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Abstract The ground-state potential energy surface of
the 1-hexyl system, including the main decomposition and
isomerization processes, has been calculated with the
MPWI1K, BB1K, MPWBI1K, MPW1B95, BMK, M05-2X
and CBS-QB3 methods. On the basis of these data, thermal
rate coefficients of different reaction channels and
branching ratios were then calculated using the master
equation formulation at 250-2,500 K. The results clearly
point out that the 1,5 H atom transfer reaction of 1-hexyl
radical with exothermicity proceeds through the lowest
reaction barrier, whereas the decomposition processes are
thermodynamically unfavorable with large endothermicity.
The temperature effect is important on the relative
importance of different reactions in the 1-hexyl system. In
the low-temperature range of 250-900 K, isomerization
reactions, especially 1,5 H atom transfer reaction of
1-hexyl radical, are dominating and responsible for over
82.17% of all the reactions, due to their smaller reaction
barriers than those of the decomposition reactions. Fur-
thermore, an equilibrium process involving the isomeric
forms of the hexyl radicals appearing at relative low tem-
perature was validated theoretically. However, isomeriza-
tion and decomposition processes are kinetically
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competitive and simultaneously important under normal
pyrolysis conditions.
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1 Introduction

Unimolecular decomposition and isomerization of alkyl
radicals are an all-important part of the chemical schemes
of many high-temperature processes such as hydrocarbon
pyrolysis [1]. Furthermore, for long-chain alkyl radicals,
the isomerization reactions are known to compete favor-
ably with the direct decomposition processes [2]. The rel-
ative rates of these processes determine the role of the alkyl
radicals in the ensemble of chain reactions, as the reactivity
of the products of these reactions is different. Therefore,
detailed knowledge of the kinetic behavior of such reac-
tions is the key for accurately modeling these systems.
However, very few of the experimental rate coefficients for
these types of reactions have become known with a satis-
factory accuracy. Especially, little is known about the
microscopic features of related reactions of long-chain
alkyl radicals with five carbons or more under normal
pyrolysis conditions. This situation reflects the experi-
mental difficulties of investigating the multi-channel
reactions for these short-lived and highly reactive radicals.
Quantum chemical methods can be used to calculate the
important thermochemical properties and reaction rates of
the complex reactions of alkyl radicals.

1-hexyl (1-CgH,3) radical exhibits most of the important
kinetic and mechanistic features, characteristic for the
isomerization and decomposition of alkyl radicals with
long carbon chains. It is a good candidate as a model to
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outline the theoretical procedures concerning thermo-
chemical and kinetic calculations of the long-chain alkyl
radical reactions. According to the Rice—Kossiakoff radical
chain mechanism [2], two different dominating disap-
pearance channels, isomerization and decomposition by
p-scission reaction, are available to the 1-C¢H;; radical.
The former isomerizes by intramolecular hydrogen atom
transfer; the latter decomposes by § C—C scission forming
a smaller radical and an olefin as shown in Scheme 1.
These reactions have been studied experimentally using
both steady state and shock-tube techniques [3-9]. 1,5 H
atom transfer reaction of 1-hexyl radical was extensively
studied by experiment. From the kinetic analysis of the
product formation between 298 and 378 K, Watkins [3]
obtained the Arrhenius expression for this reaction as
K(T) = 2.57 x 10° [s7!] e~ !1:20keal/mollRT "yg51¢ o 4], [4]
generated 1-hexyl in a “bath” of methyl by co-photolysis
of 2-octanone with excess acetone or azomethane and
obtained k(T) = 3.16 x 107 [s7'] e~ ! 00kcal/mollRT 5
300453 K. Through studying the mechanism and mea-
suring the product rates from hexane pyrolysis at 723—
823 K, Imbert et al. [5] indirectly estimated the rate
coefficient as k(T) = 3.16 x 10'0 [s7!] e~ !7-02lkeal/mol/RT
Using a shock-tube apparatus coupled with atomic reso-
nance absorption spectrometry, Yamauchi et al. [6] inves-
tigated the decomposition and isomerization processes of
C53—Cg alkyl radicals at 900-1,400 K. The rate coefficient
for the 1,5 H atom transfer reaction of 1-hexyl radical was
evaluated as k(7) = 6.65 x 107 [s~!] TO8%~1245kcal/mol/RT
Available rate coefficients for the decomposition reactions
are limited to the reaction of 2-hexyl radical to propylene
and 1-propyl radical. On the basis of the kinetics mecha-
nism and the analysis of experimental data in ethane
pyrolysis, Quinn [8] gave the rate coefficient with the
expression k(T) = 3.00 x 10'3 [s7!] e~ 2248lkcal/mollRT ¢
800-900 K. Derived from a complex mechanism of ethane
pyrolysis at 823-999 K, the high-pressure limit rate coef-
ficient was given by Lin et al. [9] as k(T) = 3.20 x 10"

R
2-CgHj3 ——> C3H¢ +1-C3H;
4

R;| [-R;
'

R
1"C6H13 —— C,H, + 1-C4Ho
Ry| |-R:
4

3-CeHy3 —25 » 1-C4Hg + CoHs
R\éx

Scheme 1 Primary reaction scheme for disappearance of 1-hexyl
radical. (1-CgHj3: 1-hexyl, 2-C¢H;3: 2-hexyl, 3-CgH;3: 3-hexyl)

1-C5H]0 + CH3
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[s71] e 26:08lkeal/mollVRT “ A ogtimated rate coefficient with
the expression k(T) = 2.00 x 10" [s7!] ¢~ 30 14tkeal/mol/RT
was used by Imbert et al. [5] for modeling hexane pyrolysis
at 723-823 K. Recently, significant progress in experi-
mental study of 1-hexyl radical has been made by Tsang
et al. [7]. The rate coefficients for the main decomposition
and isomerization reactions of 1-hexyl radical were
deduced from the product analysis of the shock-tube
pyrolysis of 1-hexyl iodide at 890-1,020 K and the
Rice-Ramsperger—Kassel-Marcus (RRKM) extrapolation.
Unfortunately, most of the rate parameters for the 1-hexyl
decomposition and isomerization processes were derived
from the analysis of chain reaction systems and often
suffered from the hypothesized mechanism model.

There are a number of theoretical calculations on the
decomposition and/or isomerization of alkyl radicals [10-
17]. However, there are no theoretical calculations on the
rate coefficients of the various possible reactions of 1-hexyl
radical, and their branching ratios have not been obtained.
Therefore, it is desirable to investigate the mechanism and
kinetics of this system by quantum chemical methods. In
this paper, we present a systematic study of the competitive
decomposition and isomerization channels of 1-hexyl rad-
ical using various density functional theory (DFT) methods
as well as high-level procedure CBS-QB3 [18]. The aim is
to obtain more microscopic insight into the mechanistic
and kinetic aspects of the different reactions. The present
study includes the calculations on geometries, energies and
thermal rate coefficients of the main channels involved.
The relative importance of different channels is also
discussed in detail. As part of the study, the influence of
level of theory on reaction enthalpies and barriers is
investigated.

2 Calculation procedures

Electronic structure calculations were performed with the
Gaussian 03 program [19]. Unless noted otherwise, cal-
culations on radicals and transition structures were carried
out with an unrestricted wave function, as denoted with a
“U” prefix. The nature of the located stationary points was
characterized according to the number of imaginary
vibrational frequencies (NImag = 0 for a minimum or
NImag = 1 for a saddle point). The methods used to cal-
culate energy properties include both full optimization and
single-point methods; in the latter, denoted X//Y, the
energy is calculated at the higher-level X at the geometry
obtained by an optimization at the lower level Y. Intrinsic
reaction coordinate (IRC) [20] calculations were also car-
ried out to confirm that the transition state structures
properly connect reactants and products (see the Support-
ing Information in Fig. S1).
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Geometries of the reactants, products, and transition
states were optimized at the MPWBIK [21] and
MPW1B95 [21] levels of theory with the 6-31 4+ G(d,p)
basis set as well as the B3LYP/6-311G(2d,d,p) level of
theory. In particular, the hybrid meta density functionals
MPWBIK and MPWI1B95 have been found to give
excellent results for thermochemistry and kinetics and to
reproduce saddle point geometries well for a large variety
of chemical systems [21-23]. We also optimized the
geometries at the MPW1B95/6-311 + G(2d,2p) level of
theory to show the impact of basis set effect on structures.
The calculated geometries at the MPWI1B95/6-311 +
G(2d,2p) and MPW1B95/6-31 + G(d,p) levels of theory
agree with one another fairly well in our study.

Zero-point vibrational energies (ZPVEs) were obtained
at the same level of theory as the geometry optimization,
and scaled by 0.9537 [21] and 0.9721 [21] for MPWBIK/
6-31 + G(d,p) and MPWI1B95/6-31 + G(d,p), respec-
tively. As no literature scale factor is available for the
MPW1B95/6-311 + G(2d,2p) method, a scale factor of
0.9724 was evaluated by minimizing the root-mean-square
errors to reproduce the ZPVEs of the 13 molecules [24]. To
yield more reliable reaction enthalpies and barriers, single-
point energy calculations were further refined by means of
higher-level energy calculations at those methods used in
geometry optimization as well as MPW1K [25], BBIK
[26], M05-2X [27] and BMK [28]. These new-generated
functionals were specifically optimized to give improved
performance for studying the kinetics of chemical reac-
tions. The basis set employed for DFT calculations is
MG3S which is a very good choice for DFT methods based
on its performance and cost [29, 30]. The MG3S basis set is
derived from the MG3 basis set by omission of diffuse
functions on hydrogens [31]. The single-point energies
combined with the ZVPE and thermal corrections obtained
from the MPWB1K/6-31 + G(d,p) method were then used
for the calculations on the reaction enthalpies and barriers.
The CBS-QB3 [32] procedure as a high-level ab initio
method was also used. This method is a five-step procedure
that starts with the B3LYP/6-311G(2d,d,p) optimized
geometry and frequency calculations scaled by a factor of
0.99, followed by energy corrections obtained from
CCSD(T), MP4SDQ, and MP2 single-point calculations
and a CBS extrapolation. Several studies have already
indicated that the CBS-QB3 method offered accurate cal-
culations of thermochemistry and kinetics for hydrogen
abstraction [33] and f-scission reactions [34-37]. There-
fore, this method was used as a benchmark for comparison.

Thermal rate coefficients of each reaction at the high-
pressure limit were computed through the numerical solu-
tion to the master equation [38]. This methodology requires
a microcanonical rate constant k(E) which can be calcu-
lated using the RRKM theory. The basic procedure has

been described in detail previously [39] and is not descri-
bed well here. The isomerization reactions involve hydro-
gen transfer, and thus the quantum tunneling effect is
expected to be noticeable, especially at low temperature.
Therefore, the inclusion of these effects was taken into
account for these reactions. The one-dimensional Eckart’s
method [40] was employed to calculate the tunneling
coefficient in the rate calculations. The RRKM and master
equation calculations were performed using the VKLab
program [41] on the basis of the CBS-QB3 energy barriers
and the B3LYP/6-311(2d,d,p) frequencies scaled by a
factor of 0.99.

3 Results and discussions
3.1 Geometries

The optimized stationary point structures at the MPWB 1K/
6-31 + G(d,p), MPW1B95/6-31 + G(d,p) and B3LYP/6-
311G(2d,d,p) levels of theory along with the MPW 1B95/6-
311 4+ G(2d,2p) level of theory are illustrated in Fig. 1
together with their main geometric parameters, while
complete geometries in the form of GAUSSIAN archive
entries are provided in the Supporting Information. The
equilibrium geometries of primary alkyl radicals with a
chain carbon skeleton optimized have two conformers; one
is that the radical carbon 2p, orbital housing the unpaired
electron is eclipsed with a 6 C—H bond and the other is that
the C 2p, is eclipsed with 6 C-C bond. Since the former
always has the lower total electronic energy as we
obtained, the 6 C-H eclipsed radicals were considered in
this work.

Examination of Fig. 1 shows that the calculated bond
lengths and bond angles in each structure are in good
agreement with each other. The average deviation from
different level values is generally within 0.02 A, and the
maximum deviation of bond angle is only 0.5°. Further-
more, the calculated structural parameters at the
MPWBI1K/6-31 + G(d,p) level of theory are slightly closer
to those calculated at the levels of MPWI1B95/6-
311 + G(2d,2p) and MPW1B95/6-31 + G(d,p) than the
results obtained from the B3LYP/6-311G(2d,d,p) method.
The effect of variation in the theoretical procedure on the
bond lengths is generally similar in molecules, radicals and
transition states, which has also been noted for decom-
position/isomerization reactions [13] and hydrogen
abstraction reactions [34, 42].

To assess the effect of the level of theory used for
geometry optimization on the computed energies, single-
point energy calculations were performed on each structure
at the MPWBI1K/MG3S level of theory. The resulting
reaction barriers and enthalpies without ZPVE corrections
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Fig. 1 Optimized geometries
for the reactants, products and
transition states at several
levels. Parameters are given
in the order (fop to bottom):
B3LYP/6-311G(2d,d,p),
MPWBI1K/6-31 +

G(d,p), MPW1B95/

6-31 + G(d,p) and MPW1B95/
6-311 + G(2d,2p) (angle in
degrees, distance in A)

1516 e 1518

3-hexyl

are shown in Tables 1 and 2, respectively. Inspecting the
reaction barriers first, we find that the calculated barriers
are generally insensitive to the levels of theory used in the
geometry optimization. The differences in the barriers are
less than or equal to 0.15 kcal/mol. Interestingly, use of the
B3LYP/6-311G(2d,d,p) geometries leads to a slight over-
estimation of the barriers for isomerization reactions and a
slight underestimation of the barriers for decomposition
reactions in comparison with the corresponding values
using other geometries. Examining the reaction enthalpies
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(Table 2) next, we find that the results are similar to those
for the barriers. Once again, the effects of the MPWB1K/6-
31 + G(d,p), MPW1B95/6-31 + G(d,p) and MPW1B95/
6-311 + G(2d,2p) geometries on the calculated enthalpies
are very similar, with deviations of less than 0.31 kcal/mol.
Based on the combined results in Tables 1 and 2, the main
conclusions are that geometry optimizations are relatively
insensitive to the levels of theory used, which means that
the reactants, transition state and products are affected
similarly by changes in the choice of geometry.
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Table 1 Effect of level used for geometry optimization on calculated
reaction barriers (kcal/mol)

Level of theory R, R, R3 R4 Rs Rg
MPW1B95/6- 17.43 23.74 33.56 34.08 33.56 35.92
31 + G(d.p)

MPWBK/6-31 + G(d,p) 17.44 23.74 33.58 34.10 33.58 35.95
MPW1B95/6- 17.44 23.75 33.54 34.06 33.54 35091

311 + G(2d,2p)

B3LYP/6-311G(2d.d,p) 17.55 23.89 33.49 34.02 33.50 35.84

Calculated at the MPWB1K/MG3S level of theory without ZPVEs

Table 2 Effect of level used for geometry optimization on calculated
reaction enthalpies (kcal/mol)

Level of theory R] R2 R3 R4 R5 Ré

MPW1B95/6- —3.50 —3.38 27.87 27.75 27.90 31.09
31 + G(d,p)

MPWBI1K/6- —3.50 —3.37 27.86 27.74 27.89 31.07
31 + G(d,p)

MPW1B95/6- —3.51 —3.38 27.80 27.72 27.85 31.03

311 + G(2d,2p)

B3LYP/6-311G(2d,d,p) —3.57 —3.46 27.56 27.46 27.67 30.89

Calculated at the MPWB1K/MG3S level of theory without ZPVEs

Considering the very close agreements among these results,
the MPWBI1K/6-31 4+ G(d,p) geometries were chosen as
the base of single-point energy calculations.

In the transition structures (TS; and TS,) corresponding
to the isomerization reactions, the distances between the
abstracted H atom and the acceptor carbon atom are
elongated by 21.54 and 23.35%, respectively, in compari-
son with the corresponding bonds in the equilibrium
structures at the MPWB1K/6-31 + G(d,p) level of theory.
The partially formed C-H bonds are longer than the
equilibrium values in the stable configurations by 25.09
and 26.39%, respectively, at the same level. Therefore, two
transition state structures are early on the potential energy
surface, which is consistent with the Hammond’s postulate
[43]. As shown in Fig. 2, the reactions R; and R, are
exothermic. Closer inspection of the optimized geometries
of TS; and TS, indicates that the partially broken C-H
bond and the partially formed C—H bond in five-membered
(1,4 transfer) ring transition structure are longer than the
corresponding bonds in the six-membered (1,5 transfer)
ring transition structure with various methods due to the
string strain.

The decomposition of an alkyl radical through a f C-C
scission is generally endothermic. Therefore, according to
Hammond’s postulate [43], the transition state should be
late, that is, the saddle point position is close to the prod-
uct’s position along the reaction coordinate. These features
were observed in the optimization of the transition state

28

6654

expt.
5 MPWIK
B BB1K
| E=SMPWBIK
[ 1MPWI1B95
XXX BMK
([T M05-2X
| EEFEEA CBS-QB3

L

5o
oZoze

SEEEL

00
T

o

K
e

65

4
oZo%¢

5

XXXX

e

3K

S

4%

e

i

XXX
[T T T T T T

5

%
XXXX

X

L&

4%
oZo%s

Aer% ,Kcal/mol

9905
5

XXX
55

K

XXX

e

4%

%
XXX

X

o058

55

XXX

s

202,
MEEEEE

IEEEEEEEEEEINEEI NSNS NN NN NN NN RN

NSNS NN NN NSNS NE NN NN NN

T LT T

5
TITIIT
KK

<t

030

Fig. 2 Calculated reaction enthalpies including ZPVE and thermal
corrections with various methods. The DFT calculations using the
MG3S basis set on the MPWB1K/6-31 + G(d,p) geometries

structures of the f C-C scission reactions with all the
utilized methods. As shown, the transition structures TSj,
TS4, TSs and TS¢ in Fig. 1, the lengths of the partially
broken § C—C bonds at the MPWBI1K/6-31 4+ G(d,p) level
of theory are longer than the corresponding equilibrium
values in normal hexyl radicals by 50.89, 50.99, 50.66 and
52.47%, respectively. When compared with the corre-
sponding bonds in the stationary point structures of olefins,
the partially formed C = C bonds in the transition struc-
tures, slightly longer by about 1.74-1.89%, represent evi-
dently double bond character. Similarly, the partially
formed f§ C—C bonds in the transition structures have the
evident feature of the f C—C bond. From the main geo-
metric parameters of these four structures, it can be found
that the saddle point positions on the potential energy
surface is close to the product’s position, characteristic of
endothermic. This trend corresponds to the reaction energy
changes as shown in Fig. 2 and Table 4. The relationship
between endothermicity of the reactions and their saddle
point positions on the potential energy surface was also
observed in the MP2/6-311G(d,p) study of 1-pentyl radical
decomposition [13].

3.2 Energy properties

The reaction enthalpies (A;H,og) including ZVPE and
thermal corrections for each reaction were calculated at
various levels of theory, using the MPWBIK/
6-31 + G(d,p) geometries. The results are shown in
Table 3 and Fig. 2. Where possible, the calculated
enthalpies were compared with the corresponding gas-
phase reference data derived from the standard
experimental enthalpies of formation of methyl radical
(35.10 £ 0.10 kcal/mol), ethyl radical (28.42 £ 0.31

@ Springer
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Table 3 Calculated standard reaction enthalpies relative to reference reaction enthalpies A,H° (298 K) and MAD (kcal/mol)

AH (calc.) — AH (ref.)

AH (ref.)? MPWI1K BBI1K MPWBIK MPW1B95 BMK MO05-2X CBS-QB3
R, —2.06 —1.36 —1.55 —1.50 —1.73 —1.04 —0.92 —0.74
R, —2.06 —1.16 —1.35 —1.28 —1.52 —0.98 —0.64 —0.50
R, 23.15 2.57 —0.14 1.14 —0.65 0.05 0.52 —0.42
R, 22.85 2.62 0.13 1.43 —0.24 0.14 0.91 0.12
Rs 22.31 3.17 0.70 1.98 0.33 0.79 1.28 0.39
Re 23.87 3.94 1.76 2.90 1.60 1.22 1.41 —0.38
MAD® 247 0.94 1.70 1.01 0.70 0.95 0.43

In tables, the DFT calculations with the MG3S basis set, using the MPWB1K/6-31 + G(d,p) geometries

* The reference values obtained from available experimental enthalpies of formation of the reactants and products as implied by Ref. [42]

® Mean absolute deviation

kcal/mol), 1-propyl radical (23.92 £ 0.50 kcal/mol), 1-butyl
radical (18.61 &£ 0.48 kcal/mol), 1-hexyl radical (8.01
kcal/mol), 2-hexyl radical (5.96 kcal/mol), 3-hexyl radical
(5.96 kcal/mol), ethylene (12.54 £ 0.12 kcal/mol), pro-
pylene (4.88 kcal/mol), 1-butene (—0.15 £ 0.19 kcal/mol)
and I-pentene (—5.26 *+ 2.15 kcal/mol) [44].1 The refer-
ence values have been estimated using the experimental
data from a variety of sources. Some of them may be
subject to uncertainty, and the comparisons with theoretical
values should be viewed in that light. Therefore, the high-
level CBS-QB3 results were used to serve as benchmarks
for comparison, because it has been demonstrated to pro-
vide accurate thermochemistry and kinetics for hydrogen
abstraction and f-scission reactions [33-36, 45, 46].
Figure 2 displays the reaction enthalpies at different
levels of theory at 298.15 K. In the case of isomerization
reactions, the deviations between the CBS-QB3 and M05-
2X enthalpies are less than or equal to 0.18 kcal/mol,
whereas the MPW1B95 method yields lower values than
CBS-QB3 (with a maximum deviation of about 1.02 kcal/
mol). For decomposition reactions, the differences between
the CBS-QB3 and MPW1B95 enthalpies are smaller than
0.37 kcal/mol with the exception of reaction R¢ for which a
larger deviation (1.98 kcal/mol) occurs. However, the dif-
ferences in the calculated enthalpies at various DFT levels
of theory are rather large. The MPW1K method predicts
the largest enthalpies and leads to a somewhat larger mean
absolute deviation (of 2.03 kcal/mol) from the CBS-QB3
values. The calculated reaction enthalpies are compared to

! Reaction enthalpies AH°(298) were calculated as the sum of heat
of formation of the products minus those of reactants. The standard
enthalpies of formation are from NIST Standard Reference Database
(http://webbook.nist.gov) and [44], while the standard enthalpies of
formation of 2-hexyl and 3-hexyl radical were derived by assuming
the bond dissociation energy of secondary and third C-H bond of
n-hexane to be 98.09 kcal/mol.

@ Springer

reference values in Table 3. In comparison with the ref-
erence reaction enthalpies, the CBS-QB3 method provides
better predictions than the DFT methods for each reaction,
with a mean absolute deviation of 0.43 kcal/mol, closely
followed by the BMK method except for the reaction Rg
for which a larger deviation (1.60 kcal/mol) occurs. The
MPWI1K method predicts somewhat poorer values with a
mean absolute deviation of about 2.47 kcal/mol.

Inspection of the reaction enthalpies resulting from the
various methods shows that the isomerization reactions R;
and R, are only two exothermic reactions (ranging from
—3.79 to —2.80, and —3.58 to —2.56 kcal/mol, respec-
tively), among the reactions studied. The decomposition
processes are thermodynamically unfavorable with large
endothermicity, especially the reaction Rg.

Reaction barriers including ZPVE corrections are sum-
marized in Table 4 with different methods, using the
MPWBI1K/6-31 + G(d,p) geometries, with a view to
selecting suitable low-cost procedures for the study of large
systems. The CBS-QB3 relative potential energy without
ZPVE corrections are shown in Fig. 3. For the isomeriza-
tions, the differences in the reaction barriers range from
0.01 to 2.03 kcal/mol, different for different reactions with
all the methods except for MPW1B95 which predicts the
lowest barriers. The MPWB1K and BB1K barriers are in
good agreement with one another (with deviations of less
than 0.11 kcal/mol), and consistent with the CBS-QB3
barriers. In the f-scission reactions, the DFT barriers are
systematically higher than the corresponding CBS-QB3
values. The MPW 1K method provides the maximum val-
ues among these methods. The maximum deviation
between the MPW1K and CBS-QB3 barriers amounts to
5.96 kcal/mol for the reaction R, which are related to the
high MPWI1K reaction enthalpy (27.82 kcal/mol). The
MPWI1B95 barriers are similar to the MO05-2X values,
whereas the BB1K barriers are closer to the BMK values.
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Table 4 Calculated reaction .
barriers with CBS-QB3 and Theoretical method
various DFT methods (kcal/ MPWIK BB1K MPWBI1K MPW1B95 BMK MO05-2X CBS-QB3
mol)
R, 16.78 15.61 15.62 13.97 16.35 16.55 15.40
—R; 20.31 19.33 19.30 17.87 19.56 19.64 18.26
R, 23.39 21.78 21.89 20.23 22.65 23.60 22.21
-R, 26.67 25.25 25.29 23.87 25.75 26.36 24.77
R; 33.59 31.27 31.77 29.32 31.40 29.23 28.36
In tables, the DFT calculations Ry 33.79 31.64 32.14 29.77 31.64 29.65 28.45
with the MG3S basis set, using Rs 33.38 31.26 31.73 29.39 31.43 29.24 28.05
the MPWBIK/6-31 + G(dp) Re 35.05 3305 3350 31.37 3289 3057 29.09
geometries
Fig. 3 Total potential energy _ cn TS, TS CH,
profiles of considered reactions g 1-CH, TS, _+4 9 (30.13) TS, 1-CH, (28.85) +
at the CBS-QB3 level of theory = | Gy B Cw T s @ o 22 e,
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5 *L(17.24) .
o . .
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8 .
2 S
= % 00!
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(-2.83) (-2.68)

As shown in Table 4, the isomerization reaction barriers
are much smaller than those of the decompositions. This
trend is consistent with the previous theoretical calcula-
tions [12, 13] and the experimental observations [6, 47].
The smallest reaction barrier is found for the 1,5 H atom
transfer reaction R; and the largest for the decomposition
reaction R¢. A direct comparison of the present results with
experiment is difficult, due to the absence of reliable
thermodynamic information for the reactions involved in
the 1-hexyl system. On the other hand, there have been
several theoretical studies of the isomerization of alkyl
radicals [13—15]. These reactions (Table 5) are symmetri-
cal or nonsymmetrical processes, but the reaction barriers
are expected to provide a source of comparison with the
present calculations.

For reaction R;, our calculations suggest that the
reaction barrier is about 15.40-16.78 kcal/mol depending
on the method chosen, in good agreement with previous
theoretical work on the isomerization reactions involving
a six-membered cyclic transition state. We note that a
variation of theoretical methods has significant effects on
the predicted barriers. Other factors affecting the calcu-
lated reaction barriers are in part due to the presence of
the substituents and the change of the reaction heat
within the same class reaction (the corresponding tran-
sition state contains the same number of atoms including

Reaction coordinate

H atom in the ring). Generally, the ring in the transition
structure carrying substituents causes a decrease of the
reaction barriers [14, 17]. For example, the CBS-QB3
reaction barrier of 1,5 isomerization of 1-pentyl radical
decreases by about 1.92 kcal/mol when H connected
with the partially broken carbon radical is replaced by a
methyl group in the six-membered ring of transition
state. It is in line with the earlier prediction that the
difference of the barrier is about 1.99 kcal/mol at the
MP-SAC?2 level of theory [14]. In the case of the 1,4 H
atom transfer reaction of 1-hexyl radical, it is found to
proceed through a barrier of about 20.23-23.60 kcal/mol,
which is consistent with the values obtained from the
ab initio methods [13, 14].

In the case of decomposition reactions, the calculated
barriers of reactions Rz, R4 and Rs are quite close to each
other, generally within 0.42 kcal/mol, lower than that of
the reaction Re. The computed barriers of the reactions Ry,
R5 and R¢ at the BB1K level of theory are quite close to the
earlier values estimated by Tardy et al. [48], generally
within 0.44 kcal/mol. On the basis of investigating the
addition of hydrogen atom to trans-3-hexene at 573 K and
low pressure, they estimated that the barriers for the
reactions R4, Rs and Rg are 31.20, 31.25 and 33.15 kcal/
mol, respectively. These values are higher than the corre-
sponding MPW1B9S5 barriers by about 1.43-1.86 kcal/mol.
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Table 5 Comparison of the theoretical reaction barriers including
ZPVEs for isomerization reactions in normal and branched radicals
(kcal/mol)

Type of process Reaction
1,4 1,5

Thermoneutral (n-alkyl radical)® 24.60 17.20
Thermoneutral (n-alkyl radical)® 25.10 18.80
Thermoneutral (1-butyl radical)® 24.80 18.76
Thermoneutral (1-alkyl radical)® 25.26 14.20
Exothermic (1-pentyl radical)® 19.10 13.43
Exothermic(2-methyl-hex-1-y1)° 20.59 14.60
Exothermic(n-alkyl radical)f 21.50 16.58
Exothermic(1-hexyl radical)® 23.13

4 MP-SAC2//UHF/6-31G(d) and BAC-MP4 results in Ref. [15]
° CCSD(T)/cc-pVDZ//BH&HLYP/cc-pVDZ result in Ref. [16]
¢ G3MP2B3 results in Ref. [17]

4 MP-SAC2/6-311G(d,p) in Ref. [13]

¢ MP-SAC2//MP2/6-311G(d,p) results in Ref. [14]

f results from an RRKM analysis of the experimental results and the
previous lower temperature data in Ref. [6]

In the 1-hexyl system, as expected, the reaction Ry with
exothermicity proceeds via a transition state TS; with the
lowest reaction barrier. With a higher ring strain, the
reaction barrier of the reaction R, increases about 6.17—
7.05 kcal/mol in comparison with that of reaction R;
depending on the methods used. Similarly, for their reverse
reactions (—R; and —R,), the process with a larger ring of
transition state has a lower barrier. They, however, are
endothermic with higher reaction barriers than the corre-
sponding reverse processes. Inspection of the data obtained
(Fig. 2; Table 3) shows that the decomposition processes
considered are thermodynamically unfavorable with large
endothermicity. The theoretical results suggest that these
channels are different in their TS structures depending on
the different environments of the C—C bond in the reactant
conformations. This difference implies their different
contributions to the whole system. In the calculations of
rate coefficients, we have shown different behaviors of
these channels which are due to their barriers and the
position of C—C scissions.

If we examine isomerizations and decompositions as
independent problems, the results are more encouraging.
For the isomerization reactions, methods such as BB1K
and MPWBIK, which produces enthalpies within
0.85 kcal/mol of the CBS-QB3 values and barriers within
1.05 kcal/mol, would be suitable for large systems. For the
decompositions, the MPWIB95 or MO05-2X methods
appear to be suitable, both producing enthalpies within
0.94 kcal/mol of the CBS-QB3 values and barriers within
1.34 kcal/mol with the exception of reaction Rg.

@ Springer

3.3 Rate coefficients and branching ratios

To estimate the relative importance of the different reac-
tion channels, we calculated the thermal rate coefficients
by using the master equation [38] in a temperature range of
250-2,500 K at the CBS-QB3 level of theory. The results
together with the data by experiment and theory in litera-
ture are shown in Fig. 4. It could be found that the tun-
neling effect is more crucial for H atom transfer reactions
than for decompositions in the low-temperature area.

For the 1,5 H atom transfer reaction of 1-hexyl (R;), we
note that the available rate coefficients were obtained over
various temperature intervals. However, when two studies
covering approximately the overlapping temperature range
500-1,300 K (see Yamauchi et al. [6] and Tsang et al. [7])
are compared with our results, we show that the CBS-QB3
rate coefficient is covered by experiment. However, our
values are higher than that from Yamauchi et al. [6] and
Tsang et al. [7] within a factor of 3.11 or less at 500-
1,300 K. In the lower temperature range (lees than 350 K),
however, no experimental data are available to compare
with the computed data for this reaction. The rate coeffi-
cient of the reaction R4 has been reported by Quinn [8], Lin
et al. [9] and Imbert et al. [5], respectively. Large dis-
crepancies exist among the obtained rate coefficients, with
respective activation energies of 22.48, 26.08 and
30.14 kcal/mol and preexponential factors of 3.02 x 10'3,
3.16 x 10" and 2.00 x 10" s7', respectively. If we
compare the calculated rate coefficient of this reaction with
that of Imbert et al. [5], the difference is within a factor of
2.50 at 723-823 K. It is noteworthy that our theoretical rate
coefficients are in good agreement with the values of Tsang
et al. [7] in all cases. Therefore, the CBS-QB3 rate coef-
ficients with the Eckart approximation are reasonable for
describing the reaction processes of the studied system.
The individual rate coefficients were fitted by least squares
to the following Arrhenius expressions in s~' at 250-
2,500 K:

ki (T) = 1.52 x 10%(T/298)>!! ¢~894/RT
k_y (T) = 5.56 x 107(T/298)3.36 o~ 10:58/RT
ky (T) = 4.58 x 10°(T /298)0% ¢~ 11-91/RT
ko (T)=1.31x 106(T/298)5~10 o~ 14.50/RT
ks (T) = 7.32 x 10'3(T/298)%0* ¢ ~29-66/RT
ki (T) = 2.37 x 1013(T/298)"% ¢ ~2-88/RT
ks (T) = 1.69 x 10'3(T/298)"70 ¢~253/RT
ke (T) = ( )

The rate calculations allow us to estimate the relative
importance of the different channels. The CBS-QB3
branching ratios of each reaction channel as a function of

= 1.39 x 10'3(T/298) 88 ¢=3036/RT
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Fig. 4 Arrhenius plot of rate
coefficients calculated at the
CBS-QB3 level of theory
together with the experimental
data from Ref. [4-7]. Symbols
the data by experiment and
theory in literature; solid lines
our theoretical results
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temperature are shown in Fig. 5. The branching ratio p is
defined as the ratio of the rate coefficient k; of a channel to
the sum of those for all channels (p = /> _k;).

3.5 4.2

As discussed above, the large difference in the reaction
barriers indicates that the relative importance of the various
channels is significantly different. For the isomerization
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Branching ratio

0.0 F

T T T T T T T -
500 1000 1500 2000 2500
Temperature/K

Fig. 5 Calculated branching ratios of considered reactions in the
1-hexyl system at different temperatures with the CBS-QB3 method

(p =ks/> ki)

processes, the largest rate coefficient characterizes the 1,5
H atom transfer reaction (R;) which also has the lowest
barrier. However, with an increase of temperature, its
branching ratio to the sum of the isomerization channels
decreases. But it is still a major channel of the isomeriza-
tions in the whole temperature range considered as it is the
most exothermic channel with the lowest barrier. There-
fore, under both thermodynamically and kinetically con-
trolled conditions, i.e., at high and low temperatures, the
1-hexyl—2-hexyl isomerization process involving a six-
membered cyclic transition state is the more favorable
channel. This is consistent with the calculated branching
ratios with temperatures observed (Fig. 5). The following
important isomerization is the reaction —R;. With an
increase in temperature, the branching ratio of the reaction
—R; passed through a maximum, and the maximum
branching ratio is about 0.13 at 800 K. For the isomeri-
zation reactions R, and —R,, their contributions to the
whole system are not significant, less than 0.05 in the
whole temperature range. This means that these two reac-
tions can be negligible under normal pyrolysis conditions.

Competing with the isomerization reactions is the
decomposition reactions via splitting a f§ C-C bond to
produce an olefin and a small alkyl radical. The importance
of the reaction via § C—C scission is the reaction Ry which
is the fastest channel among the decomposition processes.
At 250 K, this reaction is responsible for over 48.14% of
the decomposition reactions, while at high temperature this
fraction somewhat decreases, but still plays an important
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Fig. 6 Distributions of normal hexyl radicals as a function of
reaction time at 300 K and 101.3 kPa. The 3-hexyl curve corresponds
to the right axis

role. The second most significant channel is the reaction Ry
producing propylene and 1-propyl radical. Its contribution
to the total rate become more and more important and
amounts to about 24.48% at 2,500 K. Though the decom-
position reaction R is the thermodynamically least favored
reaction among the processes studied, the CBS-QB3 results
indicate that, under normal pyrolysis conditions, even the
R¢ may gain some importance (its branching ratio is about
0.09 at 1,200 K).

Figure 6 shows the trend of the normal hexyl radical
distributions from the 1-hexyl disappearance plotted
against the time at 300 K and 101.3 kPa. It clearly vali-
dates that there is an equilibrium process involving the
isomeric forms of the normal hexyl radicals at relative low
temperature because the isomerization of a long-chain
radical gets across a lesser barrier than its decomposition.
Moreover, the state of quasiequilibrium for the faster
isomerization processes is nearly unaffected by the
decomposition processes. However, under high-tempera-
ture conditions, this equilibrium is demolished for the
contribution of the decomposition reactions to the whole
system increases. For example, the decomposition of
1-hexyl radical to ethylene and 1-butyl radical (R3) domi-
nates over the reaction R; and become primary. The
branching ratio of this reaction is responsible for over 0.25,
higher than the reaction R; at 1,200 K.

The CBS-QB3 results suggest that the isomerization
reactions are dominating and responsible for over 82.17% of
all the reactions in the low-temperature range 300-900 K.
However, direct decomposition processes compete favor-
ably with the isomerization processes under higher-temper-
ature conditions. It indicates that the Rice—Kossiakoff
mechanism [2] (isomerization reaction rates > decompo-
sition reaction rates) becomes more reasonable with the
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Fig. 7 Product distributions from 1-hexyl radical decomposition as a
function of reaction temperature at 101.3 kPa

decrease of temperature, while in more usual pyrolysis
conditions both classes of reactions are kinetically compet-
itive and simultaneously important.

The temperature effect on the product distributions from
1-hexyl radical is illustrated in Fig. 7. As shown in Fig. 7,
temperature changes have a significant effect on the dis-
tribution of the products. The further analysis suggests that
an increase in temperature results in an increase in the
branching ratio of decomposition/isomerization reactions.
Higher temperature, that is, favors the unimolecular
decomposition of alkyl radicals against the isomerization
process, consistent with experimental observations in
hydrocarbon pyrolysis [1]. The rate balance of these
reactions will further determine the actual propagation
steps that occur and therefore the selectivity among the
products that are formed.

4 Conclusions

In this work, we have investigated decomposition and
isomerization processes of a model system involved in
hydrocarbon pyrolysis, namely, the 1-hexyl system with
various computational methods. The following conclusions
may be drawn.

(1) Optimized geometries are relatively insensitive to
the levels of theory used, and their variation has a slight
effect on the calculated reaction enthalpies and barriers.
However, the theoretical methods affect significantly
reaction enthalpies and barriers on a given structure.
The best agreement with the reference reaction enthalpies
for each reaction is obtained by the CBS-QB3 method.
Moreover, thermal rate coefficients predicted by this

method are covered by experimental data fairly well. As
alternative methods, the BB1K/MG3S/MPWBI1K/6-31
+ G(d,p) and MPWB1K/MG3S//MPWB1K/6-31 + G(d,p)
methods are slightly superior to other DFT methods for the
isomerization reactions of long-chain alkyl radicals,
whereas the MPW1B95/MG3S/MPWB1K/6-31 + G(d,p)
and MO05-2X/MG3S//MPWB1K/6-31 + G(d,p) methods
appear to be suitable for the decomposition reactions of the
alkyl radical system with six carbons or more.

(2) As expected, the reaction barriers for 1,5 H atom
transfer reactions are lower than those for 1,4 H atom
transfer reactions by about 5.91-7.05 kcal/mol depending
the method used. The decomposition processes studied are
thermodynamically unfavorable with large endothermicity.
This difference implies their relative importance in the
1-hexyl system.

(3) Under the conditions considered, the temperature
effect is shown to be important especially in the branching
ratios for higher barrier reactions such as i C—C scissions
in competition with isomerization reactions. At low tem-
peratures, isomerization processes involving a five- and
six-membered cyclic transition state are completely dom-
inating, while § C-C scission reactions are shown to
compete favorably with them under high-temperature
conditions (up to 1,000 K). The results make clear that the
equilibrium process involving the isomeric forms of nor-
mal hexyl radicals at relative low temperature is demol-
ished under higher-temperature conditions because the
contribution of the decomposition reactions to the whole
system increases.
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