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Calculations of thermal rates for the reactions of the isomeric pentyl radicals involving (1,2), (1,3), (1,4), and
(1,5) intramolecular H-atom transfer, C-C bond scission, and H-atom elimination have been carried out.
Potential energy surfaces and associated properties for these reactions have been used for direct dynamics
studies within conventional and variational transition state theory formalism including nonclassical effects,
using the dual-level technique (PUMP-SAC2/6-311G**///AM1). We found that for C-C scission, the barrier
is broad, and a significant tightening of the loose transition state reduces the rate coefficients across a wide
temperature range. Converse behavior is predicted for the isomerization reactions where the optimal combination
of a low effective mass with a narrow barrier opens the best tunneling paths. High-pressure limiting rate
coefficients and kinetic parameters obtained in this study show good agreement with experimental measurements
and previous theoretical work.

1. Introduction

An understanding of the kinetic behavior of alkyl radical
reactions is central for modeling the overall oxidation process
of large alkanes, yet the kinetic databases lack well-defined rate
parameters for many of the elementary steps required for such
combustion models. The overall motivation of this present study
is the need to carry out the practical modeling of chemical
systems when experimental rate data are fragmentary or absent.

Several reactions involving large alkanes generate alkyl
radicals that can dissociate, isomerize, or react with oxygen.
At low temperature, alkyl radicals react primarily with O2 to
form peroxy radicals, thus initiating chemistry typical of the
autoignition regime.1 At higher temperature, in alkane flames,
isomerization and decomposition (C-C fission) of the alkyl
radicals become competitive with reaction with O2, substantially
affecting the autoignition characteristics. Isomerization is rarely
an important process for small radicals, due to the constrained
transition state for the intramolecular hydrogen shift, whereas
for larger radicals, such as pentyl, isomerization occurs with
lower activation energy than dissociation.

The pressure dependence of the rate coefficients becomes
more important at higher temperature so that it must be
adequately incorporated into models developed for complex
chemical systems. A combination of theory and experiment has
been employed in studies of alkyl,2-4 alkoxy,5,6 and halogenated
alkoxy radicals,7 which are important in atmospheric and/or
combustion chemistry. Accurate direct measurements have been
made for the unimolecular decomposition of small alkyl radicals8

at low pressure where such reactions are in the falloff region.
However, the experimental data for larger radicals are limited
to experimentally accessible conditions, so that theoretical

studies are valuable in providing data that cannot be readily
obtained through experiment. The potential energy surface (PES)
routinely obtained through quantum chemical calculations
provides the key to determining the reaction kinetics. The
geometries, vibrational frequencies and energies of stationary
structures can be combined with statistical theories (e.g.
transition state theory (TST)9 and variational transition state
theory (VTST)10) to calculate kinetic parameters. Modeling of
a complex system that can isomerize by multiple pathways and
fragment by C-C or C-H bond breakage in competition with
collisional stabilization, can be accomplished using master
equation (ME) simulations to derive the overall macroscopic
rate constants. ME methods have been developed and tested to
model the pressure dependence of the rate coefficient of simple
(single well)11,12 unimolecular reactions and recent work has
extended their application to multiwell systems.13-15

The 1-pentyl system (1-C5H11) is essentially a two-well
system with a low isomerization threshold to secondary radical
(2-C5H11) formation. Dissociation occurs from both radicals,
primarily via C-C rather than C-H bond cleavage, to produce
radical+ alkene products, according to the following reaction
scheme:

This system has been investigated experimentally using both
steady state and shock tube techniques.16-23 Modeling studies
of Tsang and co-workers,24 using a master equation technique,
have also revealed the complex time dependence in the evolution
of the 1-pentyl system at higher temperatures (1000-2000 K,
p ) 0.1 bar).

The aim of the present work is to calculate the overall PES
using ab initio molecular orbital calculations and to perform
dynamics calculations for the elementary steps of the 1-pentyl
system, including isomerization to the secondary radical and
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decomposition of both radicals via C-C bond cleavage. Barrier
heights are compared with previously reported data to test the
reliability of various theoretical models applied in this work. A
method is then selected that is both accurate and computationally
economic to calculate the rate coefficients in the high-pressure
limit using variational transition state theory with the inclusion
of multidimensional tunneling. Both the thermodynamic data
calculated for the reacting species, as well as these rate
coefficients are needed to evaluate the phenomenological rate
constants, which will be described in a subsequent paper.

2 Computational Details

2.1. Ab Initio Calculations. To calculate rate coefficients
for isomerization and decomposition of 1-pentyl radical, we start
with the initial exploration of the ground state PES. The
geometries of the stationary points were initially located at the
semiempirical AM1 level followed by the UMP2(Fc)/6-311G**
level, where the effect of dynamical electron correlation is
included through second-order Møller-Plesset perturbation
theory (Fc denotes the frozen-core algorithm). Standard basis
sets including polarization and diffuse functions, such as
6-311G** and 6-311++G** were used. Each stationary point
was characterized as a minimum or transition state through
normal-mode analysis and to obtain the zero-point vibrational
energy (ZPE) and thermal corrections to the molecular energy.
Intrinsic reaction coordinate (IRC) calculations were carried out
on all transition states to confirm the connection between the
reactants and products. The IRC analysis also showed that two
of the cyclic transition states for isomerization (1,4- and 1,5-H
shift) lead to rotational conformers of higher energy, thus
requiring a consideration of conformational energetics. The
geometry optimization for each open-shell species was carried
out with no symmetry constraints, the orbitals used in the UMP2
calculations being obtained from UHF calculations in all cases.
As a measure of the spin contamination we found that the
expected value ofS2 ranges from 0.76 to 0.81 for the parent
radicals and for the saddle points for intramolecular H-atom
transfer. The effect is somehow larger at the saddle points for
C-C bond dissociation, where〈S2〉 has a value of 0.91. The
effect of spin contamination on the energetics can be taken into
account using spin projection methods. To see the effect of spin
contamination on the molecular geometries subsequently used
in the dynamics calculations, we use a multireference wave
function. Thus the geometries of the parent radicals and saddle
points for decomposition were reoptimized using a complete
active space-SCF (CASSCF) wave function.25 To account for
the nondynamic electron correlation, calculations at the CASSCF-
(3,3)/6-311G** level were used. The choice of the size of the
configuration-space is based on examination of the occupancy
of the natural orbitals at the UHF/6-311G** level. The new
geometries of the saddle points for decomposition, at the
CASSCF(3,3)/6-311G** level of theory, are consistent with
those predicted by the UMP2/6-311G** level so we conclude
that a single-reference treatment provides a fairly good descrip-
tion of the electronic structure. If not otherwise stated, all
theoretical data reported hereafter refer to the UMP2/6-311G**
optimized structures. We considered the following levels of
theory in our rate constant calculation: AM1, PUMP2/6-
311G**, PUMP2/6-311++G**, and PUMP-SAC2/6-311G**
where P denotes the projected UMP2 energy which is known
to give more reliable results for open-shell systems than the
MP2 methods.26

The MP-SAC2 method27 (Møller-Plesset second-order-
scaling all correlation energy) does not accurately estimate the

correlation energy, which is taken to be the difference between
the experimental and the Hartree-Fock dissociation energy, and
is accounted for by a factorF2

which represents the fraction of the valence correlation energy
recovered by MP2 and the basis set for a given bond type. In
this approach, the MP2 method describes the correlation effects
with the same accuracy for different geometries for a given
system and can also be assumed to hold among several systems.
The factorF2 is constant over a given PES27 and consequently
the total energy is written as

Values ofF2 were reported for homo- and heteronuclear bonds,
including the C-H and C-C bonds, by Truong and Truhlar28

and Gordon and Truhlar,29 respectively. We use values ofF2

) 0.84 andF2 ) 1.02 for C-H and C-C respectively, as
deduced for a 6-311G** basis set, which suggest that the extent
of the recovery of the correlation energy achieved by the MP2/
6-311G** model is 84% in the case of the C-H bond and is
slightly overestimated for the C-C bond. The formulation given
by eq 3 is modified from the original due to the inclusion of
the projected PUMP2 and PUHF energies. All electronic
structure calculations were carried out using the Gaussian98
program30 and rate calculations used the Gaussrate program.31

2.2. Dynamics.The canonical high-pressure limiting rate
coefficientsk(T) were calculated using generalized transition
state theory (GTST)10 in both conventional (TST) and canonical
variational (CVT) forms. We briefly outline a few steps in the
calculation ofk(T) including the tunneling contribution to allow
a later discussion of the features of the PES which are critical
in determining the overall kinetics. Details of the CVT and
tunneling methods have been described elsewhere.32-35 The rate
constantk(T) is calculated using

where ∆GT
# is the free energy of activation andκ is a

transmission coefficient based upon the use of a semiclassical
tunneling approximation, either zero-curvature minimum-energy
path (ZCT)34 or centrifugal dominant small-curvature (SCT)35

model. For both, the effective potential for tunneling is given
by the adiabatic ground-state potential,Va

G(s):

whereVMEP(s) is the potential energy along the minimum energy
path (MEP) andνi(s) are ground-state vibrational modes
orthogonal to the reaction coordinates. The transmission
coefficient is obtained from the ratio of the Boltzmann averaged
quantal and classical transmission probabilities through the
effective potential

F2 )
De(MP2) - De(HF)

De(exp)- De(HF)
(2)

EPUMP-SAC2 ) EPUHF +
EPUMP2- EPUHF

F2
(3)

k(T) ) κ
kBT

h
exp(-

∆GT
#

RT ) (4)

Va
G(s) ) VMEP(s) + ∑

i)1

3N-7 1

2
hνi(s) (5)

κ(T) )
∫0

∞
P(E) exp(- E

kBT) dE

∫Va
G(sCVT)

∞
exp(- E

kBT) dE
(6)
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whereVa
G(sCVT) is the value of the adiabatic potential at the

bottleneck. The extension of the numerator integral up to infinity
ensures that the quantum correction on the reaction coordinate
motion takes account of tunneling when the energy of the system
is below the adiabatic threshold and of nonclassical reflection
for energies above the barrier.36,37 To obtain a realistic value
of the transmission coefficient, especially at low temperatures,
the transmission probabilities,P(E), must be calculated. These
depend on the effective mass of the system via the imaginary
action integral as explained elsewhere.37 The energy that
dominates the integral in eq 6 as a result of the competition
between the Boltzmann factor andP(E) is known as the
representative tunneling energy at a specific temperature. The
most computationally intensive part of the calculation of the
transmission coefficients is the evaluation of the adiabatic
potential and the effective reduced mass which require knowl-
edge of the Hessian, turning points and their derivatives, the
eigenvector, and the curvature componentsBmF(s). The total
curvature38 defined as

is partitioned between different modes (m) and controls the
nonadiabatic flow of energy between these modes and the
reaction coordinate (F). Reaction path curvature effects included
in the calculation of the transmission coefficients throughP(E)
allow a qualitative understanding of the possible vibrational
excitation of some of the modes in reactant or product.

In view of the large number of Hessians which are required,
the dynamics calculations are based upon the VTST-IOC
(variational transition state theory with interpolated optimized
corrections) scheme developed by Hu et al,39 and is one of the
dual-level direct dynamics techniques. Two steps are involved.
The calculation of the MEP is first carried out at a low level of
theory, in our case the semiempirical AM1 model. Higher level
ab initio data are then obtained for the stationary points and
used to scale the low level data. We employed the UMP2/6-
311G** geometries, frequencies and moments of inertia and
PUMP-SAC2/6-311G** energies of the stationary points. Fol-
lowing the nomenclature of Truhlar et al. the dual-level
dynamics model will be denoted PUMP-SAC2/6-311G**///
AM1.

In this work, thermal rate constants were calculated using
both TST and CVT, and MEP calculations were performed in
mass-weighted curvilinear coordinates (scaling mass set to 1

amu) with a step size of 0.01a0 for a total of 650 steps using
the Page-McIver integrator. This step size was found to be
sufficiently small to converge the reaction path and the
transmission probabilities in the ranges) -3.5a0 to s) +3.0a0

for the decomposition reactions ands ) -2.0a0 to s ) +2.0a0

for the isomerization reactions. To model vibrations transverse
to the reaction path, we used curvilinear coordinates based on
bond stretches, valence angle bends and bond torsions. Such
coordinates are considered to better describe the GTS vibrations
while rectilinear Cartesian coordinates are known to sometimes
give a physically incorrect picture of the valence forces so that
GTS low frequencies may become imaginary at certain points
on the path.40

3. Electronic Structure Calculations

Prior to the present work, electronic structure calculations
have been used to studyâ-CC scission and 1,3- and 1,4-H atom
transfer in some primary alkyl radicals.41 In our work, the
following eight unimolecular pathways were modeled:

Here reactions R1-R4 are isomerizations of 1-pentyl and R5-
R8 are C-C and C-H dissociation of the primary and
secondary radical. The reaction enthalpies quoted above were
derived from data calculated at the PUMP2/6-311G** level. In
the calculation of the barriers, scaling factors defined for various
models by Scott and Radom42 have been applied for ZPEs and
individual harmonic frequencies. The results are collected in
Table 1, and selected geometrical parameters of the reactants,
products and transition states are given in Figures 1 and 2.

The equilibrium geometry of the primary radical is similar
to that reported by Pacansky et al.2 and more recently by
Viskolcz et al.41 We use the same nomenclature as Pacansky et
al. for the definition of the C-C bonds in alkyl radicals. Thus
theR-CC bond includes the radical center, and theâ-CC bond
contains the carbon atom adjacent to the radical center and its
next neighbor. The global energy minima of the normal radicals

TABLE 1: Energy Differencesa(ETS - ER) for Different Unimolecular Reactions for 1-Pentyl and 2-Pentyl Radicalsb

reaction

method R1 R2 R3 R4 R5g -R1 -R2 -R3 -R4 R7g

AM1 38.6 39.7 24.6 19.6 35.5 43.8 44.5 29.8 19.6 36.5
PUMP2/6-311G** 41.2 40.5 23.4 18.3 33.1 43.5 42.5 25.7 18.3 32.6
PUMP2/6-311++G** 40.4 40.3 23.7 18.6 32.8 42.6 42.2 25.9 18.6 32.1
PUMP-SAC2/6-311G** 39.3 38.4 21.2 15.9 32.8 41.6 40.4 23.5 15.9 32.4
G2(MP2) 32.0 31.9
G2(PMP2) 32.1 32.0
contribution of ZPE

∆ZPEc -1.8 -2.0 -1.5 -1.4 -2.5 -1.9 -2.0 -1.6 -1.4 -2.8
∆ZPEd -2.3 -2.4 -2.1 -1.7 -1.5 -2.3 -2.7 -2.2 -1.7 -2.0
∆ZPEe -2.2 -2.3 -2.0 -1.8 -1.6 -2.3 -2.5 -2.6 -1.8 -2.0
∆ZPEf -3.5 -4.0

a In kcal mol-1. b Adding suitable∆ZPE contribution leads to critical barrierE0/kcal mol-1. Where rotational isomers are possible (1,4- and
1,5-H-shift), barriers were calculated with respect to the linear chain conformation of 1-pentyl and 2-pentyl.c From AM1 level and scaled by 0.952;
see ref 42.d From UMP2/6-311G** scaled by 0.9748; see ref 42.e From UMP2/6-311++G** scaled by 0.9748.f Scaling factor 0.9195 as used by
default in G2MP2 theory.g For details concerning the additional values included in columns R5 and R7, see text.

κ(s) ) [∑
m)1

F-1

(BmF)
2]1/2 (7) ∆H298.15

(kcal mol-1)
•CH2CH2CH2CH2CH3 f CH3CH•CH2CH2CH3 (R1) -2.1

f CH3CH2CH•CH2CH3 (R2) -1.7
f CH3CH2CH2CH•CH3 (R3) -2.1
f CH3CH2CH2CH2CH2

• (R4) 0.0
•CH2CH2CH2CH2CH3 f •CH2CH2CH3 + C2H4 (R5) 25.7

f H + C5H10 (R6) 28.3
CH3CH•CH2CH2CH3 f •CH2CH3 + C3H6 (R7) 24.6

f H + C5H10 (R8) 27.8
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have the carbon atoms arranged in a zigzag configuration.
Semiempirical and ab initio calculations predict different
conformations of the radical center at the end of the molecular
chain. The UMP2/6-311G** optimized structures show that the
radical center on the terminal C-atom (C1) is slightly distorted
giving a pyramidal structure. Also, two distinct minima are
located at this level of theory upon rotation about theR-CC
bond, namelyâCH and âCC conformers. For all theoretical
models used in this study, the energy difference between the
minima corresponding toâCH andâCC conformers of 1-pentyl
radical was about 0.07 kcal mol-1, the former being the most
stable and thus considered the reference structure for the
estimation of the barrier heights. An inspection of the 1-pentyl
geometry at the UMP2/6-311G** level shows that the C(3)-
C(4) and C(4)-C(5) bonds are of similar length (1.528 Å)
whereas the perturbed bond (â-CC) is slightly longer. Such
elongation is a common feature in normal and branched radicals
and is an early indication of the most probable site for homolytic
fragmentation.

Two other species formed during the isomerization processes
are the secondary radicals, 2-pentyl and 3-pentyl, in which the
radical center is C(2) and C(3), respectively (Figure 1). In
2-pentyl, we find that the C(3)-C(4) and C(4)-C(5) bond
lengths are equal (1.49 Å) and the C(3)-C(4)-C(5) bond angle
increases from 112.6° in 1-pentyl, to 120.4°, whereas in the
symmetric 3-pentyl isomer the shortest bonds areR-CC (C(2)-
C(3) and C(3)-C(4)), which include the radical center C(3).
For all isomers, 1-pentyl, 2-pentyl, and 3-pentyl, the C-H bond

lengths are similar. Their values are reported selectively since
no important variation occurs. We mention only values for the
RCH bond lengths that increase from 1.083 Å in 1-pentyl to 1.088
Å in 2-pentyl, whereas theâCH distances vary between 1.097
and 1.104 Å.

For the 1-pentyl system, the barriers for internal rotation about
theR- andâ-CC bonds are of interest. Pacansky et al.2 reported
the full torsional potential aboutR-, â-, and γ-CC bonds for
the 1-hexyl radical as an illustrative example and noted that
the torsional potential generated by the UMP2/6-31G* and UHF/
6-31G* models were quantitatively the same leading to a barrier
of 2.5 kcal mol-1 for the first conformational interconversion.
In our study a similar rotation in 1-pentyl is required for the
optimal steric orientation that leads to cyclization via TS(1,4)
and TS(1,5) (Figure 2). We found that the PUMP2/6-311G**
level of theory predicted a barrier of∼3.0 kcal mol-1 in good
agreement with previous quoted result. However by changing
the level of theory from the semiempirical AM1 model to
correlated PUMP-SAC2, the barrier for the internal rotation
aboutâ-CC bond increases by 50%.

3.1. Transition States for C-C Scission and Isomerization.
For the thermal decomposition of normal and secondary pentyl,
the actual reaction channels at high temperature are reactions
R5 and R7. For completeness we have also examined the less
favorable unimolecular dissociation pathways leading to H+
alkene (reactions R6 and R8). The heats of reaction for (R5)
and (R6) were found to be similar to those for C-C and C-H
bond breaking in C3-C4 radicals where the branching fraction
for the reaction corresponding to (R6) is small.22

Turning now to C-C bond scission, the calculated UMP2/
6-311G** structures of the productlike transition states TS(dec1)
and TS(dec2) (Figure 2) show that the breaking bond has
increased in length by 47% and 46%, respectively, compared
to the parent radicals, and the transition states occur late on the
potential energy surface, characteristic of endothermic reactions.
The lengthening of theâ-CC bond is combined with a shortening
of the R-CC bond in TS(dec1) or TS(dec2). As already
mentioned in Section 2, the UHF wave functions for the saddle
points TS(dec1) and TS(dec2) suffer a higher spin contamina-
tion. The data shown in Figure 2 for these two specific structures
reveal that the use of single-reference UHF wave functions for
the UMP2 geometry optimization did not have a significant
effect on the predicted structures. The CASSCF(3,3)/6-311G**
optimized structures are similar to UMP2/6-311G** ones, the
only differences of significance are that the bonds being broken
(of interest in dynamics) are shorter by some 0.03 Å at the
CASSCF level. Since the differences are minor, we use the
harmonic frequencies predicted at the UMP2 level for ZPE and
thermal correction when necessary. We notice a few differences
in the classical barriers (ZPE not included) according to the
level of theory used. The highest barrier is predicted by the
AM1 model for both reactions R5 and R7. The results which
include electron correlation at the MP2 level and those from
all three PUMP2 models agree closely within 0.3 kcal mol-1.
The lowest barrier for reactions R5 and R7 is predicted at the
PUMP-SAC2/6-311G** level and slightly favors reaction R7,
in agreement with experiment for smaller radicals at moderate
temperatures.8 In passing, we also describe results from G2-
(MP2) and G2(PMP2) schemes, where PMP2 denotes the
inclusion of projected UMP2 energy values in the original
formulation of G2(MP2). The barrier heights are lower by some
0.8 and 0.5 kcal mol-1 for (R5) and (R7), respectively, but are
generally in good agreement with the computationally less

Figure 1. Selected geometric parameters for the equilibrium structures
of the reactants and products for channels 1-8, as located on the PES
at the UMP2/6-311G** [(CASSCF(3,3)/6-311G** )] level. Bond dis-
tances are in angstrom; bond angles and the dihedral angles are in
degrees. The H atom in black is part of the quoted dihedral angle. For
values of the C-H bonds see text.
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expensive PUMP-SAC2/6-3111G** level which is used in
further dynamics calculations.

1-Pentyl and 2-pentyl radicals can in principle eliminate
atomic hydrogen to form 1- or 2-pentene, the corresponding
barriers being 40.0 and 39.4 kcal mol-1 at UMP2/6-311G**
level, respectively. The lowest classical barrier for hydrogen
elimination is actually found for the H elimination from 3-pentyl
radical. Thus, TS(elim4) lies 3 kcal mol-1 below TS(elim3),
but the occurrence of such a pathway is limited by the small
probability of 3-pentyl formation, via a 1,3-H shift (Figure 3).
The C-C and C-H dissociation reactions of 3-pentyl are not

discussed further due to their unimportance in the 1-pentyl
reaction system although we have calculated the relevant PES.

Symmetrical isomerization reactions of ethyl, 1-propyl,
1-butyl, and 1-pentyl radicals have been described theoretically
by Viskolcz et al.41 These reactions are thermoneutral but the
barriers are expected to be representative for each class of
reaction and provide a source of comparison with the present
calculations. The four possible intramolecular H-transfers in
1-pentyl are represented by reactions R1-R4. Our calculated
cyclic transition state structures (Figure 2) and energetics (Table
1) reflect the greater strain in the smaller ring. At the UMP2/

Figure 2. Selected geometric parameters for the transition state structures for the unimolecular isomerization and decomposition reactions in
1-pentyl system. Bond angles in angstrom and angles in degrees are given as obtained at the UMP2/6-311G** [(CASSCF(3,3)/6-311G** )] level
of theory (transferring H atom in black).

Figure 3. Overall potential energy surface (rotational isomers not included) calculated at the UMP2/6-311G** level of theory. Numbers denote the
potential energy with respect to the 1-pentyl radical and do not include zero-point energy.

Thermal Rate Coefficients J. Phys. Chem. A, Vol. 107, No. 41, 20038611



6-311G** level the length of the C-H bond being broken is
the shortest for the three-membered cyclic structure (1.286 Å)
but gradually increases up to 1.370 Å in the six-membered
transition state. There is also more flexibility in the larger rings.
Thus TS(1,2) is planar whereas the rings in TS(1,3), TS(1,4),
and TS(1,5) are twisted to some degree, the corresponding
dihedral angles being shown in Figure 2. As expected, the largest
threshold energy (zero-point corrected barrier height) is obtained
for the 1,2-H shift and is lowest for the 1,5-H transfer, in good
agreement with previous theoretical work on the prototype
isomerization reactions in straight chain and branched alkyl
radicals as displayed in Table 2. Within a class of reaction (the
corresponding transition state contains the same number of
atoms including H-atoms) the barrier height changes both due
to the presence of the substituents and the change of the heat
of reaction. For instance the barrier height for the 1,2-H shift
lies between 41.1 and 36.5 kcal mol-1, the lowest value
corresponding to the exothermic process, taking place in a
branched alkyl radical. This suggests that by replacing the H
atoms attached to the C atoms participating in the transition
structure with alkyl groups, the barrier is lowered by 4.6 kcal
mol-1. A similar trend holds for each of the isomerization
reactions. Our calculations at various levels of theory show there
is a significant variation in the predicted barrier, the average
value of the classical barrier being 39.9( 0.9, 39.8( 0.6, 22.8
( 1.0 and 17.4( 1.0 kcal mol-1 for 1,2-, 1,3-, 1,4-, and 1,5-H
atom transfer reactions, respectively.

4. Dynamics Calculations

4.1. Dissociation reactions.The calculated high-pressure
limiting rate coefficients forâ-CC bond scission are given as
Arrhenius plots in Figure 4a. The flat potential energy surface
is characteristic for both reactions R5 and R7, at single and
dual-level, and a significant variational effect is reflected by
the differences between the conventional transition state rate
constants,kTST, and canonical variational transition state rate
constants,kCVT. The displacement of the dynamical bottleneck
from the location of the saddle point depends on temperature
and is shifted to the reactant side for both reactions (Table 3).
The ratiokCVT/kTST decreases more rapidly with temperature
for reaction R5 reaching a value of 0.68 at 2000 K. The dual-
level direct dynamics model predicts that the variational
transition state is tighter than the saddle points TS(dec1) and
TS(dec2), and the shift from about-0.1a0 at 298 K to-0.4a0

at 2000 K corresponds to a shortening of∼ 0.08 Å in the C‚
‚‚C distance and a change inVMEP of 0.5 kcal mol-1. In this
region, the adiabatic curve (Figure 5, parts a and b) is still flat
and lies∼0.4 kcal mol-1 below the saddle point. Such a small
variation, due to local ZPE (see eq 5), indicates that the entropic
factor becomes important as the temperature increases. The

endothermic C-C dissociation reactions are characterized by
loose and late transition states with an elongated C‚‚‚C bond.
The breaking C‚‚‚C bond is 2.258 and 2.247 Å in TS(dec1)
and TS(dec2), respectively and makes the bending motion of
the C-C‚‚‚C fragment very loose. The only generalized normal-
mode frequencies significantly modified (at 298 K) at the new
location of the CVT are the C-C-C bending mode (196 cm-1

in TS(dec1) and 203 cm-1 in TS(dec2)) and the-CH2 rocking
(607 cm-1 in TS(dec1)) and twisting modes (600 cm-1 in TS-
(dec2)). These low frequencies affect the value of the entropic
term of the CVT free energy of activation.43 As the temperature
increases from 298 to 2000 K the C-C-C bending frequencies
increase by about 40 cm-1 and the-CH2 rocking and twisting
modes by 82 and 61 cm-1, respectively. Thus the bending
motion is slightly tightened and contributes to the CVT shift
on the reactant side.

The magnitude of the tunnel correction may be calculated
from the detailed numerical data given as Supporting Informa-
tion (Table 1S). From the shape of the adiabatic ground-state
potential Va

G (s) along the MEP (Figure 5) we conclude that
the interpolation technique yields a lower barrier but changes
in the barrier profile are insignificant. The representative
tunneling energy at 400 K, quoted in Figure 5, parts a and b, is
only 0.01 kcal below the top of the adiabatic barrier (VAG), for
both 1-pentyl and 2-pentyl, clearly indicating that small
curvature tunneling paths are insignificant, even at the lowest
temperature considered in this study. The magnitude of the
lowest generalized frequency changes along the reaction path
indicates that internal rotation may assist the motion toward
the saddle point but it is not involved in tunneling. The tunneling
correction at 400 K is about 1.1 from both ZCT and SCT
approximations for reactions R5 and R7 and converges to unity
above 400 K.

4.2. Isomerization. We turn now to the intramolecular H
transfer. The motion along the MEP can be pictured as occurring
in three stages: in the reactant valley it corresponds to the
stretching vibration of the C-H bond which is about to break,
near the saddle point it corresponds to motion of the transferring
H atom toward the acceptor radical center, and in the exit valley,
it includes the asymmetric umbrella motion of the newly formed
CH3 moiety and-CH2 rocking vibrations. The isomerization
reactions (1,2-, 1,3-, 1,4-, and 1,5-) are slightly exothermic and
characterized by different threshold energies as given in Tables
1 and 2. The variational effect is practically negligible for the
whole temperature range investigated in this study. The CVT
transition state is located essentially at the saddle point so that

TABLE 2: Comparison of the Theoretical Threshold
Energies (kcal mol-1) (ZPE Corrected Barrier Heights) for
Prototype Isomerization Reactions in Normal and Branched
Radicals

type of process 1,2-H 1,3-H 1,4-H 1,5-H ref

thermoneutral (n-alkyl radical)a 41.1 41.6 24.6 17.2 41
exothermic (1-pentyl radical)b 37.0 36.0 19.1 14.2 e
exothermic (n-alkyl radical)c 38.6 38.1 21.5 14.6 22
exothermic (branched alkyl radical)d 36.5 38.1 20.6 13.5 4

a MP-SAC2//UHF/6-31G* results.b This work at PUMP-SAC2//
UMP2/6-311G**. c TST calculations and RRKM fit to experiment for
1,4-H was found to be the 20.5( 1.2 kcal mol-1 value subsequently
corrected to reproduce low-temperature measurements.d MP-SAC2/
6-311G**//UHF/6-31G*.e This work.

TABLE 3: Bottleneck Propertiesa,b as a Function of
Temperature for Reactions R3, R5, and R7

reaction

1,4-H shift
(R3)

C-C dissociation
(R5)

C-C dissociation
(R7)

T (K) sCVT Va
G sCVT Va

G sCVT Va
G

(a) Single Level AM1
298.0 0.02 114.6 -0.13 124.9 -0.10 125.7
400.0 0.02 114.6 -0.14 124.9 -0.10 125.7
800.0 0.03 114.5 -0.24 124.7 -0.17 125.6

2000.0 0.05 114.5 -0.45 124.0 -0.36 125.2

(b) Dual-Level PUMP-SAC2/6-311G**///AM1
298.0 0.02 105.5 -0.12 119.4 -0.09 118.6
400.0 0.03 105.4 -0.14 119.4 -0.10 118.6
800.0 0.04 105.4 -0.26 119.3 -0.23 118.5

2000.0 0.06 105.3 -0.45 118.9 -0.30 118.2

a Value of the reaction coordinate,s, in amu bohr1/2, scaling mass)
1 amu.b Va

G in kcal mol-1.
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the CVT and TST rates are identical. Figure 6 (parts a-d)
presents the shape of the adiabatic potential at the AM1 and
dual-level (PUMP-SAC2/6-311G**///AM1) clearly indicating
that the 1,2- and 1,3-H shifts depend greatly on tunneling at
low temperature, the effect being assisted by the reduced width
of the barrier and the low effective mass. This feature is also
depicted in Figure 4b, where rate constants show a maximum
increase of 2 orders of magnitude when SCT transmission
coefficients are included (Table 2S). For such high barrier
reactions, tunneling is more important than overbarrier motion
up to 1000 K. The SCT transmission coefficients are almost
twice the ZCT values below 1000 K. The reaction path curvature
additionally plotted in Figure 6 shows a different profile from
that for the decomposition reactions depicted in Figure 5. As a
general feature there are two peaks symmetrically situated on
each side of the saddle point. However, Figure 6a indicates a
distinct behavior of the coupling terms (BmF from eq 7) in the
overall curvature (κ) for the 1,2-H shift. This is illustrated not
only by the relative intensity of the two peaks but also by the
location of each maximum at the end of the reaction path. To
explain such differences, we investigated the GTS modes and

find that an important contribution to the coupling operator
comes from the C-H symmetric stretch and C(1)-H-C(2)
bending mode. The large intensity of the peak on the exit
channel is due to the contribution of the umbrella bending-mode
in the terminal CH3 moieties and additional backbone torsion.
Transmission coefficients obtained in the SCT approximation
increase the rate constants slightly for temperatures less than
1000 K on both surfaces (AM1 and dual level).

5. Comparison with Experimental and Theoretical Data

Experimentally measured values reported in the literature
provide the primary source of data for comparison with the
present results (Table 4). Existing kinetic data on reactions of
interest for the 1-pentyl radical are compiled in Table 5 being
mainly extracted from the NIST Chemical Kinetics Database44

but also from several individual studies carried out more
recently. We see that such data are widely scattered for each
reaction, and are restricted to a certain range of temperature
(and pressure) by the experimental method. Best results at
temperatures above 1000 K are obtained in shock-tube experi-

Figure 4. (a) Comparison of Arrhenius plots from TST (s), CVT (---), and CVT/SCT (-‚ -) for (R5) and (R7). (b) High-pressure limit rate
constants as calculated using CVT(solid lines) and CVT/SCT(dashed lines with solid marks) for isomerization reactions R1 ()), R2(s), R3(---)
and R4(-‚ -). Open symbols denote previous measurements for the 1,4-H shift by (]) Endrenyi and LeRoy,18 (O) Watkins,46 (/) Marshall,45 (0)
Yamauchi et al.,22 and (4) Tsang et al.24
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ments with 10% accuracy. Estimation techniques can be used
to calculate rate constants from structural features and rate
parameters of reactions of smaller homologues,23 but a more
reliable estimation procedure is given by the ab initio calcula-
tions of the structures and energetics of the reaction coupled
with variational transition state theory.

A critical evaluation of our present computational results is
difficult as the experimental data are scarce and uncertainties
are often not assigned. We note the considerable work on the
1,4-H-transfer reaction (reaction R3), where rate expressions
for the high-pressure limit have been derived in terms of linear
and nonlinear Arrhenius relationships. The Arrhenius parameters
(Ea andA∞) are scattered showing differences of about 1 order
of magnitude in the preexponential factors (A∞) and a maximum

difference of 5 kcal mol-1 in the activation energy. These kinetic
parameters were obtained from fitting over various temperature
intervals and sometimes close to the falloff region. However,
when two studies cover approximately the same temperature
range (see Marshall45 and Watkins46) the differences are a factor
of 4 in the preexponential term and only 1 kcal mol-1 in the
activation energy. Along with the literature values we show the
kinetic parameters for the high-pressure limit as obtained from
the linear fit of the dual-level CVT/SCT rate constant over the
wider temperature range (400-2000 K) which is covered
sparsely by experiment.

Two temperatures are commonly found in several studies,
40018,22,45,46and 1000 K,22-24,45and provide a good benchmark
for comparison of the rate constants obtained in this study.

Figure 5. Plot of the adiabatic ground-state potential (VG
a) (left scale) and the reaction path curvature (κ) for the C-C bond dissociation in a)

1-pentyl radical (reaction R5) and b) 2-pentyl radical (reaction R7).
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Individual rate constants for R3 at 400 K calculated from the
Arrhenius expressions of Endrenyi and LeRoy,18 Watkins,46

Marshall,45 and Yamauchi et al.22 are 59.5, 1.85, 16 and 1.65
s-1. When a tunneling correction is included, we findkCVT/SCT

400

) 53 s-1, three times the value from Marshall’s study and 10%
smaller than the older value of Endrenyi and LeRoy. If a
tunneling correction is not considered and we compare our value,
kCVT

400 ) 1.5 s-1 with values from Watkins46 (1.85 s-1) and
Yamauchi et al.22 (1.65 s-1) the agreement is within a factor of
1.2. Such findings place our results within the uncertainty limit
of 10 quoted by Marshall and the error limit of 3 indicated by
Yamauchi et al., who did not consider tunneling in deriving

their rate parameters. At 1000 K, our value,kCVT/SCT
1000 ) 2.7

× 107 s-1 is an order of magnitude greater that the value of 2.6
× 106 s-1 (Marshall) but is within a factor of 3 of the data
from Yamauchi et al.22 (9.1 × 106 s-1), Tsang et al24(7.1 ×
106 s-1), and Tsang et al.23 (1.2 × 107 s-1). We mention that
the theoretical approach of Tsang et al.24 to extract high-pressure
limit rate parameters is different from ours in that they analyze
a range of experimental data for related alkyl radical reactions
followed by a RRKM fit and point out the degree of uncertainty
in their data. In addition, they did not include tunneling
corrections. Therefore, we are confident that our dual-level
calculations yield rate coefficients consistent with previous
theoretical work and with experimental data when uncertainties
are taken into account.

The C-C decomposition reactions in 1-pentyl, (R5) and (R7),
have been experimentally investigated in the high-temperature
regime by Yamauchi et al.22 and Tsang et al.23 using shock-
tube techniques. Despite the use of a similar technique the
activation energies differ by 2.9 and 5.4 kcal mol-1 for (R5)
and (R7), respectively. The fit of the linear Arrhenius expression
to our dual-level CVT/SCT calculations for (R5) and (R7) yields
preexponential factors of 8.4× 1013 and 5.5× 1013 s-1 and
gives corresponding activation energies of 32.0 and 31.1 kcal
mol-1. The A∞ factors agree well with those of Yamauchi et
al., but in contrast to their experimental finding, we predict the
preferential channel for C-C cleavage to be reaction R7. If we
compare our data with those of Tsang et al.,23 there is an order

Figure 6. Plot of the adiabatic ground-state potential (VG
a) (left scale) and the reaction path curvature (κ) as a function of the corresponding

reaction coordinates, at the AM1 (dashed curve) and UMP2/6-311G**///AM1 (solid curve) levels of theory for (a) 1,2-H shift, (b) 1,3-H shift, (c)
1,4-H shift, and (d) 1,5-H shift in 1-pentyl. Values forVAG and sCVT are quoted for the dual-level method.

TABLE 4: Arrhenius Parametersa Obtained from TST and
CVT Including Tunneling for Reactions R3, R-3, R5, and
R7

A∞ (s-1) E∞ (kcal mol-1)

method TST CVT CVT/SCT TST CVT CVT/SCT

R3 AM1 1.8× 1012 1.8× 1012 1.2× 1012 22.7 22.6 20.9
dual 1.4× 1012 1.3× 1011 9.2× 1011 20.2 20.2 18.1

R-3 AM1 4.8× 1011 4.5× 1011 3.1× 1011 27.9 27.8 26.0
dual 8.7× 1011 8.6× 1011 5.8× 1011 22.5 22.5 20.5

R5 AM1 3.4× 1014 2.2× 1014 1.9× 1014 34.3 34.2 33.9
dual 1.2× 1014 1.1× 1013 8.4× 1013 32.6 32.7 32.0

R7 AM1 1.8× 1014 1.0× 1014 7.5× 1013 35.1 34.8 34.5
dual 8.2× 1013 6.9× 1013 5.5× 1013 31.8 31.9 31.1

a Arrhenius parameters obtained from linear fit ofk ) A exp(-E/
RT) over the temperature range 400-2000 K.
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of magnitude difference in theA factors and a consistent
difference in activation energies of 4 kcal mol-1. Also,
kCVT/SCT

800(R5) ) 1.7 × 105 s-1 is within 5% of the corre-
sponding value of Tsang et al.23 and is about half the corre-
sponding value of Yamauchi et al.22

In conclusion, we have supplemented the experimental data
with high-pressure limiting Arrhenius expressions based on
molecular parameters, energetics, and thermochemical data
obtained at an ab initio level. These values agree well with
previous work and are derived over a wider temperature range.
We are confident they will provide an accurate input into master
equation models.

6. Conclusions

We have described a direct dynamics study on the thermal
decomposition and isomerization reactions for the 1-pentyl
system. The size of the system has allowed us to test various
theoretical models in predicting the structures, activation barriers
and reaction energetics and to carry out the dynamics with an
accurate and yet computational affordable dual-level model. The
results of the calculations can be directly included, with no
tuning of parameters, in experimental databases. The main
conclusions of our study are as follows:

(a) As expected, the activation energy for 1,4-isomerization
is lower than that forâ-CC bond cleavage.

(b) The use of conventional TST method overestimates the
rate for C-C bond cleavage. The CVT method predicts a
significant shift in the position of the dynamical bottleneck with
increasing temperature. This is accompanied by substantial
changes in the angular modes, so that application of the flexible
transition state theory (FTST)47 should lead to further refinement
of the rate coefficient. Tunneling is shown to be negligible, a
result of the large effective mass and the broad barrier. TheA
factors obtained in dual-level calculations are 8.4× 1013 s-1

for (R5) and 5.5× 1013 s-1 for (R7). The corresponding
activation energies are 32.0 and 31.1 kcal mol-1, ∼3 kcal mol-1

higher than values previously reported.22

(c) TheA∞ factor for the forward 1,4-H transfer reaction in
1-pentyl obtained from the CVT/SCT dynamic model is 9.2×
1011 s-1, being fairly close to that for the 1,4-H shift in the
2-methylhexyl radical, for which Viscolcz et al.4 has reported

values in the range 9.8× 1011-5.3× 1011 s-1, depending upon
the carbon atom type (primary, secondary, tertiary), hosting the
transferring hydrogen. Variational effects are unimportant in
isomerization, because the barrier is narrow; tunneling, however,
is very significant, especially at lower temperatures.

Although the present study provides a detailed description
of the structures, energetics, and dynamics of the reactions of
interest, it would be of value to achieve a comparable accuracy
at lower computational cost. In a previous study on the
decomposition of the 1-propyl radical, we reported a new set
of parameters for the semiempirical AM1 method, denoted as
the AM1-SRP2 model.48 The reparametrization was done to
improve the barrier height and reaction energy predicted for
the C-C decomposition reaction. This AM1-SRP2 model was
tested here to investigate the dynamics ofâ-CC scission in
1-pentyl (reaction R5). The geometry for the normal radical and
for the corresponding transition state TS(dec1) are given as
Supporting Information (Table 3S) along with energetic and
kinetic data as obtained at AM1-SRP2 and UMP2/6-311G**///
AM1 levels.

The results indicate that the AM1-SRP2 model performs well
as regards the structural parameters of the reactants and products
when compared to the more computationally expensive UMP2/
6-311G** method. However, the length of the breakingâ-CC
bond in TS(dec1) is underestimated by about 9%, showing a
tighter saddle point than that predicted by the UMP2/6-311G**
model, and the Arrhenius parameters are better predicted by
the re-parametrized model than by the dual-level direct dynamics
technique. We consider this result encouraging, but nevertheless,
the AM1-SRP2 model must be thoroughly tested on homologous
decomposition reactions of primary radicals to judge if it can
be routinely applied to this class of reactions.
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Supporting Information Available: Table 1S, giving rate
constants/s-1, for the â-CC bond dissociation in 1-pentyl (eq
R5) and 2-pentyl (eq R7) for the temperature range 400-2000
K (first two columns displaing rate coefficients including
tunneling corrections with ZCT and SCT models), Table 2S

TABLE 5: High-Pressure Kinetic Parameters Available in the Literature for 1,4-H Isomerization and C-C Decomposition
Reactions in 1-Pentyl System

reaction type T (K) technique A (s-1) Ea (kcal mol-1) ref

1,4-H shift
(R3) 297-453 DP+GC 3.3× 108 15.1 16

439-503 DP+KM 1.4 × 107 10.8 18
438-502 reevaluationa 5.0× 1011 21.1 46
438-923 S+GC 1.2× 1011 20.1 45
737-923 F+GC 9.1× 1011 23.40( 2.1 45
350-1300 ST+ARAS 6.1× 1010 (T/298)0.85 19.5 22
400-2000 DL-DD 9.2× 1011 18.1 c
850-1000 ST+KM 1.0 × 1012 22.5 23

1000-2000 Meq-TST 7.0× 1011 22.9 24
C-C diss
primary radical (R5) 400-2000 DL-DD 8.4× 1013 32.0 c

1000-2000 Meq+TST 1.8× 1013 28.6 24
1000-1300 ST+ARAS 1.8× 1014 31.3 22
850-1000 ST+KM 1.0 × 1013 28.4 23

secondary radical (R7) 400-2000 DL-DD 5.5× 1013 31.1 c
1000-2000 Meq+TST 2.5× 1013 28.4 24
1000-1300 ST+ARAS 3.0× 1014 32.8 22
850-1000 ST+KM 8.0 × 1012 27.4 23

a Based on thermochemical and kinetic data.b List of abbreviations related to experimental technique:S-static system, F-flow system, ST-shock
tube, KM-kinetic modeling, DP-direct photolysis, GC-gas chromatography, ARAS-atomic resonance absorption spectroscopy, DL-DD-dual level
direct dynamics, Meq-TST-Master equation and transition state theory.c This work.
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giving rate constants/s-1, for the isomerization reactions
R1-R4 in the temperature range 400-2000 K (first two
columns display rate coefficients including tunnelling corrections
with ZCT and SCT models), and Table 3S giving selected
geometric parameters for 1-pentyl, TS(dec1) and products (C3H7

+ C2H4) at the AM1-SRP2 level and UMP2/6-311G**///AM1.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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