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Molecular dynamics modeling of C-C bond dissociation is performed for a series of linear alkanes and
polyethylene macromolecules with the chain lengths ranging from one to a thousand constituent ethylene
monomers (PE-1-PE-1000). The rate constants obtained in molecular dynamics calculations are compared
with those determined using variational transition state theory with the same potential energy surface. The
results of simulations demonstrate a significant accelerating effect of chain length on the rates of C-C bond
scission. Per-bond rate constant values increase with the increasing chain length, up to an order of magnitude,
in the sequence of linear alkanes from PE-1 (ethane) to PE-5 (decane); this dependence becomes saturated
for longer chain lengths. Stiffening the potentials of bending and especially the torsional degrees of freedom
diminishes the accelerating effect of chain length, while constraining the bond distances for all C-C bonds
except the one undergoing dissociation has no effect. The results of the calculations are compared with existing
experimental data on the dependences of the rates of thermal decomposition of linear alkanes on the alkane
chain length.

1. Introduction

Detailed modeling of the chemical kinetics as a tool of
prediction and control of complex chemical processes has
achieved great success in the chemistry of many types of gas-
phase processes (e.g., combustion, atmospheric modeling) and
is currently being used for understanding and control of the
pyrolysis of polymers (see below). One critical requirement for
the success of such modeling is the availability of a reliable
database of rate coefficients of elementary reactions involved
in the particular type of chemical processes being modeled.
However, the existing database of gas-phase reaction rate
coefficients primarily includes reactions involving relatively
small molecules. Similarly, existing computational methods of
predicting reaction rates have been developed and validated
using experimental data for small-molecule reactions, as ex-
perimental data for gas-phase elementary reactions of large
species are, generally, unavailable. As a result, modeling efforts
directed at elucidation of such complex phenomena as the
combustion of real fuels (relatively large long-chained, branched,
and cyclic hydrocarbon molecules) and the pyrolysis of polymers
are hindered by the lack of data on the rates of important
elementary reactions. Nevertheless, modeling efforts continue,
largely motivated by the need to develop computational tools
of prediction and control, for both large hydrocarbon combustion
(e.g., refs 1-4) and for the pyrolysis of polymers (e.g., refs
5-14 and references cited therein).

In the vast majority of the existing models of polymer
pyrolysis, most of the rate coefficients used are derived from
the corresponding gas-phase values of chemically similar but
smaller species. One of the most important reaction types in
polymer pyrolysis is the backbone scission, that is, the dis-
sociation of the C-C bonds forming the polymer chain. These

reactions are generally believed to be responsible for initiation
of polymer pyrolysis. In evaluating the rate constants for
polymer C-C bond dissociation, an approach based on an
analogy with gas-phase small-molecule chemistry (decomposi-
tion of small alkanes) leads to preexponential factors of
approximately 1016-1017 s-1 and activation energy values close
to the C-C bond strength,∼ 348 kJ mol-1. The deficiency of
this approach becomes apparent when one compares the
calculated temperature dependence of the rate constant with
known experimental data on polymer pyrolysis. For example,
the above Arrhenius parameters predict that the per-bond C-C
bond scission rate constant,kCC, will achieve the value of 1 s-1

at T = 1070-1140 K and that of 1× 10-3 s-1 at T = 910-
960 K. At the same time, the typical temperature range for the
onset of polyethylene pyrolysis is 300-400°C (573-673 K),8,15

where the above Arrhenius parameters would givekCC = 2 ×
10-16-1 × 10-10 s-1. Clearly, to explain the initiation of
pyrolysis, rate constants of C-C bond scission need to have
much larger values (also, see a discussion of rate constants in
ref 8).

In a recent reactive molecular dynamics study (RMD), Nyden
et al.16 observed surprisingly low values of activation energies
for chain scission of three alkane-based polymers, polyethylene,
polypropylene, and polyisobutylene. These simulations were
conducted under the conditions of polymer melt; the reactive
force field used included several types of elementary reactions,
including C-C backbone scission. The activation energy values
obtained from the temperature dependences of the observed rate
constant values were in the 40-190 kJ mol-1 range, which is
much lower than the above typical value of the C-C bond
strength. Furthermore, in a related RMD study of polyisobu-
tylene (PIB) pyrolysis, Stoliarov et al.17 demonstrated that the
activation energy of the C-C scission decreases with the
increased size of the polymer model. These authors reported† Part of the special issue “James A. Miller Festschrift”.
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that the activation energy for C-C scission decreased from 239
kJ mol-1 in PIB-4 to 170 kJ mol-1 in PIB-150 (here and below,
the number in the polymer notation is that of the monomer units
that form the polymer chain).

Evaluation of the values and the temperature dependences
of kCC under the conditions of polymer melt requires a detailed
analysis of all factors that may contribute to acceleration of the
reaction relative to the case of small alkanes in the gas phase.
To analyze and understand the overall result, each of the factors
needs to be considered separately. The current study concentrates
on the effect of the length of the alkane chain on the rates of
C-C scission. To isolate the effect under study from other
influencing factors, simulations in the current work are con-
ducted for isolated molecules in the gas phase rather than in
bulk polymer melt. Accordingly, in addition to the problem of
polymer pyrolysis, these simulations are relevant to the combus-
tion of long-chain hydrocarbons, major components of gasoline,
kerosene, and diesel fuel.

Computational treatment of reactions of long-chain molecules
in the gas phase via transition state theory (TST) is rather
problematic. In the most widely used formulation of TST,
partition functions of the reacting molecules and transition states
are calculated assuming separability of all degrees of freedom,
that is, these functions are obtained as products of partition
functions of harmonic oscillators and one- and two-dimensional
rigid rotors. Separability of rotational degrees of freedom has
been confirmed for flexible-chain molecules of sizes up to
pentane.18 However, longer chains, especially those with the
capability of coiling, have not been considered. Moreover,
vibrational frequencies differ for different internal rotational
conformations; the corresponding differences in vibrational
partition functions are likely to increase with increasing chain
length due to accumulation of differences caused by individual
torsional angle changes. These effects are likely to result in
coupling (nonseparability) of rotational and vibrational degrees
of freedom and consequential difficulties in evaluating partition
functions. In addition, use of TST in reactions of long-chain
molecules is hindered by the presence of many very-low-
frequency vibrational modes that cannot be treated as separable
harmonic oscillators and have vibrational periods that may
exceed the characteristic time of reaction.

Given the difficulties of applying TST to reactions of long-
chain molecules, reactive molecular dynamics should be con-
sidered as a viable alternative for evaluation of reactivity. In
the current study, reactive molecular dynamics modeling of
C-C bond dissociation is performed for a series of linear
alkanes and polyethylene macromolecules. The lengths of the
alkane chain range from one to a thousand constituent mono-
mers, PE-1-PE-1000. For PE-1-PE-5 chains, the rate constants
obtained in molecular dynamics calculations are compared with
those determined using variational transition state theory with
the same potential energy surface and classical (as well as
quantum) partition functions. The dependence of the per-bond
C-C dissociation rates on the chain length are analyzed. The
results of calculations are compared with existing experimental
data on the dependences of the rates of thermal decomposition
of linear alkanes on the alkane chain length.

2. Computational Methods

2.1. Molecular Dynamics Calculations.Molecular dynamics
(MD) calculations were carried out for isolated single molecules.
Linear alkanes and polyethylene chains ranging in length from
PE-1 to PE-1000 were studied (PE-1 is ethane, PE-5 isn-decane,

etc.). Since the main purpose of the study was investigation of
the hypothetical effects of chain length and not derivation of
exact values of rate constants, rather simple potential energy
surfaces (PES) given by the all-atom OPLS-AA force field19,20

with C-C stretch terms replaced by the Morse function were
used. MD calculations were performed using GROMACS
program package, version 3.2.21,22 Initial linear structures of
molecules were obtained by potential energy minimization. For
each alkane/polyethylene molecule, a series of 10-40 calcula-
tions was performed at each temperature. In each such calcula-
tion, prior to the simulation of reactive events, a nonreactive
simulation of molecular dynamics was performed for a period
of 100-300 ps using harmonic C-C bond stretch terms to
achieve randomization of molecular structures and atomic
velocities. The resultant atom coordinates and velocities were
used as the initial in subsequent reactive simulations. The Morse
function parameters used in the reactive simulations were
derived from those of the OPLS-AA harmonic force field by
using the same equilibrium C-C distance and the second
derivative of the potential at this distance. The bond dissociation
energy used for all C-C bonds was 348 kJ mol-1. The time
integration step size of 0.2 fs was used in the simulations.
Calculations were performed to demonstrate that increasing the
time step by up to a factor of 5 (to 1.0 fs) did not produce any
detectable changes in the calculated rate constant values. Overall
translational motion of the center of mass and rotation around
the center of mass were removed in all calculations.

Each MD calculation was continued until one carbon-carbon
bond dissociated; the time required to achieve dissociation (t)
was recorded. The value oft was averaged over 10-40
trajectory runs to obtain<t>, and the value of the rate constant
was obtained as the inverse of<t>; the per-bond rate constant
kCC was calculated by further dividing by the number of bonds
in the chain. Separation of the two carbon atoms forming a bond
by the distance of 0.6 nm was used as the criterion of bond
dissociation. Although this choice of the critical separation is
rather arbitrary, selecting a different value would have only a
negligible effect on the calculated rate constants as only very
few cases of trajectories recrossing the dividing point were
observed. To confirm the independence of the resultant rate
constants of the C-C bond separation criterion, calculations
were also performed for selected chain lengths and temperatures
using the same trajectories but with the critical bond distance
taken as 0.5, 0.8, and 1.0 nm. The results of such calculations
using different bond dissociation criteria (presented in the
Supporting Information, Table 1S) differ from those obtained
with the original bond dissociation criterion by less than 14%.
Temperatures used in modeling ranged from 2100 to 3000 K;
such high temperatures were necessary to make the MD reaction
rates observable within the practicable range of times of
molecular dynamics simulations.

Temperature Control.Two methods were used for temper-
ature control in MD simulations, those of Nose-Hoover23,24

and Berendsen et al.25 For small molecules (PE-25 and smaller),
only the Nose-Hoover method was used. The resultant
distributions of internal energies were analyzed and were found
to coincide with the Boltzmann distributions calculated using
vibrational frequencies of the species involved (e.g., Figure 1).
However, for large molecules (PE-250 and larger), use of the
Nose-Hoover algorithm of temperature control resulted in
nonphysical oscillations of temperature. Thus, the Berendsen
method was used for large chains. Calculations were per-
formed to demonstrate that the rate constants obtained in
simulations did not depend on the method of temperature control
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for chains of PE-25 and larger (see Table 2S in the Supporting
Information).

This independence of the bond dissociation rates on the
method of temperature control can be explained by considering
the energy distributions resulting from the use of these two
algorithms and from expressions for the unimolecular rate
constant obtained in classical (nonquantum) versions of the
transition state theory (TST) and the RRKM theory,26-29 which
is a microcanonical version of TST. The Nose-Hoover tem-
perature control algorithm results in a Boltzmann distribution
of internal energies24,30 (also see Figure 1), and thus, the
corresponding simulations are best represented by a TST
expression for a canonical (fixed temperature) ensemble. The
Berendsen algorithm analyzes the kinetic energy of the system
at each time step of the trajectory integration and utilizes a
velocity rescaling scheme that forces the system to a set value
of temperature (and thus to a set value of the total kinetic
energy). Deviations from the set value of temperature are
corrected not immediately but with a rate determined by a
preselected coupling time constantτ. Due to an approximate
equidistribution of the kinetic and the potential energies in a
system dominated by harmonic or almost harmonic potentials,
maintaining a set value of the total kinetic energy with a
characteristic time constant that is significantly longer than the
typical vibrational period results in an approximate preservation
of the average total energy of the system. The resulting energy
distribution, although not an idealδ-function, is nevertheless
significantly more narrow than the Boltzmann distribution
corresponding to the same temperature, as illustrated by plots
in Figure 1.

To analyze the differences in the rate constants that can be
expected to result from the use of these two methods of
temperature control, one can consider unimolecular reaction rate

constants given by the canonical and the microcanonical versions
of the transition state theory. These two versions of TST
represent two qualitatively limiting cases of the shapes of the
total internal energy distributions: on one end, the Boltzmann
distribution (canonical TST, fixed temperature) and on the other
end, aδ-function distribution (microcanonical TST or RRKM,26-29

fixed total energy). For such a comparison to be meaningful,
the total energy used in the RRKM calculations should be taken
as equal to the average total energy of the Boltzmann distribution
at the temperature used in canonical TST calculations. Molecular
dynamics simulations performed using the Nose-Hoover tem-
perature control algorithm result in a Boltzmann distribution
of the total internal energy and thus are best associated with
the canonical TST approach. Those performed using the
Berendsen algorithm, however, yield energy distributions that
are much more narrow and are closer to the case of a fixed
total energy (microcanonical TST or RRKM). Since the Ber-
endsen energy distribution, although narrow, is still not an ideal
δ-function, the difference between RRKM and canonical TST
can be expected to be larger than that between the Nose-Hoover
and the Berendsen temperature control methods. Thus, if an
equivalence can be shown between the rate constants resulting
from the canonical TST and from the RRKM method, this would
mean that molecular dynamics simulations utilizing the Nose-
Hoover and the Berendsen temperature control methods can also
be expected to yield similar values of the rate constants.

The transition state theory expression31 for the rate constant
at temperatureT is

whereQ‡ andQ are the partition functions of the transition state
and the molecule, respectively,h is the Planck constant,E0 is
the reaction energy barrier, andkB is the Boltzmann constant.
Considering a molecule withn vibrational degrees of freedom
and a corresponding transition state withn-1 degrees of
freedom and using classical expressions26,28 for the vibrational
partition function

(ν is the vibrational frequency), one obtains

where

andνi andνi
‡ are vibrational frequencies of the molecule and

the transition state, respectively.
The RRKM energy-dependent rate constant for the same

reaction equals

Figure 1. Examples of distributions of internal energy obtained in
MD simulations using two different methods of temperature control
(lines) in comparison with the classical (nonquantum) Boltzmann energy
distributions calculated using vibrational frequencies of the correspond-
ing molecules.
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whereW‡(E) and F(E) are the sum of states of the transition
state and the density of states of the molecule, respectively.26,28,29

Taking classical expressions26,28 for these functions

and using total energyE ) nkBT (average total energy of the
Boltzmann distribution at temperatureT), one obtains

For sufficiently large molecules,nkBT . E0; using Taylor series
expansion for expression VIII, one obtains

The limit of expression IX atn f ∞ is zero, and thus, for
sufficiently large molecules, the differences between the rate
constants obtained in the cases of canonical and microcanonical
ensembles should disappear. Numerical evaluation of expres-
sions III and VIII demonstrates that the differences between
kTST andkRRKM are already less than 6% for PE-25 at 2000 K.

The above comparison of the rate constants of unimolecular
decomposition obtained in the two limiting cases of wide
(Boltzmann) and narrow (δ-function) distributions of internal
energy demonstrate that these rate constants converge for large
molecules possessing sufficient numbers of degrees of freedom.
As discussed above, this convergence provides an explanation
for the equivalence of the rate constants obtained in MD
simulations of C-C bond scission in linear PE chains (PE-25
and longer) using two methods of temperature control, those
of Nose-Hoover and Berendsen et al.

The time constant for temperature coupling (in the Berendsen
algorithm) and the period of oscillation of kinetic energy
between the molecule and the heat reservoir (for the Nose-
Hoover algorithm) used were equal to 0.5 ps. Computations
were performed to demonstrate that increasing or decreasing
these time constants by an order of magnitude did not result in
any detectable changes in the rate constants.

Calculations using Modified Hamiltonians.In addition to
calculations using the OPLS-AA19,20 force field, several series
of MD simulations were performed for PE-5 using modified
Hamiltonians, corresponding to “freezing” or impeding various
degrees of freedom. In one series, all C-C bonds except for
the central one were constrained to their corresponding equi-
librium distances. In the second series, all C-C-C angles were
partially frozen by increasing the corresponding force constants
by a factor of 1000. In the third series, all angle potential terms
(C-C-C, H-C-H, and C-C-H) were partially frozen by
increasing the corresponding force constants by a factor of 100.
In the fourth series, all C-C-C-C torsions were partially
frozen by increasing the force constants by a factor of 1000.
Due to software limitations, only in the first series (frozen C-C

bonds) were full constraints implemented; in other series, the
corresponding degrees of freedom could be restrained only by
increasing the force constants.

2.2. Transition State Theory Calculations.The variational
transition state theory (VTST) calculations of the C-C dis-
sociation rate constants were performed for decomposition of
four molecules, PE-1 (C2H6 f CH3 + CH3), PE-2, PE-3, and
PE-5. All channels of possible C-C bond scission were
analyzed for these molecules. The canonical variational transi-
tion state theory approach28,29,32,33was used to obtain the rate
constant values, that is, at each temperature, the C-C separation
distance corresponding to the lowest value of the calculated rate
constant was determined, and this lowestkCC value was accepted
for this temperature. Classical (nonquantum) partition functions
for vibrational degrees of freedom and for hindered internal
rotations were used in all VTST calculations to maintain
compatibility with MD modeling, which is inherently classical.

All calculations of the potential energy surface properties were
performed using the Gaussian 03 program package.34,35Potential
energy profiles were obtained as functions of the C-C separa-
tion distances; at each constrained C-C separation, optimization
of all of the internal coordinates corresponding to the remaining
degrees of freedom was performed. Vibrational frequencies for
the modes orthogonal to the reaction path36,37 were obtained
from a harmonic analysis projecting out of the C-C separation
coordinate. In a recent study of the PE-1 decomposition by
Klippenstein et al.,38 projected vibrational frequencies resulting
from this approach (but with a more realistic and complicated
potential energy surface obtained in high-level quantum chemi-
cal calculations) were demonstrated to be identical to those
obtained via the reoriented optimized dividing surface method
of Villa and Truhlar,39 which was developed by these authors
to enable variational TST calculations without obtaining a
converged minimum-energy path. For the calculations performed
in the current work, parameters of the AMBER force field40

included in Gaussian 03 were modified to most closely match
those of the OPLS-AA force field. After this modification, the
only difference between the AMBER and the OPLS-AA
representations of the PES of the considered reactions was in
the torsional potentials, which are described with the use of
different functional forms in these two force fields. These
differences, however, have no consequences for the values of
rate constants, as explained below.

The classical partition functionQHR(T) of a one-dimensional
hindered rotor can be expressed as18,41,42

whereT is the temperature,Q̃ROT(T) is the partition function of
the corresponding free rotor (i.e., the same rotor without the
hindering potential), and

Here, the Q̃SH(T) term is determined by the shape of the
hinderingV(ê) potential (ê is the torsional angle). In each of
the reactions of decomposition of PE-1-PE5, the transition state
and the molecule undergoing decomposition have the same
number of internal hindered rotors. Moreover, the same func-
tions describe the torsional hindering potentials in the transition
state and in the molecule because the torsional force field
parameters in AMBER and OPLS-AA do not change with the
C-C distance. Thus, in the transition state theory expression
for the rate constant (equation I), theQ̃SH(T) components of
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the rotational partition functions will cancel in theQ‡/Q ratio
(the ratio of the partition functions of the transition state and
the molecule). As a result, the rotational component of theQ‡/Q
ratio will be given by the ratios of partition functions of free
one-dimensional rotors, that is, the ratios of the square roots of
the corresponding moments of inertia.26,28,29

VTST calculations were performed for the case of zero
angular momentum, that is, partition functions of the two-
dimensional overall rotational degrees of freedom of the
molecule and the transition state were not included in the
calculation of the rate constant (see refs 26-29 for a discussion
of active and adiabatic rotations). This was done to maximize
the similarity to MD simulations, in which overall rotations of
the molecule as a whole were removed. Reduced moments of
inertia of the one-dimensional internal rotations were calculated
using the method of Pitzer and Gwinn.41,43Contributions of the
vibrational partition functions were calculated using equation
II. Individual values of the projected vibrational frequencies and
rotational constants are given in the Supporting Information
(Table 3S) for selected individual reactions at selected C-C
separations.

Linear extended chain structures with 180° C-C-C-C
dihedral angles were used for all molecules and transition states.
Effects of using partially coiled structures (e.g., with several
C-C-C-C dihedral angles equal to∼60°) were evaluated.
Besides models in which torsional degrees of freedom were
treated as hindered one-dimensional rotors, rate constant were
calculated with models in which torsions were treated as
harmonic oscillators. This was done to enable comparison
between rate constants obtained for linear and partially coiled
structures because identification of vibrational modes corre-
sponding to torsions is rather complicated for nonlinear chain
structures. Visual identification is easily performed for the linear
configuration using normal mode animation. However, in cases
of nonlinear configurations, many vibrational modes resulting
from normal-mode analysis cannot be unambiguously assigned
to particular types of motion. In addition to classical VTST
calculations, quantum vibrational partition functions were
calculated, and the resulting rate constant values were compared
to those obtained using purely classical models.

Variational effects in the reactions of C-C bond dissociation
in PE-1-PE-4 and PE-5 are relatively weak. For example, for
PE-1 decomposition at 2000 K, the optimized C-C distance
corresponding to the minima of thekCC versusT dependences
changes from 0.46 nm at 1000 K to 0.44 nm at 3500 K; ignoring
this dependence of the optimized C-C distance on temperature

and fixing the transition state C-C distance at 0.46 nm would
result in a less than 3% change in the rate constants atT g
1000 K. For the PE-5f 2 C5H11 reaction channel, fixing the
transition state C-C distance at 0.48 nm would result in less
than a 3% change inkCC in the same temperature range and in
a 35% change at 300 K. This relative unimportance of
variational effects is caused by the artificial potential energy
surface used, that of the AMBER/OPLS-AA force fields, in
which bending force constants do not decrease with increasing
C-C separation. Use of more realistic potential energy surfaces
leads to significant variational effects, as demonstrated, for
example, in refs 38 and 44. However, in the current work, use
of the AMBER/OPLS-AA potential energy surface is essential
to maintain comparability with the results of molecular dynamics
simulations.

3. Results

Molecular dynamics modeling results demonstrate that alkane
chain length has a pronounced effect on the rate of backbone
C-C dissociation. Significantly faster backbone scission (in
terms of rate constants expressed per C-C bond, kCC) was
observed for longer molecules. These results are presented in
Tables 1 and 2 and in Figure 2, along with the results of VTST
calculations. As illustrated in Figure 3, the dependence ofkCC

on the chain lengthN in PE-N displays a fast growth at lowN
(N ) 1-5) and saturation at largerN values (N ) 25-1000).
On average, MD rates of C-C bond dissociation of long-chain
molecules (N > 5) are∼10 times larger than those of ethane.

TABLE 1: Per-Bond Rate Constants of C-C Scission Obtained in MD and TST Calculations

Rate Constants (kCC/s-1) and Relative Uncertaintiesa

alkane 2100 K 2300 K 2500 K 2700 K 3000 K

MD Calculations
PE-1 7.12×105(0.14) 1.43×106(0.19) 9.49×106(0.24) 3.78×107(0.26)
PE-2 1.20×106(0.18) 5.79×106(0.28) 1.56×107(0.21) 8.34×107(0.29)
PE-3 2.24×106(0.15) 7.07×106(0.13) 2.92×107(0.15) 1.18×108(0.11)
PE-5 9.48×105(0.28) 3.88×106(0.14) 1.86×107(0.12) 4.65×107(0.15) 2.57×108(0.14)
PE-25 6.51×105(0.23) 7.31×106(0.21) 1.99×107(0.18) 5.68×107(0.17)
PE-100 1.44×106(0.24) 5.85×106(0.36) 1.70×107(0.26) 5.97×107(0.28)
PE-250 1.20×106(0.22) 8.02×106(0.17) 2.36×107(0.22) 6.18×107(0.18)
PE-1000 1.20×106(0.18) 4.44×106(0.30) 2.03×107(0.28) 7.58×107(0.28)

Classical VTST Calculations
PE-1 1.06×105 5.91×105 2.49×106 8.49×106 3.93×107

PE-2 2.30×105 1.30×106 5.55×106 1.91×107 8.98×107

PE-3 3.83×105 2.13×106 8.99×106 3.06×107 1.41×108

PE-5 4.80×105 2.68×106 1.13×107 3.86×107 1.78×108

a Relative uncertainties (1σ uncertainty divided by thekCC value) are given in parentheses.

TABLE 2: Arrhenius Parametersa for Per-Bond Rate
Constants of C-C Scission Obtained in MD and TST
Calculations

alkane log(A/s-1) E0/kJ mol-1

MD Calculations
PE-1 13.52( 0.92 342( 46
PE-2 13.86( 0.27 342( 13
PE-3 13.82( 0.31 331( 15
PE-5 14.02( 0.23 325( 11
PE-25 14.48( 0.89 344( 40
PE-100 13.30( 0.28 288( 13
PE-250 13.76( 0.47 306( 22
PE-1000 14.17( 0.43 327( 19

Classical VTST Calculations
PE-1 13.59 344
PE-2 14.00 347
PE-3 14.14 346
PE-5 14.24 344

a kCC ) A exp(-E0/RT) s-1. Error limits are 1σ of the fit.
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Transition state theory also predicts a noticeable increase in
the dissociation rate constant with increasing chain length
(Tables 1 and 2 and Figures 2 and 3). Per-bond rate constants
increase in the PE-1-PE-5 sequence, in approximate agreement
with the MD results. VTST results for PE-1 (ethane) agree with
those obtained in MD calculations; thekCC(T) dependences
coincide (Figure 2). VTST rate constants for PE-5 decomposi-
tion are a factor of 4.5 larger than those for PE-1; the
corresponding PE-5 versus PE-1 acceleration factor obtained
in MD calculations is 7.3 (Figure 3). Purely vibrational TST
models in which torsions were treated as harmonic oscillators
yielded rate constants that are very close to those obtained using
vibrational-rotational models, with differences of 0-16% over
the 1000-3500 K temperature range for PE-1-PE-5. The
observed agreement between the vibrational-rotational and the
purely vibrational models is expected because of the similarity
of the parameters of torsional degrees of freedom in the
decomposing molecules and the corresponding transition states
(see above). Rate constants obtained in quantum TST calcula-
tions (vibrational models) differed from the results of classical
calculations by less than 16%.

Calculations performed with partially coiled PE-5 molecules
indicate noticeable effects of torsional conformations on the TST

rate constants. For example, rate constants obtained for the PE-5
f n-C7H13 + n-C3H7 channel using a configuration of PE-5
that has six out of seven C-C-C-C dihedral angles equal to
approximately 60° (spiral-like shape of the molecule) are a factor
of 2.0 larger than those obtained for a linear extended shape of
the same molecule. Configurations with less coiling resulted in
smaller rate constant differences. The observed dependence of
the TST rate constants on torsional conformation of the
decomposing molecule reflects coupling between vibrational
degrees of freedom and those of internal rotations, that is,
dependence of vibrational frequencies on torsional configuration.
For example, the ratios of classical and quantum vibrational
partition functions of the above-mentioned spiral conformation
of PE-5 to those of the linear extended conformation are equal
to 6.8 and 5.4, respectively. The 2.0 ratio of the TST rate
constants of these two conformation can be taken as a rough
measure of uncertainty in the TST rate constant for PE-5 caused
by this nonseparability of degrees of freedom (illustrated with
error bars for the PE-5 data point in Figure 3).

The Arrhenius fit parameters of the obtainedkCC temperature
dependences are presented in Table 2. It is interesting to note
that the temperature dependences ofkCC obtained in MD
simulations are approximately parallel to each other on an
Arrhenius plot (Figure 2). Thus, the reaction acceleration effects
associated with the increasing chain length can be expressed in
terms of increases in the preexponential factor, without notice-
able changes in the values of the activation energy. All fitted
activation energy values are close to the strength of the C-C
bond used in the simulations, 348 k mol-1.

The magnitude of the accelerating effect of the chain length
was found to depend on the position of the dissociating bond
in the chain. Figure 4 demonstrates that bonds located close to
the molecule ends dissociate less often than those in the middle
of the chain.

In an attempt to investigate the causes of the observed
accelerating effects of molecular chain length, several series of
MD simulations were performed using modified Hamiltonians
in which certain types of degrees of freedom were constrained
or impeded. The results of MD calculations with such modified
Hamiltonians are presented in Figure 5. As can be seen from
the plot, freezing C-C bond distances had no effects on the
rate constants; the values ofkCC obtained in such calculations
are similar to those obtained in “regular” PE-5, that is, larger
than those in PE-1 by approximately a factor of 7. Partially
freezing angles had some minor impeding effect on the C-C
dissociation rates, although the magnitudes of these effects are

Figure 2. Per-bond rate constantskCC for C-C backbone scission
obtained in VTST (dotted lines) and MD (symbols and fitted solid lines)
simulations. The plot shows the effect of chain length; rate constants
increase with the increasing chain length. This dependence is saturated
for polyethylene chains longer than PE-5. Rate constants obtained for
PE-250 and PE-1000 are not shown to avoid plot congestion.

Figure 3. Dependence of the factor of acceleration of the C-C bond
scission reactions (the average ratio of the per-bond rate constants
obtained in simulations of PE-N decomposition to those of PE-1) on
the alkane or polyethylene chain length. VTST rate constants are not
calculated forN > 5 because of large uncertainties (see text). The
estimated uncertainty of classical VTST calculations is shown for PE-5
only.

Figure 4. Dependences of the relative probability of bond scission on
the bond position in the chain obtained in MD simulations of PE-5
decomposition using the “regular” force field (filled circles) and that
with impeded torsions (open circles).
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comparable with the estimated uncertainties in the rate constant
values. The biggest effect was observed in the case of partially
frozen C-C-C-C dihedral angles. The resultant rate constants
are significantly lower than in the case of “regular” PE-5 and
are closer to those observed in the case of PE-1. On the other
hand, removing torsional barriers has no effect on the rate
constants; the resultant rate constants coincide with those of
the unaltered PE-5 model. It is also worth noting that the
dependence of the probability of bond dissociation on its position
(distance from the molecule end) observed in the case of the
unmodified PE-5 Hamiltonian disappears when dihedral angles
are partially frozen (Figure 4); no pronounced dependence
exceeding the scatter of data within uncertainty limits can be
observed in this case.

4. Discussion

The results of MD simulations performed in the current study
demonstrate significant accelerating effects of chain length on
the rates of C-C bond scission in linear alkanes. Per-bond rate
constant valueskCC increase with the increasing chain length,
up to a factor of 7.3, in the sequence of linear alkanes from
PE-1 (ethane) to PE-5 (decane); this dependence becomes
saturated for longer PE-N chain lengths (Figures 2 and 3),
reaching an average value of the reaction acceleration factor
(per-bond reaction rate relative to that of PE-1) equal to 10.
Variational transition state theory (VTST) calculations per-
formed using the same potential energy surface also predict an
increase in the rate constant with increasing chain length.
Classical and quantum VTST calculations yield per-bond
reaction acceleration factors for PE-5 equal to 4.5 and 3.3,
respectively.

Reaction acceleration observed in VTST calculations are
caused by a general larger decrease in the values of projected
vibrational frequencies of the transition states compared to those

of the corresponding PE-N molecule with increasing chain
length. Identification of the affected types of motion is not easy
because of the considerable sizes of the molecules involved.
For example, one cannot say, on the basis of visual analysis of
animated vibrations, that transitional modes corresponding to
rocking of the separating fragments are mainly responsible for
the observed rate constant increases. VTST rate constants
obtained in calculations using classical and quantum partition
functions differ very little; both increase with the increasing
chain length. This agreement between the rate constants versus
chain length dependences obtained in quantum and classical
calculations suggests that the observed positive trend is not an
artifact of classical treatment.

Rate constant values obtained in VTST calculations become
more uncertain with increasing chain length because of three
major reasons. One reason is that projected vibrational frequen-
cies become very small (as low as 20-30 cm-1 in transition
states for PE-5 decomposition and even lower in longer chains)
and the corresponding degrees of freedom cannot be treated as
harmonic oscillators without a significant loss of accuracy. In
addition, relative uncertainty of these projected frequencies
obtained in practical numerical calculations increases beyond
acceptable levels for chains longer than PE-5. The second reason
is the increase in the number of potential internal rotational
conformers of PE-N molecules and the corresponding transition
states with increasing chain lengths, which grows as 3N and
introduces significant coupling between rotational and vibra-
tional degrees of freedom, as described above. The third reason
is the highly questionable separability of the rotational degrees
of freedom in long-chain and coiling molecules, as discussed
in the Introduction section. Because of accumulation of these
uncertainties, use of VTST for chains longer than PE-5 becomes
rather problematic; even for PE-5, the rate constant values have
large uncertainties, as discussed above. For large molecules,
using MD simulations provides a practicable alternative to TST
calculations.

One implication of the findings of the current study is that,
in modeling gas-phase chemical processes involving C-C bond
scission of linear alkanes, such as the combustion of hydrocar-
bons, rate constants for such dissociation reactions need to be
assigned with accounting for the effects of chain length. For
example, the preexponential factor for the per-bond scission rate
constant inn-decane can be expected to be approximately three
times larger than that inn-butane, and so forth. Unfortunately,
comparison of these predictions with experiment is problematic
because existing experimental data on the decomposition of
alkanes are sparse and have large uncertainties.45 Most of the
literature values of rate constants were obtained via final product
analysis in flow tube experiments, where uncertainties of the
temperature regimes, nonuniformity of heating, nonideal plug
flow conditions, and potential effects of heterogeneous processes
on the propagation/termination of chain reactions cause signifi-
cant disagreements between the results of different groups of
authors. In this respect, ratios of rate constants obtained for
reactions of several different alkanes using the same apparatus
and similar experimental conditions can be expected to be more
reliable than the absolute rate constant values obtained in the
same experiments.

The dependence of the preexponential factors of C-C bond
scission in linear alkanes on the chain length has never been
investigated in direct experiments. This is unlike the effects of
methyl substitution at side chains, which have been studied and
shown to exert no influence on the rate constants within
experimental uncertainties.46 However, the dependence of the

Figure 5. Per-bond rate constantskCC for C-C backbone scission
obtained in MD (symbols and fitted lines) simulations. The plot shows
the effect of restrictions imposed on different types of motion in the
decomposition of PE-5 (see text). MD-based rate constants for PE-1
(no reaction acceleration) are shown for comparison.

Bond Dissociation in Linear Alkanes and Polyethylene J. Phys. Chem. A, Vol. 111, No. 19, 20073881



overall rates of thermal decomposition of linear alkanes on the
chain length was studied experimentally by three groups.47-49

These three studies used different but overlapping sets of linear
alkane sizes; normal hexane (PE-3) was used in all of them.
Figure 6 presents the results of these studies together with those
of the MD modeling performed in the current work. All rates
of alkane decomposition are put on the per-C-C-bond basis
and are given relative to those of PE-3. As one can see from
the plots in Figure 6, the general trend of the experimental data
is the increase of the per-bond decomposition rate with
increasing chain length at lowN values and the tapering off of
this dependence for longer chains. This general trend is in
agreement with the results of the current MD study. It should
be pointed out, however, that the above comparison between
the MD predictions and the experimental results of refs 47-49
cannot be taken as providing a completely unambiguous
experimental support for the computational results. Overall rates
of alkane thermal decomposition depend not only on the rate
constants of the initiation steps (C-C bond scission) but also
on the rates of subsequent reactions of chain propagation and
termination. Use of the same apparatus, experimental conditions,
and method of analysis within each study is expected to
eliminate some but not all of the variability factors.

Earlier, Nyden and Noid50 studied dissociation of polyeth-
ylene macromolecules in the gas phase using molecular dynam-
ics with Morse functions representing the potential of the C-C
bonds. These calculations were performed for long chains only,
PE-25-PE-500, using the united atoms approximation, that is,
each CH2 group was treated as one particle. The results of ref
50 did not indicate any dependence of the per-bond reactivity
on the chain length within the used range of macromolecule
sizes. The MD results of the current work indicate that thekCC

versus chain length dependence is saturated at these chain
lengths. In this respect, the current results agree with the earlier
findings of Nyden and Noid.

In a recent RMD study of polyisobutylene pyrolysis, Stoliarov
et al.17 demonstrated that the activation energy of the C-C
scission decreases with the increased size of the polymer model,
from 239 kJ mol-1 in PIB-4 to 124 kJ mol-1 in PIB-14, 189 kJ
mol-1 in PIB-50, and 170 kJ mol-1 in PIB-150. Only calcula-
tions for PIB-4 were conducted for a single molecule in the
gas phase; the rest of the PIB models included periodic boundary
conditions to model bulk polymer melt. In the PIB-14, PIB-50,
and PIB-150 sequence, the reduction of the activation energy
coincided with the increase in the values of the per-bond rate
constants. Since these results were obtained for the conditions

of liquid polymer melt, they cannot be directly compared with
those of ref 50 and the current work. The decrease in the
activation energy with the increasing chain length observed in
ref 17 is likely to be caused by phenomena that are different
from those responsible for reaction acceleration with the
increasing chain length in the PE-1-PE-5 range observed in
the current study.

Investigation of the effects of restricting motion in different
degrees of freedom in the reacting PE-5 chain demonstrated
that impeding C-C stretches has no effect, impeding C-C-C
as well as other bending motions has a relatively minor effect,
and impeding C-C-C-C torsions has a rather significant
decelerating effect on the reaction (Figure 5). The affected rate
constants are still larger than those of PE-1 but are lower than
those obtained for the unrestricted PE-5 model. Thus, impeding
torsional degrees of freedom reduces the accelerating effect of
the chain length. This importance of molecular torsions for the
observed reaction acceleration effects may lead to a suggestion
that coupling of internal rotations may be responsible for
reaction acceleration in longer chains. Such coupling will result
in nonseparability of the individual contributions of these
degrees of freedom to the overall rotational partition functions.
Any such nonseparability effect can be expected to increase
with increasing chain length as the number of torsions also
increases. However, any effects of nonseparability of rotational
degrees of freedom on partition functions of long-chain mol-
ecules are likely to be similar in the transition state and in the
decomposing molecule and thus will largely cancel in the TST
expression for the rate constant (equation I). Thus, explanation
of the observed reaction acceleration effects based on nonsepar-
ability of internal rotations seems unlikely.

As a working hypothesis, one can offer a different partial
explanation for the observed acceleration of C-C bond scission
in linear alkanes with increasing chain length. Torsional motions
in the chain and, to a lesser extent, bending motions produce
centrifugal forces that act on adjacent C-C bonds. These
centrifugal forces result in quasiperiodic effective reductions
or increases of the potential barriers for C-C bond dissociation
as they are alternatively pulling the bonds apart or pressing the
carbon atoms together. Since the dependence of the bond
dissociation rate constant on the value of the energy barrier is
heavily nonlinear, the averaged effect of these centrifugal forces
is the increase in the rate constant. Increasing the chain length
results in larger numbers of molecular motions producing
centrifugal forces, which explains the observed increase in the
rate constant with the chain length. On the other hand, longer
chains tend to coil, which results in randomization of the
directions of centrifugal forces (examples of trajectory snapshots
showing approximate degrees of coiling are given in the
Supporting Information, Figure 1S). Thus, for each C-C bond,
only several adjacent torsions and bends affect the probability
of dissociation, hence, the saturation of the rate constant versus
chain length dependence. The observed lower probability of
dissociation of terminal bonds (Figure 4) is thus explained by
the smaller number of torsions and bends that can affect these
bonds. Excitation of torsional and bending degrees of freedom
increases with temperature, which in turn results in larger
effective barrier lowering at higher temperatures; thus, the
reaction accelerating effects of chain length do not decrease with
temperature as they would in the case of energy barrier reduction
by a constant value.

It is worth noting that the force field parametrization used in
MD modeling performed in the current work is not without fault.
One feature of such a force field that immediately draws

Figure 6. Comparison of the calculated dependence of the per-bond
C-C scission rate constants on chain length (MD simulations) to the
experimental dependences of the rates of thermal PE-N decomposition
on N. Experimental data are from Gagarina et al.47 (903-1010 K),
Rumyantsev et al.48 (873-993 K), and Kalinenko et al.49 (913-1170
K). Reaction rates for PE-N are given relative to those of PE-3.
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attention as physically unrealistic is that the force constants of
bending degrees of freedom do not change with elongation of
the constituent bonds. Although the resultant modeling cannot
thus be expected to reproduce the effects of “loose” transition
states of C-C bond dissociation (e.g., refs 51 and 28), this
should not affect comparison of VTST- and MD-based rate
constants because the same PES is used in both types of
modeling. Similarly, the same force field is used for all chain
lengths, from PE-1 to PE-1000; thus, the observed effects of
chain length are not caused by differences in the PES repre-
sentation.

The effects of chain length on the rates of C-C bond
dissociation in linear alkanes observed in the current study may
contribute to explanation of the experimental phenomenon of
low-temperature pyrolysis of polymers (see Introduction).
However, this can be only a partial explanation because the
accelerating effects of chain length (up to an order of magnitude)
are not sufficient to fully account for the known rates of
polyethylene volatilization and the corresponding temperature
of pyrolysis onset (e.g., refs 8 and 15 and references therein;
also see a discussion of rate constants in ref 8).
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