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Kinetics of 1,4-Hydrogen Migration in the Alkyl Radical Reaction Class
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The kinetics of the 1,4-intramolecular hydrogen migration in the alkyl radicals reaction class has been studied
using reaction class transition-state theory combined with the linear energy relationship (LER) and barrier
height grouping (BHG) approach. The rate constants for the reference reaction of n-C4Hy were obtained by
canonical variational transition-state theory (CVT) with the small curvature tunnelling (SCT) correction in
the temperature range 300—3000 K with potential-energy surface information computed at the CCSD(T)/
cc-pVDZ//BH&HLYP/cc-pVDZ level of theory. Error analyses indicate that RC-TST/LER, where only reaction
energy is needed, and RC-TST/BHG, where no other information is needed, can predict rate constants for
any reaction in this reaction class with excellent accuracy. Specifically, for this reaction class the RC-TST/
LER method has less than 65% systematic errors in the predicted rate constants, while the RC-TST/BHG
method has less than 80% error when compared to explicit rate calculations.

Introduction

Isomerization, via intramolecular hydrogen-atom migration,
forms an important class of alkyl and alkenyl radical reactions.
It has long been known that these reactions are of importance
in various complex reaction systems such as combustion of
hydrocarbons.! ™ Formation of some products in such systems
can be explained only in terms of isomerization.> Hydrogen shift
reactions were also found to play a significant role in determin-
ing the product distribution in the last stage of paraffin pyrolyses.
Furthermore, radical isomerization appears to compete in
hydrocarbon oxidation systems with radical decomposition and
can be quite often encountered in the postulation of the
mechanism of the processes involving radical intermediates.®
Determination of the thermal rate coefficients of these isomer-
ization reactions is a prerequisite for modeling of systems such
as engines and furnaces operating with hydrocarbon fuels.

In spite of the latest experimental achievements relatively little
information is currently available for the kinetics of intramo-
lecular hydrogen-transfer reactions despite their importance. This
is because direct measurements of the rate constants of isomer-
ization are difficult due to competing reactions. Most of the
rate parameters for isomerization processes in the literature were
derived from analysis of the chain reaction systems and
sometimes suffered from the inadequacy of the kinetic models
used.” 3 For that reason, the accuracy of older data is
questionable.””'* Significant progress in experimental work has
been done by Tsang and co-workers on pentyl-,'> hexyl-,!®
heptyl-,"” octyl-,'"* and 4-methyl-1-pentyl radicals.'® High-
pressure limit rate constants for 1,4-H shift were proposed by
Tsang and co-workers with a quoted uncertainty of less than a
factor of 2.

There are a number of theoretical studies on the activation
energies and geometries of the transition states of H-shift
reactions in alkyl radicals. Viskolcz et al.!>? calculated the ab
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initio activation barriers and ring strain energies of the 1,2-,
1,3-, 1,4-, and 1,5-H-atom-transfer reactions of ethyl-, propyl-,
butyl-, pentyl-, and 2-methylhexyl radicals, respectively. Pres-
sure-dependent thermal rates were calculated for 2-methylhexyl
radical.

The authors showed that the barrier height decreases as the
number of atoms in the ring of the cyclic transition structure
increases. A similar conclusion was derived by Curran et al.>*
in their series of proposed hydrocarbon combustion mechanisms.
Curran et al.>* approximated the activation energies for isomer-
ization reactions in terms of the number of atoms in the
transition-state ring structure (including the H atom) and type
of site at which the transferred H atom was initially located.
Green et al.?! developed a set of generic rules to estimate high-
pressure kinetic parameters of intermolecular hydrogen shifts
(from 1,2 to 1,6) in alkyl radicals. These rules were derived
from the results of DFT quantum chemistry calculations. TST
calculation was performed for the 1,4-shift reaction in butyl
radical C4Hy. Subsequent rate rules in the family used the same
A and n parameters in the AT" exp(—E,/RT) rate expression.
Such a practice assumed that the neutral H shift for a primary
carbon is sufficient to capture the dominant entropic effects of
this type of reactions.

The aim of this study is to apply reaction class transition-
state theory (RC-TST) to derive parameters for estimating the
rate constants of any arbitrary reaction belonging to the 1,4-
intramolecular hydrogen migration in the alkyl radicals reaction
class. This is done by first deriving analytical correlation
expressions for rate constants of the reference reaction with those
in a small representative set of the class from explicit direct ab
initio dynamics calculations of rate constants for all reactions
in this representative set. The assumption is that these correlation
expressions are applicable to all reactions in the class. To date,
this assumption has shown to be valid.**”?’ To develop RC-
TST/LER parameters for the 1,4 H-shift reaction class, 19
reactions were selected to form the representative set, Table 1.

The reference reaction is the H shift in n-C4Hy radical (R1).
Of these 19 reactions, 8 represent H migration from a primary

0 2009 American Chemical Society

Published on Web 02/04/2009



Kinetics of 1,4-Hydrogen Migration

TABLE 1

R, CH;CH,CH,CH," — CH,"CH,CH,CHj;

R,  CH;CH,CH,CH,CH," — CH;CH'CH,CH,CHj;

R;  CH3;CH'CH,CH,CH; — CH3;CH,CH,CH,CH,"

Ry  CH3;CH,CH'CH,CH,CH; — CH;3;CH,CH,CH,CH,CH,"

Rs  (CH),CHCH,CH'CH; — CH,"CH(CH;)CH,CH,CH;

Rs  CH,'CH(CH;3)CH,CH,CH; — (CH3),CHCH,CH'CHj;

R,  (CH),CH,CH,CH,CH, — (CH;),CH'CH,CH,CH,

Ry  (CHs),CH'CH,CH,CH; — (CH;),CH,CH,CH,CH,’

Ry  CH;CH,CH(CH;)CH,CH," — CH;CH'CH(CH;)CH,CHj;

Ryy CH3;CH'CH(CH;)CH,CH; — CH3;CH,CH(CH3)CH,CH,"

Ry;  (CH;),CHCH,CH,CH, CH; — (CHj3),C'CH,CH,CH,CHj;

Ri  (CoHs)(CH5)CHCH,CH,CH, — (C,Hs) (CH;)C"CH,CH,CH,

Ry;  CH3;CH,CH,CH'CH,CH,CH,CH; —
CH,"CH,CH,CH,CH,CH,CH,CHj3;

R4  CH,'CH,CH,CH,CH,CH,CH,CH;3; —
CH,CH,CH,CH'CH,CH,CH,CH;,

R15 CHgCHzCHzCHgCHzCHzCHQCHzCHz' -
CH;CH,CH,CH,CH,CH'CH,CH,CHj3

Ry¢ CH3;CH,CH,CH,CH,CH'CH,CH,CH; —
CH;CH,CH,CH,CH,CH,CH,CH,CH,"

R17 (CH3)2CHCH2CH2CH2CH2CH2CH2. -
(CH3),CHCH,CH,CHCH,CH,CHj;

Ris  (CH;),CH,CH,CH,CH'CH,CH,CH;3; —
(CH3),CH,CH,CH,CH,CH,CH,CH,"

Ryy  (CH3;CH,CH,CH,)(CH;)CHCH,CH,CH," —
(CH;CH,CH,CH,)(CH;3)C"CH,CH,CHj3

C atom (type p), 7 from a secondary carbon (type s), and 4
from a tertiary carbon (type t).

Methodology

Reaction Class Transition-State Theory. Since the details
of the RC-TST method have been presented elsewhere,?>?® we
discuss only its main features here. It is based on the realization
that the reaction in the same class has the same reactive moiety;
thus, the difference between the rate constants of any two
reactions is mainly due to differences in the interactions between
the reactive moiety and their different substituents. Within the
RC-TST framework the rate constant of an arbitrary reaction
(denoted as k,) is proportional to the rate constant of a reference
reaction, k,, by a temperature-dependent function f(7)

k(1) = ADk(T) (M

One often would choose the reference reaction to be the smallest
reaction in the class since their rate constants can be calculated
accurately from first principles. The key idea of the RC-TST
method is to factor f{T) into different components under the
TST framework

AD =t oy 2)

where f,, f.. fo. and fy are the symmetry number, tunneling,
partition function, and potential-energy factors, respectively.
These factors are simply the ratios of the corresponding
components in the TST expression for the two reactions

Oa

fo= o, (3)
_ k(D)
f(DH= D 4)

oim\ [oim

oXn) \oim
foD)= = (5)
¢ o'\ (kD

ofn)| PN

J. Phys. Chem. A, Vol. 113, No. 8, 2009 1565

(AV; = AV))
D = exp| =7

where «(T) is the transmission coefficient accounting for the
quantum mechanical tunnelling effects, o is the reaction
symmetry number, O and ®R are the total partition functions
(per unit volume) of the transition state and reactants, respec-
tively, AV* is the classical reaction barrier height, T is the
temperature in Kelvin, and kg and /& are the Boltzmann and
Planck constants, respectively. The potential-energy factor can
be calculated using the reaction barrier heights of the arbitrary
reaction and the reference reaction. The classical reaction barrier
height AV* for the arbitrary reaction can be obtained using the
linear energy relationship (LER) similar to the well-known
Evans—Polanyi linear free-energy relationship’>~!7 between
classical barrier heights and reaction energies of reactions. Using
LER the classical barrier height for any reaction can be estimated
using only the reaction energy information.

Computational Details. All electronic structure calculations
were carried out using the GAUSSIAN 03 suite of programs.?
Hybrid nonlocal density functional theory (DFT), particularly
Becke’s half and half*® (BH&H) nonlocal exchange and
Lee—Yang—Parr’! (LYP) nonlocal correlation functionals, has
previously been found to be sufficiently accurate for predicting
the transition-state properties.’>*> Note within the RC-TST
framework as discussed above only the relative barrier heights
are needed. Our previous studies have shown that the relative
barrier heights for hydrogen abstraction reactions can be
accurately predicted by the BH&HLYP method.?*?32634 Ge-
ometries of reactants, transition states, and products were
optimized at the BH&HLYP level of theory with the Dunning’s
correlation-consistent polarized valence double-{ basis set
[3s2p1d/2slp] denoted as cc-pVDZ, which is sufficient to
capture the physical change along the reaction coordinate for
this type of reaction. Normal mode analysis was performed at
each stationary point to ensure its characteristics, i.e., the stable
structure has zero imaginary vibrational frequency, whereas the
transition-state (TS) structure has one imaginary vibrational
frequency whose mode corresponds to the reaction coordinate
of the reaction being considered. Geometry, energy, and
frequency information were used to derive the RC-TST factors.
The AM1 semiempirical method was also employed to calculate
the reaction energies of the reactions considered here. AM1 and
BH&HLYP/cc-pVDZ reaction energies were then used to derive
the LER’s between the barrier heights and reaction energies.
Note that AM1 reaction energy is only used to derive the LER’s
for extracting accurate barrier height and is not directly involved
in any rate calculation.

For the reference reaction the minimum energy path (MEP)
is obtained at the BH&HLYP/cc-pVDZ level using the
Gonzalez—Schlegel method® in the mass-weighted Cartesian
coordinates with a step size of 0.01 (amu)"? bohr. Force
constants at 300 points along the MEP were determined to
ensure convergence of the small curvature tunneling calculations.
The points were chosen based on the curvatures of the MEP
and the geometrical parameters as a function of the reaction
coordinate according to our autofocusing technique.*® Energetic
information along the MEP is further refined by single-point
calculations using the coupled cluster method including single
and double excitations with a quasi-perturbative triples contribu-
tion [CCSD(T)] with the cc-pVDZ basis set at the BH&HLYP/
cc-pVDZ geometry, which is denoted as [CCSD(T)/cc-pVDZ//
BH&HLYP/cc-pVDZ]. The CCSD(T) energies combined with
the BH&HLYP/cc-pVDZ geometries and frequencies were then
used for rate constant calculations of the reference reaction.

- exp[—A,iTV¢ ©)
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Figure 1. Optimized geometries (distances in A and angles in degrees) of the reactant C4Ho and transition state at the BH&HLYP/cc-pVDZ and

QCISD/cc- pVDZ (bold numbers).

To derive the RC-TST correlation functions TST/Eckart rate
constants for all reactions in the representative set were
calculated. All kinetic calculations were done using the kinetic
module of the web-based Computational Science and Engineer-
ing Online (CSE-Online) environment.’’ In these calculations
overall rotations were treated classically and vibrations treated
quantum mechanically within the harmonic approximation
except for the modes corresponding to the internal rotations of
the CH,, CH3, and C,H; groups, which were treated as hindered
rotations using the method of Ayala et al.*® Thermal rate
constants were calculated for the temperature range from 300
to 3000 K, which is sufficient for many combustion applications.

Results and Discussion

In the discussion below the rate constants for the reference
reaction are presented first and then we describe how the RC-
TST factors were derived using the representative reaction set.
Subsequently, several error analyses were performed in order
to provide some estimates on the accuracy of the RC-TST
method applied to this reaction class. The first error analysis is
the direct comparison between the calculated rate constants with
those available in the literature. The second error analysis is a
comparison between rate constants calculated by the RC-TST
method and those from explicit full TST/Eckart calculations for
the whole set. Final analysis is on the systematic errors from
using fitted analytical expressions for the RC-TST correlation
functions.

3.1. Kinetics of 1,4-H Shift in n-Butyl Radical. The first
task for applying the RC-TST method to any reaction class is
to have rate constants of the reference reaction as accurate as
possible. The rate constants can be from either experimental
data or first-principles calculations. In this study the principal
reaction is chosen as the smallest reaction in all training sets,
namely, a 1,4-shift in the butyl radical (R1). Because of its small
size its rate constants can be calculated accurately using
canonical variational transition state theory (CVT) with the small
curvature tunneling (SCT) method for the temperature range
of 300—3000 K.

3.1.1. Stationary Points. The optimized geometrical param-
eters of the reactant (C4Hy) and transition state at the BH&HLYP/
cc-pVDZ and QCISD/cc-pVDZ levels of theory are shown in
Figure 1. Results show that the BH&HLYP/cc-pVDZ method
predicts geometries close to those from the QCISD/cc-pVDZ
level of theory for the reactant and transition state with the
largest difference of 0.014 A. Similarly, for frequencies the
average absolute difference is about 32 cm™! between those from
the BH&HLYP/cc-pVDZ and QCISD/ cc-pVDZ calculations.
This leads to differences in the total ZPE’s of 1.48 and 1.45

TABLE 2: Calculated Barrier Height and Reaction Energy
for the C'CCC — CCCC’ Reaction (numbers are in
kcal/mol)*

level of theory AV (kcal/mol)

BH&HLYP/cc-pVDZ 26.9
CCSD(T)/cc-pVDZ//BH&HLYP/cc-pVDZ 24.8
CBS-QB3% 242
MP2/6-311G**//HF/6-31G*" 26.4

¢ Zero-point energy correction is included.
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Figure 2. Potential-energy curves along the reaction coordinates of
the C"CCC — CCCC" reaction. Vj is the vibrationally adiabatic ground-
state potential curve, V¢ is the classical adiabatic ground-state potential
curve, and ZPE is the vibrational zero-point energy.

kcal/mol for the reactant and transition state, respectively.
However, the differences between the two levels on the ZPE
corrections to the classical barrier height and reaction energy
are insignificant (i.e., less than 0.05 kcal/mol.).

The classical barrier heights of the reference reaction
calculated at various levels of theory with inclusion of ZPE
corrections are listed in Table 2. Consistent with our previous
work,?"% the BH&HLYP/cc-pVDZ method gives rather ac-
curate results, comparable to those obtained with more advanced
and expensive correlation methods. In fact, these data are
consistent with those reported by Viskolcz et al.'® with a
difference of about 0.5 kcal/mol. From Table 2 the compound
method CBS-QB3* is expected to yield the most accurate result
for the barrier height, namely, 24.2 kcal/mol. This result is very
close to that from the CCSD(T)/cc-pVDZ//BH&HLYP/cc-pVDZ
level. Consequently, for computing efficiency reasons, the
CCSD(T)/cc-pVDZ//BH&HLYP/cc-pVDZ method is used to
correct the energy along the minimum energy path for rate
calculations discussed below.

Figure 2 illustrates the potential-energy surface for this
reaction. The zero-point energy, ZPE, was calculated using
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Figure 3. Arrhenius plot of the calculated rate constants for the C"CCC
— CCCC’ reaction along with those available in the literature.

BH&HLYP/cc-pVDZ frequencies. The classical adiabatic ground-
state potential V. values were obtained from CCSD (T)/cc-
pVDZ//BH&HLYP/cc-pVDZ calculations, and the vibrationally
adiabatic ground-state potential curve, V%, were the sum product
of the two terms V. + ZPE. The ZPE correction lowers the
classical barrier height about 1%. Moreover, the ZPE profile is
rather flat in the vicinity of the transition state.

3.1.2. Rate Constants. The rate constants of the reference
reaction were calculated using canonical variational transition-
state theory (CVT) with small curvature tunneling (SCT) over
a wide range of temperatures from 300 to 3000 K. The greatest
computational challenge of multidimensional tunneling methods
is the rather large number of force constant matrices for points
along the MEP. A reaction symmetry number of 3 was used to
account for the number of symmetrically equivalent reaction
paths. Three low-frequency modes correspond to rotations of
the CH,, CH3, and C,H5 groups in the reactant, and points along
the MEP are treated as hindered rotors. The final CVT/SCT/
HR rate constants are plotted in Figure 3 and fitted to an
Arrhenius expression, given as

k.= (1.33698 x 106)762719 exp(—9933'43)

- )

The TST/HR, CVT/HR, and CVT/ZCT/HR rate constants
were also plotted for comparison purposes. Differences in CVT
and CVT/ZCT-SCT rate constants indicate a rather significant
tunneling contribution at low temperatures. Tunneling effects
become less important when 7 > 1000 K.

To the best of our knowledge, there is no experimental kinetic
study on this reaction. The only data available in the NIST*
database is based on the DFT calculations performed by Mathieu
et al.?! The reaction rate was obtained using TST theory with
tunneling and hindered rotation corrections. Thus, it is expected
that the results presented here would be more accurate. In the
high-temperature regime (7 > 1000 K) these results are almost
identical to the CVT rates presented. For lower temperatures,
however, the differences are already noticeable but not very
significant. These differences are due to the more accurate
tunneling treatments used in our calculations.

3.2. Reaction Class Parameters. This section describes how
the RC-TST factors were derived using the representative
reaction set.

3.2.1. Potential-Energy Factor. The potential-energy factor
can be calculated using eq 6, where AVY and AVF are the barrier
heights of the arbitrary and reference reactions, respectively. It
has been shown previously that within a given class there is a
linear energy relationship (LER) between the barrier height and
the reaction energy, similar to the well-known Evans—Polanyi
linear free-energy relationship.*!~* Thus, with a LER accurate

J. Phys. Chem. A, Vol. 113, No. 8, 2009 1567

barrier heights can be predicted from only the reaction energies.
In this study, the LER is determined, where the reaction energy
can be calculated by either the AM1 or the BH&HLYP level
of theory. Alternatively, it is possible to approximate all
reactions at the same type of carbon atom site as having the
same barrier height, namely, the average value. In previous
studies®®3* this approximation was referred to as the barrier
height grouping (BHG) approximation. It was shown® that
substitution of an alkyl group will stabilize the radical species,
thus lowering the barrier height. Thus, one can expect hydrogen
migration reactions from the tertiary carbon to have a lower
barrier height than those from a secondary carbon. The same
relationship is expected to hold between the H shift from a
secondary and primary carbon atom. These expectations were
confirmed in our DFT calculation when the average scaled
barrier heights for H shift from a primary, secondary, and tertiary
carbon are 27.75, 24.44, and 23.18 kcal/mol, respectively. The
reaction energies and barrier heights for all representative
reactions in the representative set are given explicitly in Table
3. The observed linear energy relationships plotted against the
reaction energies calculated at the BH&HLYP/cc-pVDZ and
AM1 levels are shown in Figure 4a and 4b, respectively. These
linear fits were obtained using the least-squares fitting method
and have the following expressions

AV, =0.4915AEPMHYP 4 96 151 (keal /mol)  (8a)
AV, =0.2569AE™" +26.116(kcal/mol)  (8b)

Except for the reference reaction the absolute deviations of
reaction barrier heights between the LERs and the direct DFT
BH&HLYP/cc-pVDZ calculations are smaller than 0.55 kcal/
mol (see Table 3). The mean absolute deviation of reaction
barrier heights predicted from BH&HLYP and AMI1 reaction
energies are 0.21 and 0.45 kcal/mol, respectively. These
deviations are, in fact, smaller than the systematic errors of the
computed reaction barriers from full electronic structure calcula-
tions (see Table 2). This is certainly an acceptable level of
accuracy for kinetic modeling. Note that in the RC-TST/LER
methodology only the relative barrier height is needed. To
compute these relative values the scaled barrier height of the
reference reaction R, calculated at the same level of theory,
i.e., BH&HLYP/cc-pVDZ, is needed and has a value of 26.89
kcal/mol (see Table 3).

On the basis of the observation of barrier heights grouping
(BHG) on the three reaction sites the average scaled values are
assigned to all reactions in the same type of site, namely, 27.75,
24.44, and 23.18 kcal/mol for primary, secondary, and tertiary
carbon sites. The averaged deviations of reaction barrier heights
estimated from grouping are 0.37, 0.20, and 0.63 kcal/mol,
respectively, which correspond to 1.3%, 0.8%, and 2.7% of the
mean barrier height. Therefore, this approach can also be used
to estimate the relative barrier height quickly with an acceptable,
i.e., less than 3%, deviation. The key advantage of this approach
is that it does not require any additional information to estimate
rate constants.

In conclusion, the barrier heights for any reaction in this
reaction class can be obtained using either the LER or the BHG
approach. The estimated barrier height is then used to calculate
the potential-energy factor using eq 6. The performance for such
estimations on the whole representative reaction set is discussed
in the error analyses below.

3.2.2. Reaction Symmetry Number Factor. The reaction
symmetry number factors f, were calculated simply from the
ratio of reaction symmetry numbers of the arbitrary and
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TABLE 3: Classical Reaction Energies, Barrier Heights, and Absolute Deviations between Calculated Barrier Heights from
DFT and Semi-Empirical Calculations and Those from LER Expressions and BHG Approach”

AE AVF IAVF= AV imaed!
reaction DFT? AMI¢ DFT? DFT? AMI¢ BHG' DFT¢ AMI¢ BHG'
R, 0.00 0.00 26.88 26.15 26.25 2775 0.73 0.63 0.87
R, 3.31 5.14 28.14 27.78 27.58 27.75 0.37 0.57 0.39
R —3.31 —5.14 25.07 24.52 24.92 24.44 0.54 0.14 0.63
Ry —3.42 —8.22 24.64 24.47 24.13 24.44 0.17 0.51 0.20
Rs —3.55 —9.47 24.38 24.41 23.81 24.44 0.03 0.57 0.06
R 3.55 8.02 27.67 27.89 28.32 2775 0.22 0.65 0.08
R, —5.81 —9.43 23.22 23.29 23.82 23.18 0.07 0.59 0.04
Rg 3.40 9.43 28.07 27.82 28.68 27.75 0.25 0.61 0.32
R —3.32 —4.67 24.36 24.52 25.04 24.44 0.16 0.68 0.08
Rio 3.32 4.67 27.44 27.78 27.46 27.75 0.34 0.01 0.31
Ry —4.50 —4.30 23.44 23.94 25.14 23.18 0.50 1.70 0.26
R —6.00 —13.19 23.03 23.20 22.85 23.18 0.17 0.18 0.15
Ris 472 6.98 28.03 28.47 28.05 27.75 0.44 0.02 0.28
Rus —4.72 —7.13 23.64 23.83 24.41 24.44 0.19 0.77 0.79
Ris —3.67 —5.54 24.47 2435 24.82 24.44 0.12 0.35 0.04
Ris 3.67 5.54 27.88 27.95 27.68 27.75 0.07 0.20 0.13
Ry, —3.64 —5.54 24.50 24.36 24.82 24.44 0.14 0.32 0.07
Ris 3.64 5.54 27.89 27.94 27.68 2775 0.05 0.21 0.14
Rio —6.18 —13.15 23.04 23.11 22.86 23.18 0.07 0.18 0.14
MAD" 0.21 0.45 0.26

@ Zero-point energy correction is not included. Energies are in kcal/mol. ? Calculated at the BH&HLYP/cc-pVDZ level of theory and scaled
by a factor of 0.93. ¢ Calculated at the AMI level of theory. ¢ Calculated from the LER using reaction energies calculated at the BH&HLYP/
cc-pVDZ level of theory: eq 9a. ¢ Calculated from the LER using reaction energies calculated at the AM1 level of theory: eq 9b. / Estimated
from barrier height grouping. ¢ AV¥ from BH&HLYP/cc-pVDZ calculations. AViimaea from the linear energy relationship using BH&HLYP/
cc-pVDZ and AM1 reaction energies or from barrier height grouping. " Mean absolute deviations (MAD) for reactions R,—R .

o
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Figure 4. Linear energy relationship plot of the barrier heights, AV¥,
versus the reaction energies AE. Barrier heights were calculated at the
BH&HLYP/cc-pVDZ level of theory. AE’s were calculated at the (a)
BH&HLYP/cc-pVDZ and (b) AM1 levels of theory.

reference reactions using eq 3 and are listed in Table 4. The
reaction symmetry number of a reaction is given by the number
of symmetrically equivalent reaction paths. For the H-atom

TABLE 4: Calculated Symmetry Number Factors and
Tunneling Factors at 300 K

tunneling ratio factor, f,

symmetry
number

reaction  factor  Eckart fitting’ deviation® %deviation?
R, 1.00 (4088

R, 1.00 0.89 0.71 0.19 20.75
R; 0.67 0.89 0.75 0.14 16.09
Ry 0.67 0.78 0.75 0.03 4.25
Rs 0.67 0.66 0.75 0.08 12.63
Re 1.00 0.66 0.71 0.04 6.37
R, 0.33 0.49 0.50 0.01 1.33
R, 1.00 0.49 0.71 0.22 44.07
Ry 0.67 0.63 0.75 0.12 19.40
Rio 1.00 0.63 0.71 0.08 12.76
Ry 0.33 0.55 0.50 0.05 9.17
Ry, 0.33 0.47 0.50 0.02 5.00
Ri; 1.00 0.76 0.71 0.05 7.16
Ry 0.67 0.76 0.75 0.01 1.70
Ris 0.67 0.76 0.75 0.01 1.38
Ri6 1.00 0.76 0.71 0.05 6.86
Ry7 0.67 0.75 0.75 0.01 0.71
Rig 1.00 0.75 0.71 0.05 6.23
Ryo 0.33 0.48 0.50 0.02 4.19
MAD*¢ 0.07 10.00

“ Calculated directly using the Eckart method with BH&HLYP/
cc-pVDZ reaction barrier heights and energies. ” Calculated using
the fitting expression. ¢ Absolute deviation between the fitting and
directly calculated values. ¢ Percentage deviation (%). ©Mean
absolute deviations (MAD) and deviation percentage between the
fitting and the directly calculated values. / Tunneling coefficient
calculated for reaction R; using the Eckart method with the
energetic and frequency information at BH&HLYP/cc-pVDZ.

intramolecular migration reaction class this number is equal to
the number of H atoms connected to the hydrogen abstraction
site: 3 for primary carbons, 2 for secondary carbons, and 1 for
tertiary carbons. This value is multiplied by the number of
equivalent migration sites in the molecule. Reaction 5 can serve
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Figure 7. Average hindered rotation corrections to the total rate
constants for all reactions in the temperature range of 300—3000 K.

as a useful example here. Because there are two equivalent
primary C atoms in the CC(C)CC'C molecule, the reaction
symmetry number is equal to 2 x 3 = 6. In any case, this
number can be easily calculated from the molecular topology
of the reactant; thus, the symmetry number factor can be
calculated exactly.

3.2.3. Tunneling Factor. The tunneling factor f, is the ratio
of the transmission coefficient of reaction R, to that of the
reference reaction R,. Due to cancellation of errors in calcula-
tions of the tunneling factors we have shown that the factor f
can be reasonably estimated using the one-dimensional Eckart
method.?* Calculated results for the representative reaction set
can then be fitted to an analytical expression. It is known that
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Figure 8. Arrhenius plots of the calculated and literature rate constants

using the RC-TST methods for the CH;CH,CH,CH,CH," —

CH;CH’CH,CH,CHj3; reaction. Results from using the reaction energies
at the BH&HLYP/cc-pVDZ level in the LER are presented.

the tunneling coefficient depends on the barrier height. We have
shown that the barrier heights group together into three groups,
namely, primary, secondary, and tertiary carbon sites (see
Potential-Energy Factor section), it is expected that reactions
in the same group have similar tunneling factors and thus the
average value can be used for the whole group. Simple
expressions for the three tunneling factors for primary, second-
ary, and tertiary carbon sites are obtained by fitting to the
average calculated values and are given below
f'=1-19.916 exp(—T/71.103) for primary carbon sites

K

(%a)
F=1.002 —29.278 exp(—17/63.109) for secondary carbon sites

(9b)
FM'=0.998 — 15.770 exp(—T/86.944) for tertiary carbon sites

(9¢)

The correlation coefficients 7 for these fits are larger than 0.999.
The three equations are plotted in Figure 5, and the error analysis
at 300 K is listed in Table 4. It can be seen that the same
tunneling factor expression can be reasonably assigned to all
reactions at the same site with the largest percentage deviation
of 44% for R; and the mean absolute deviation of 7% compared
to the direct Eckart calculations. At higher temperatures
tunneling contributions to the rate constants decrease, and thus,
as expected, the differences between the approximated values
and the explicitly calculated ones also decrease; for example,
the maximum error for all reactions is less than 1% at 500 K.

3.2.4. Partition Function Factor. The partition factor is the
product of the translational, rotational, internal rotation, vibra-
tional, and electronic components. The translational and rota-
tional factors are temperature independent. As pointed out in
our previous study,’* the temperature-dependent part of the total
partition function factor fq mainly originates from the differences
in the coupling between the substituents with the reactive moiety
and its temperature dependence, which arises from the vibra-
tional component and internal rotations only. Partition function
factors for 18 reactions (R,—R¢) in the class calculated in the
temperature range 300—3000 K are given in Figure 6. Note
that since contributions from the hindered rotation modes are
treated separately they are not included in these partition
function calculations. Since the variations in factors correspond-
ing to different types of carbon atom sites were found to be
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TABLE 5: Parameters and Formulations of the RC-TST Method for the 1,4-Intramolecular Hydrogen Migration in the Alkyl
Radicals Reaction Class (CH;CH,CH,CH," — CH, CH,CH,CHj; is the reference reaction)”

k(D = k(DD fueDf D f,: fTI) = exp

—AVF — AV}
kT

calculated explicitly from the symmetry of reactions (see Table 4)

=1 - 19916 exp(—7/71.103) for primary carbon sites

AU=1.002 — 29.278 exp(—T7/63.109) for secondary carbon sites
= 0.998 — 15.770 exp(—T/86.944) for tertiary carbon sites

14 =206.56T-T 977 for primary carbon sites

& = 346.82T-T %5 for secondary carbon sites

SO = 343.53T-T 9522 for tertiary carbon sites

fo

fd(T)

fo(D

Sur(T) fir = (3.69 x 107HT + 0.818

AVF LER
AV, = 0.2569AE*M! + 26.116
AVF = 26.90 kcal/mol

ky(T)

BHG approach

k. = (133698 x 10°)T"9771% exp(—9933.43/T) [s”']

KT) = (2.692 x 10%)T%58 exp(—9403.916/T) for primary carbon sites
K(T) = (4789 x 10%)T%7 exp(—7778.518/T) for secondary carbon sites
K(T) = (1.098 x 10%)7%3 exp(—7392.211/T) for tertiary carbon sites

@Tis in Kevin; AV¥and AE are in kcal/mol; zero-point energy correction is not included.

rather significant we derived different formulas for migration
from primary, secondary, and tertiary carbon atom separately.
The average values for the H shift from primary, secondary,
and tertiary carbon sites were fitted into analytical expressions
as given below

fé =206.56T + T """ for primary carbon sites (10a)
fg =346.82T - T~ for secondary carbon sites (10b)

féﬂ =343.53T - T "% for tertiary carbon sites (10c)

The correlation coefficients 12 for these fits are larger than
0.99. As one may see from Figure 6 the average value of the
partition function factor for 7 > 1000 K differs substantially
from unity for all reactions in the representative set. As
mentioned earlier, the coupling between substituents with the
reactive moiety is believed to account for these differences.

3.2.5. Hindered Rotation Factor. For this reaction class
rotations of the alkyl (for example, CH3) or alkanyl (CH,) groups
along the C—C bond for some reactants, transition states, and
products need to be treated as hindered rotors. We used the
approach proposed by Ayala et al.’® The reaction class factor
due to these hindered rotors is a measure of the substituent
effects on the rate constants from these hindered rotors relative
to that of the reference reaction. The effect of the hindered
rotation treatment to total rate constants can be seen in Figure
7. For the sake of simplicity and clarity only the average factor
for each reaction is presented. It can be seen from Figure 7 that
the HR correction factors are dependent on the temperature.
The average values at temperatures below 1000 K are smaller
than 1, whereas, for 7 > 2000 K the average factor is
significantly higher than 1. The average values, as applied to
the whole class, are fitted into a linear expression with P>
0.99, as given below

fir=(3.69x10"HT+0.818 (11)

3.3. Prediction of Rate Constants. What we have estab-
lished so far are the necessary parameters, namely, potential-
energy factor, reaction symmetry number factor, tunneling
factor, and partition function factor, for application of the RC-
TST theory to predict rate constants for any reaction in the 1,4-

intramolecular hydrogen migration class. The procedure for
calculating rate constants of an arbitrary reaction in this class
is (i) calculate the potential-energy factor using eq 6 with a AV
value of 28.91 kcal/mol. The reaction barrier height can be
obtained using the LER approach by employing eq 8a for
BH&HLYP/cc-pVDZ or eq 8b for AMI reaction energies or
by the BHG approach, (ii) calculate the symmetry number factor
from eq 3 or see Table 4, (iii) compute the tunneling fac-
tor using eq 9a, 9b, or 9c for primary, secondary, and tertiary
carbon sites, respectively, (iv) evaluate the partition function
factor using eqs 10a, 10b, and 10c, (v) evaluate the hindered
rotation factor using eq 11, and (vi) the rate constants of the
arbitrary reaction can be calculated by taking the product of
the reference reaction rate constant given by eq 7 with the
reaction class factors above. Table 5 summarizes the RC-TST
parameters for this reaction class.

If the BHG barrier heights and average values for other factors
are used the rate constants are denoted by RC-TST/BHG. The
RC-TST/BHG rate constants for any reactions belonging to this
class can be estimated without any further calculations as

—94(?.916)(571)

for primary carbon sites (12a)

—777]2}.518)(5_1)

for secondary carbon sites (12b)
—7397%.21 1)(5_1)

for tertiary carbon sites (12c)

K(T) = (2.692 x 10%)7°5% exp(
k(T) = (4.789 x 10%)7°" exp(

k(T) = (1.098 x 10°)7°3% exp(

The appropriate symmetry factor of 3 for primary carbon sites,
2 for secondary carbon sites, and 1 for tertiary carbon sites are
included in the rate constant expressions above. Correction for
the number of equivalent migration sites depends on the specific
reaction and thus must be included explicitly.

3.4. Error Analyses. As mentioned earlier, only a limited
amount of the experimental data is available for intramolecular
H shift in alkyl radicals. n-Pentyl (reaction Rj) and n-octyl
isomerizations (reactions R;3—R;4) are used to illustrate the
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Figure 9. Arrhenius plots of the calculated and experimental rate
constants for the (a) 1-octyl— 4-octyl (R;3) and (b) 4-octyl — I-octyl
(Ry4) reactions. Calculated RC-TST results using the reaction energies
at the BH&HLYP/cc-pVDZ level in the LER are presented.

theory. It is noted that there is no direct experimental data
available for the R; reaction, but some were derived from
experiments.'** Figure 8 shows the predicted rate constant of
reaction R; using the RC-TST method and literature data.'>132144
In this figure the “RC-TST exact” notation means that the
reaction class factors were calculated explicitly rather than using
the approximate expressions listed in Table 5. Because there
are not big differences between the results obtained from using
either the BH&HLYP/cc-pVDZ or AM1 reaction energies only
rate constants from BH&HLYP are presented here. As can be
seen from Figure 8 the agreement between the predicted results
and experimentally derived data is, for reaction R3, quite
excellent.

Figure 9a,b shows the comparison of the our RC-TST/LER
and RC-TST/BHG reaction rates with the newest measurements
available by Tsang and co-workers.'* These experiments were
performed in a single-pulse shock tube at temperatures in the
850—1000 K range. High-pressure rate constants have been
derived over 700—1900 K range with an uncertainty factor of
2. Figure 9a shows rates for reaction R4 from the training set
(1-octyl = 4-octyl), whereas Figure 9b shows rates for reaction
Ry3 (4-octyl = 1-octyl), which is the inverse reaction to Rj,.
These figures show that the agreement between theory and
experiment is excellent. In fact, the RC-TST rates are within
the uncertainty factor with the measurement values for the
temperature range of the experiments performed (850—1000 K)
and lower (700—850 K). The same is also true for extrapolation
of Tsang’s data from 700 to 300 K (this extrapolation is not
shown in Figure 9). For temperatures higher than 1200 K the
differences are more noticeable.

The second error analysis provides a systematic analysis on
the efficiency of the RC-TST method by comparing RC-TST
results with those from explicit calculations. As mentioned in
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between rate constants calculated from explicit TST/Eckart calculations
for all selected reactions and (a) from the RC-TST/LER method where
BH&HLYP reaction energies were used for the LER and (b) from the
RCT-TST/BHG method.

our previous studies,”??*% the RC-TST methodology can be
thought of as a procedure for extrapolating rate constants of
the reference reaction to those of any reaction in the class.
Comparisons between the calculated rate constants for a small
number of reactions using both the RC-TST and the full TST/
Eckart methods provide additional information on the accuracy
of the RC-TST method. To be consistent, the TST/Eckart rate
constants of the reference reaction were used in calculation of
RC-TST rate constants for this particular analysis rather than
using the expression in eq 7. The results for this error analysis
for 18 representative reactions (i.e., the comparisons between
the RC-TST/LER and full TST/Eckart methods) are shown in
Figure 10a, wherein the relative deviation defined by (kTST/Eckart
— kRCTSTLERpTST/Eckarty a5 3 percent versus the temperature for
all reactions in the representative set, R,—Rjq is plotted. For
the temperatures > 1000 K for most of the reactions in this set,
15 out of 18, the unsigned relative errors are within 60%. In
the low-temperatures regime five reactions have errors larger
than 60%. Thus, in general, it can be concluded that RC-TST
can estimate thermal rate constants for reactions in this class
within 60% when compared to those calculated explicitly using
the TST/Eckart method. For other cases maximum error is less
than 95%, which is still an acceptable level of accuracy for
reaction engineering purposes. It is noted that this analysis is
presented for RC-TST/LER only. One would expect slightly
worse performance for the RC-TST/BHG approach as shown
in Figure 10b, wherein the maximum error exceeds 100%. As
expected, these differences are only minor and do not signifi-
cantly affect the accuracy of the RC-TST method. The con-
venience of ready to be used rate expressions for any reaction
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Figure 11. Averaged absolute errors of the total relative rate factors
AT) (eq 2) and its components, namely, the tunneling (fx), partition
function (fp), and potentialienergy (fv) factors as a function of
temperature.

in the class would offset the lower accuracy of the BHG
approach compared to that of the LER.

Finally, an analysis of the systematic errors in different factors
in the RC-TST/LER methods was performed. The total error is
affected by the errors in the approximations in the potential-
energy factor, tunneling factor, and partition function factor
introduced in the method. The deviations/errors between the
approximated and exact factors within the TST framework
are calculated at each temperature for every reaction in the
representative set and then averaged over the whole class.
For the LER approach, error in the potential-energy factor
comes from - use of an LER expression, that of the tunneling
factor from three equations (eqs 9a, 9b, and 9c), that of the
partition function factor from using eqs 10a, 10b, and 10c,
and that of the hindered rotation factor from using eq 11.
Absolute errors averaged over all 18 reactions, R,—Rjg as a
function of the temperature are plotted in Figure 11. Of the
factors the hindered rotation (HR) and partition function ratios
factor show the least temperature dependence for the whole
temperature range. The HR factor introduced the smallest
error of less than 4%, while the error introduced by the
partition function factor is the largest of the individual factors
for T > 300 K, roughly around 50% for the whole
temperature range. As mentioned earlier, this significant error
is caused by a very small (less than 0.1) value of the partition
factor for 7 > 1000 K. Only for 7 = 300 K is the error of
the BHG potential-energy factor noticeable. This affects the
low-temperature (77 < 700 K) behavior of the total BHG
factor, which exceeds 100% for T = 300 K. Thus, the LER
approach gives less error in the potential-energy factor than
the BHG, though for 7 > 700 K total systematic errors of
both LER and BHG factors are almost the same. For
temperatures 7 > 1000 K all errors are almost constant.
Except for the BHG approach, the total systematic errors due
to the use of simple analytical expressions for different
reaction class factors are less than 60% for the temperature
range 300—3000 K.

In general, if accurate rate constants are needed the RC-TST/
LER is recommended, while the BHG methods gives a quick
estimation without doing any calculations but with larger errors.

Conclusions

Application of reaction class transition-state theory combined
with the linear energy relationship and the barrier height
grouping approach to prediction of thermal rate constants for
the hydrogen 1,4-intramolecular hydrogen migration reaction

Bankiewicz et al.

class was carried out. The rate constants for the reference
reaction CH;CH,CH,CH,— CH,"CH,CH,CH; were obtained
by the CVT/SCT method in the temperature range 300—3000
K. The RC-TST/LER, where only reaction energy is needed,
and RC-TST/BHG, where no other information is needed, are
found to be promising methods for predicting rate constants
for any reaction in this reaction class. The error analyses indicate
that both the RC-TST/LER and the RC-TST/BHG methods can
predict rate constants within a factor of 2 compared to explicit
rate calculations.
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