accounting for tertiary contributions, which are ne-
glected in the truncated group additive method would reduce
the deviations to the acceptable level of the other reactions.
However, non-nearest neighbor effects are already difficult to
model for thermochemistry and it can be expected that it will
be even more difficult in the modelling of kinetics. Hence, in
the presence of severe steric effects, we suggest to calculate
the reverse rate coefficient from the ratio of the forward rate
coefficient and the equilibrium coefficient, the latter predicted
by ab initio calculations or via thermochemical group additivi-
ty.

It can be concluded that the GA method performs very well
for the calculation of rate coefficients and equilibrium coeffi-
cients for the vast majority of reactions. In the absence of
severe steric hindrance and resonance effects, the rate coeffi-
cients predicted by group additivity are within a factor of 3 of
the CBS-QB3 ab initio rate coefficients for more than 90% of
the reactions in the test set. As shown in previous work®®, the
mean factor of deviation between the CBS-QB3 calculated rate
coefficients and experiment amounts to 3. Therefore, it can be
expected that in most cases the GA method performs better
than standard DFT calculations for which a deviation factor of
10 is generally considered to be acceptable.

4. Conclusions

In this study the rate coefficients for 51 radical addition reac-
tions and their reverse (-scission reactions are studied. The
rate coefficients have been calculated within the classical tran-
sition state theory based on CBS-QB3 calculations with correc-
tions for internal rotation about the forming/breaking bond in
the transition state and the product radical. This approach has
proven to provide rate coefficients in excellent agreement with
experiment.

The complete and consistent set of 47 group additive values
for activation energies AGAVZ, and pre-exponential factors
AGAV; , for the method developed by Saeys et al.* allows
the accurate calculation of Arrhenius parameters and rate coef-
ficients for a wide range of hydrocarbon radical addition and
[-scission reactions. It is shown that the temperature depend-
ence of the group additive values AGAVg, and AGAVy , in the
range 300-13000 K is limited to 4.5 kJmol~' for AGAV, and
0.4 for AGA\/"Iog 4 for 90% of the reactions, with the major part
of the temperature dependence accounted for by the refer-
ence reaction.

On a test set consisting of 13 reactions the rate coefficients
calculated using the obtained AGAV°s agree well with the ab
initio rate coefficients within a factor of 3, except for reactions
in which strong steric or resonance effects influence the stabili-
ty of the transition state. These effects are not accounted for
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by the current truncated group additive method. For the reac-
tions with the strongest sterical effects, an effect on equilibri-
um coefficients is also observed. Although theoretically, the
group additive method is thermodynamically consistent, in
practice, the truncation to primary contributions and particu-
larly the neglect of tertiary contributions makes the built-in
consistency no longer valid. To avoid anomalies in the predict-
ed equilibrium for reactions with major steric effects, explicit
introduction of thermodynamic consistency by calculating the
reverse rate coefficient from the forward rate coefficient and
the equilibrium coefficient is suggested.
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