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Ab Initio Study of Free-Radical Polymerizations:
Cost-Effective Methods to Determine the

Reaction Rates

V. Van Speybroeck,* K. Van Cauter,” B. Coussens,” and M. Waroquier'®

The addition of carbon-centered radicals to ethene, which are im-
portant in free-radical polymerization processes, are studied from
a theoretical point of view. Experimental data for the rate con-
stants are only available for the addition of methyl, ethyl, propyl
and butyl radicals. The latter reactions are taken as model sys-
tems to derive a cost-effective method for the addition of alkyl
radicals to ethene. The proposed model must be accurate and
computationally feasible for additions in which larger radicals

1. Introduction

Free-radical polymerization is an important and well-establish-
ed process for the production of polyethylene. Initiation and
propagation take place by the addition of radicals to vinylic
compounds such as ethylene. A profound knowledge of the
factors that determine the rate of these addition reactions is of
crucial importance to establish a realistic kinetic model of the
chemical process. This can lead to a better insight and optimi-
sation of the current production process. For some monomers,
for example, styrene, the experimental determination of the
propagation rate constant (k,) is relatively easy, but for other
systems, such as acrylates, a cumulation of experimental obsta-
cles hinders the measurement.? A major cause of this prob-
lem is the fact that several reactions, for example, propagation,
transfer, and termination, are taking place simultaneously and
that the interpretation of experimental kinetic data is model-
dependent.

However, due to advanced experimental techniques (e.g.,
pulsed-laser techniques), the quality by which rate-coefficients
of propagation and termination in free-radical polymerizations
may be measured, has substantially improved. Within this re-
spect we refer to the review by Beuermann and Buback.” Still
it remains difficult to assess the rate-coefficients of elementary
reaction steps, which may be important when determining the
chain-length dependence of the propagation rate coefficient.
In this field theoretical calculations on the reaction rates can
contribute substantially to a better interpretation of the experi-
mental data and even predict effects which are not accessible
from an experimental point of view.

Herein, free-radical polymerization of ethene is chosen as a
model system. The reactions of interest concern the addition
of carbon-centered radicals to ethene and are of intrinsic inter-
est within both polymerization and combustion chemistry. De-
spite their relevance only a small amount of experimental data
are available on a limited set of reactions, namely the addition
of methyl, ethyl, propyl and butyl radicals to ethene.*™®
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are involved. Accuracy is validated by direct comparison of theo-
retical and experimental rate constants in the temperature range
from 300 to 600 K. A variety of electronic-structure methods were
tested ranging from Hartree-Fock and post-Hartree—-Fock meth-
ods to pure and hybrid density functional theory methods. Molec-
ular partition functions were refined by treating large amplitude
vibrations beyond the harmonic oscillator approximation.

Nevertheless a lot of theoretical investigations have been re-
ported in literature concerning the addition of carbon-centered
radicals to vinylic compounds.” The review by Fischer and
Radom is very instructive since it gives an overview of the fac-
tors controlling the addition of carbon-centered radicals to
ethene."” We also note the work of Heuts et al. on the deter-
mination of Arrhenius parameters for similar free-radical poly-
merizations.""'? In these studies, calculations on an extensive
level of theory were also performed, but the authors only com-
pared Arrhenius parameters at a given temperature with theo-
retical predictions. No direct comparison was made between
the theoretical and experimental reaction rates in the tempera-
ture interval of interest.

The principal aim herein is to determine a cost effective the-
oretical model to calculate the rates of radical addition to ole-
fins. The final model must be accurate but also computational-
ly feasible, not only for the lower additions but also for those
in which larger alkyl radicals are involved. The accuracy of the
various theoretical methods must by preference be validated
by comparing directly experimental and theoretical rate con-
stants in the relevant temperature range. This criterion is more
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reliable than assessments based on kinetic parameters, de-
duced from the Arrhenius rate law, such as the activation
energy and the frequency factor. The strong correlation be-
tween both quantities makes a reliable determination of them
rather questionable.

Various reaction rate theories are available, strongly varying
in computational cost. Among these, transition state theory is
one of the oldest but probably the most widely used, due to
its relative simplicity."*"” The rate constant is given in Equa-
tion (1), where kg represents Boltzmann’s constant, T stands for
the absolute temperature, h is Planck’s constant and V is the
reference volume in which the translational part of the parti-
tion function is evaluated.

k(T) — g (q¢/v) ef% (-I)
h (qa/V) (ge/V)

The molecular partition functions g, and g relate to the two
reactants and g+ stands for the molecular partition function of
the transition state. AE, represents the molecular energy differ-
ence at absolute zero between the activated complex and the
reactants, with inclusion of the zero point vibrational energies.
k(T) does not depend on the complete potential energy sur-
face, but only on the properties of the transition state and the
reactants.

The barrier height depends predominantly on the method
used for the electronic structure calculations. A particular diffi-
culty is encountered here since the systems of interest are
open shell systems with an odd number of electrons. For such
systems the unrestricted Hartree-Fock (UHF) method has been
widely used although it has been recognized for many years
that UHF methods systematically over-estimate the barrier-
heights."® Attempts to improve the UHF wavefunctions by
many-body perturbation theory, as is done in the popular un-
restricted Moller-Plesset second-order method (UMP2), is not
as succesful as for closed-shell systems since the UHF wave-
function does not provide a suitable reference state for the
perturbation theory treatment due to the occurence of spin
contamination.">?” A method to circumvent the problems of
spin contamination at transition states is to use a multi-config-
uration self-consistent-field (MCSCF) wavefunction as reference
state for a treatment of dynamical correlation energy.?" Un-
fortunately, all mentioned post-Hartree-Fock methods are
computationally very intensive and only applicable to relatively
small systems. They do not provide a viable alternative for ad-
dition reactions in which longer alkyl radicals are involved.
Hybrid Hartree-Fock density functional theory (hybrid DFT) is
of great interest for computational thermochemistry and kinet-
ics. Its low computational cost makes it a very attractive alter-
native for many applications. There are several varieties of
hybrid DFT based on various mixing fractions and function-
als.”? More recent density functionals show great promise in
improving the calculation of reaction barrier heights and tran-
sition-state geometries.”*!

The frequency factor is determined by the model in which
the molecular partition function is evaluated. For the nuclear
motion, one commonly uses the harmonic oscillator (HO) ap-
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proximation. This may be adequate for some molecules at low
temperatures as long as the system remains in the part of the
potential energy surface where the harmonic oscillator approx-
imation to the potential energy surface holds. Many molecules
contain “large amplitude” or “low frequency motions” that are
characterized by strongly anharmonic potentials. Examples are
internal rotations, inversions, and quartic oscillations.?*2%
Hindered rotations are the most known and have been widely
studied in one dimension, when the potential can be ex-
pressed as a sum of single Fourier terms. It has been shown
that such a simplified one-dimensional model with asymmetric
internal rotors can improve the result of the reaction rate sub-
stantially.””!

Herein, we use a variety of post-Hartree-Fock methods and
DFT based methods on the first four addition reactions for
which experimental rate constants in the gas phase are known
(as schematically shown in Scheme 1). The theoretical method
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Scheme 1. Reaction Scheme for the studied radical-addition reactions.

must fulfill specific criteria to be retained for further addition
reactions in which larger radicals are involved. These criteria
are based both on computational grounds, that is, how expen-
sive is the method, and on accuracy. Only methods in good
agreement with the experimental rate constants in the rele-
vant temperature regime are retained. The problem of internal
rotations and its impact on the reaction rate is also addressed.
These intensive comparative studies with experimental data
will reveal a theoretical method that is cost effective for calcu-
lating rates of free-radical polymerizations. We do however
want to stress that it is not the aim to propose a method that
is suitable for all possible additions to olefins. Extensive studies
on such items, that is, where triple bonds are also involved or
hetero-elements C=S bonds have been performed by Radom
and co-workers and we refer to these works for more elaborate
discussions.”>*% Reactions in which longer alkyl radicals are in-
volved will be treated in a subsequent paper, that focusses on
the chain-length dependence on the rate coefficients. It may
be expected that modifications to the model will be necessary
since the longer alkyl radicals occur in the liquid or condensed
phase.

Computational Section

Calculations were carried outusing Gaussian 98 software and in all
cases we adopt the nomenclature for a method as indicated in this
program.B!

Electronic structure methods: In this paragraph a brief overview is
given of all electronic structure methods used in this paper. It is
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not the intention of the authors to review the theoretical back-
ground of these methods but for the transparency of the paper
the notations are introduced which will be used throughout the
rest of the paper.

A series of Hartree-Fock and post-Hartree-Fock based methods
are applied that are based on unrestricted Hartree-Fock theory
(UHF), unrestricted Moller-Plesset second-order and fourth-order
theory (UMP2, UMP4), unrestricted quadratic configuration interac-
tion theory with single and double excitations (UQCISD), unrestrict-
ed coupled-cluster theory with single and double excitations that
also include a quasi-perturbative treatment of fourth- and fifth-
order-connected triple-excitation terms (UCCSD(T)).l'8 192832331 Addi-
tionally, a series of DFT based methods were applied. For the BP86
and BLYP functionals, gradient corrections have been introduced
using the Becke exchange part (B) and either the Perdew (P86) or
the Lee, Yang and Parr (LYP) correlation parts.**3>3% The latter
functionals are pure DFT models. Hybrid Hartree-Fock densityfunc-
tional theory (hereafter called hybrid DFT) is set up by mixing vari-
ous amounts of the Hartree-Fock (HF) nonlocal exchange operator
with DFT exchange correlation functionals. Very promising hybrid
functionals are B3LYP, B3PW91 and mPW1PW91.5738 These hybrid
DFT methods have proven to be successful for obtaining accurate
molecular structures, vibrational frequencies and bond energies.*”
The most important parameter that varies in these methods is the
fraction of HF exchange, set to 20% in B3LYP and B3PW91 and
25% in mPW1PW91. The latter uses the modified Perdew Wang ex-
change functional that has improved the long-range behavior as
proposed by Adamo and Barone.®™ Other hybrid functionals used
in this paper are BHandH and BHandHLYP which further vary by
the amount of exact Hartree-Fock exchange that is taken into ac-
count and the explicit form for the correlation functional which in
this case is given by the LYP functional***? Finally, the recent
hybrid functional MPW1K proposed by Truhlar and co-workers was
tested.*" This modified Perdew-Wang one-parameter model for ki-
netics was optimized against a database of 20 forward barrier
heights, 20 reverse barrier heights and 20 twenty energies of reac-
tions. This functional is used with the 6-31+G(d,p) basis as is rec-
ommended in the original paper.”*"

Computational Details: All stationary points were located and char-
acterized by full geometry optimizations. When possible, analytical
computations of the force constants and vibrational frequencies
were performed. In the MP4 and QCISD computations the first de-
rivatives were obtained analytically whereas single numerical differ-
entiation was applied to obtain the second derivatives. At the
CCSD level only energies are available and therefore a double nu-
merical differentiation is applied.

The influence of basis sets on the results was tested by performing
all calculations with the double zeta 6-31G and triple zeta 6-311 g
basis where extra-polarization functions were also added leading
to the 6-31G(d) and 6-311G** basis sets. Basis set saturation was
further investigated for the B3LYP model by using more extended
6-314+G(d) and 6-311++G(3df,2p) basis, in which diffuse func-
tions were also added. A recent article by Truhlar and co-workers
highlights the effectiveness of diffuse basis functions for the calcu-
lation of relative energies by DFT."*?

2. Results and Discussion
2.1 Reaction Scheme

The reactions studied are shown schematically in Scheme 1
where the nth addition reaction is labeled as ADn (ADn=
CpiiHong s+ CGH,—C,  5Ho, 4 0). The product of the nth addition
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reaction corresponds to the reactant of the (n+2)th reaction
since the carbon atoms are added in pairs. In this way the se-
quences AD1-AD3-AD5-+ and AD2-AD4-AD6--- model the
propagation phase of the polymerization process.

The first reaction ADO is in principle an initiation reaction of
the methyl radical to the monomer unit, in this case ethene.
All following reactions are propagation reactions: AD1 corre-
sponds with the addition of the ethyl radical to ethene, result-
ing in the butyl radical. A second addition of ethene leads to
the production of a hexyl radical (reaction AD3).

Herein, we only discuss reactions ADO, AD1, AD2 and AD3
for which experimental kinetic data are available in the gas
phase. In a forthcoming paper of this series we discuss further
addition reactions to study the influence of the chain length
on the rate constant. Herein, the most suitable and accurate
level of theory emerging from the present paper will be used,
although modifications will be needed to account for the ef-
fects of the liquid or condensed phase. The electronic structure
methods must be of intrinsic quality for the chosen addition
reactions but the theoretical schemes to treat the internal mo-
tions will need further extensions.

2.2 Rate Curves for ADO, AD1, AD2 and AD3
2.2.1 AD1 Reaction

Experimental data are available in five literature works, but
only the rate expression proposed by Knyazev and Slagle
covers the full temperature range and we will therefore focus
on their results.”! The other experimental data are similar but
measured in more restricted temperature intervals.

The validity and accuracy of a theoretical model for the pre-
diction of the kinetics of a reaction, is based upon the repro-
duction of the whole rate curve (Ink versus 1/7) in the relevant
temperature range rather than deducing the activation energy
and pre-exponential factor from the Arrhenius rate law. These
quantities can vary to a large extent depending on the tem-
perature range in which they have been adjusted. In order to
get a suitable tool for a serious comparative study between
various theoretical results we constructed a grid covering the
full temperature range. In each interval between two grid-
points we determine the preexponential factor and activation
energy by means of a least square fitting procedure. The acti-
vation energy is given by the slope of the rate curve, while the
preexponential factor is derived from the intercept of the
curve for 1/T—0. This procedure is applied for the experimen-
tal and for all theoretical predictions of the rate curve. For
each chosen small (10 K) temperature interval, the discrepancy
with the experiment is determined. The results are summarized
in Table 1. The largest deviation of the activation energies is
maintained and reported in the first row of the results belong-
ing to each level of theory (see Table 1). These errors may vary
from —20kJmol™ to +40kJmol™'. We propose as a first
“model criterion” a tolerance of 10% deviation on the slope or
activation energy from the experiment. Following levels meet
this criterion|: BLYP/6-31G(d), BLYP/6-311G(d,p), B3LYP/6-
31G(d), MPW1PW91/6-31G(d), MPW1PW91/6-31+ G(d), MPW-
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Table 1. Error analysis on reaction rate for AD]1.
BP86 BP86 BLYP BLYP B3LYP B3LYP B3LYP B3LYP MPW1PW91
6-31G(d) 6-311G(d,p)  6-31G(d) 6-311G(d,p) 6-31G(d) 6-31+G(d) 6-311G(d,p) 6-311++G(3df,2p) 6-31+G(d)
Maximum error on slope in temperature range 300-600 K
[a] —7.95 —4.69 —2.72 2.90 2.33 8.05 742 10.69 —-1.92
[b] 2733 16.10 9.14 9.21 7.61 27.32 25.10 36.34 —6.38
Error analysis on k
T
300 3.86E4-01 7.80E+00 2.89E+4+00 2.69E—01 3.09E-01 2.60E—02 3.32E-02 8.04E—03 1.79E+400
350 2.45E4-01 5.97E+00 248E+400 3.14E-01 3.51E-01 4.09E—02 5.04E—-02 1.47E-02 1.61E400
400 1.74E+01 4.88E4-00 2.21E400 3.51E-01 3.84E—-01 5.73E—-02 6.86E—02 2.30E—-02 1.48E400
450 1.34E+01 4.18E4-00 2.02E+4+00 3.83E-01 4.12E-01 7.43E—-02 8.72E—-02 3.27E—-02 1.39E+400
500 1.09E401 3.70E+00 1.88E4+00 4.11E-01 4.36E—-01 9.17E—-02 1.06E—01 4.32E-02 1.32E+400
550 9.17E+4-00 3.35E4-00 1.78E400 4.37E—01 4.58E—01 1.09E-01 1.24E—-01 5.45E—-02 1.27E400
600 7.99E400 3.10E+00 1.70E400 4.61E—-01 4.78E—01 1.26E—01 1.42E—01 6.62E—02 1.24E+400
(f)  1.64E+01 4.59E4-00 2.1ME4+00 3.77E-01 4.06E—-01 7.49E—-02 8.72E—02 3.42E-02 1.43E+400
MPW1PW91 MPW1PW91 BHandH BHandH BHandHLYP BHandHLYP ~ B3PW91 B3PW91 MPW1K
6-31G(d) 6-311G(d,p) 6-31G(d) 6-311G(d,p) 6-31G(d) 6-311G(d,p) 6-31G(d) 6-311G(d,p) 6-31+G(d,p)
Maximum error on slope in temperature range 300-600 K
[a] 3.07 2.12 —19.54 —15.75 7.99 13.53 1.94 5.62 4.93
[b] 10.88 6.53 —67.17 —54.09 27.28 46.37 5.99 18.61 16.46
Error analysis on k
T
300 2.24E-01 341E-01 2.82E4+03 4.79E+4+02  2.39E-02 2.19E—03 4.57E—01 8.69E—02 7.97E-02
350 2.68E—01 3.81E-01 9.25E4+02 1.95E+02  3.77E-02 4.73E-03 5.05E—01 1.18E—01 1.05E—01
400 3.05E-01 4.12E-01 4.00E4+02 9.90E+01 5.27E-02 8.39E—-03 5.42E-01 1.49E—01 1.28E—01
450 3.39E-01 4.38E—-01 2.08E+02 5.86E+01 6.83E—02 1.31E-02 5.73E-01 1.78E—01 1.50E—01
500 3.69E—01 4.60E—-01 1.24E402 3.85E+401 8.41E—02 1.87E—02 6.00E—01 2.05E—01 1.70E—01
550 3.96E—01 4.81E-01 8.12E4+01 2.74E+401 9.99E—-02 2.51E-02 6.25E—01 2.32E-01 1.89E-01
600 4.21E-01 5.00E—01 5.72E4+01 2.07E+01 1.16E—01 3.21E-02 6.47E—01 2.57E-01 2.07E-01
(f)  3.33E-01 4.32E-01 5.14E+4+02 1.10E402  6.87E—02 1.45E—02 5.66E—01 1.76E—01 1.47E-01
UHF UHF MP2 MP2 MP4 MP4 qcisd qcisd ccsd(t) cesd(t)
3-21G(d) 6-31G(d) 6-31G(d)  6-311G(d,p) 6-31G(d) 6-311G(d,p)? 6-31G(d) 6-311G(d,p) 6-31G(d)  6-311G(d,p)"
Maximum error on slope in temperature range 300-600 K
[a] 8.02 20.77 40.02 34.69 34.47 27.34 16.77 13.53 13.98 8.51
[b] 2653 70.43 134.61 119.56 118.81 93.80 57.81 46.63 48.17 28.89
Error analysis on k
T
300 1.81E-02 1.33E—-04 9.08E—08  4.46E—07 3.96E—07 1.37E—-05 6.23E—04 2.74E-03 240E—-03  2.60E—02
350 2.82E-02 4.27E—-04 851E—07 3.25E—-06 2.85E-06 6.50E—05 1.63E—03 5.94E-03 535E—-03  4.20E-02
400 3.91E-02 1.02E—-03 456E—-06 1.43E—05 1.24E—-05 2.09E—-04 3.33E-03 1.06E—02 9.70E-03  6.00E—02
450 5.04E-02 2.02E-03 1.69E—-05 4.51E-05 3.88E—05 5.16E—04 5.79E—03 1.65E—02 1.54E—-02 7.91E-02
500 6.19E—02 3.49E-03 4.84E—05 1.13E-04 9.63E—05 1.07E—-03 9.02E—03 2.36E—02 2.22E-02  9.88E—-02
550 7.35E-02 5.48E—-03 1.15E—-04  2.38E—-04 2.03E-04 1.93E—-03 1.30E—02 3.16E—02 3.00E-02 1.19E-01
600 8.50E—02 8.01E—03 239E-04 4.45E-04 3.77E-04 3.18E—03 1.76E—02 4.05E—-02 3.87E-02  1.39E-01
(f)  5.08E—02 2.76E—03 511E—-05 1.07E—04 9.07E—05 9.01E—-04 6.99E—-03 1.83E—-02 1.72E—02  8.02E—02
[a] Maximum absolute error on slope in the temperature interval 300-600 K. [b] Maximum relative error, expressed in percent, in the temperature interval.
[c] Geometries and frequencies were taken from the B3LYP/6-31G(d) level, while the energies were calculated at the current level.

1PW91/6-311G(d,p), and B3PW91/6-31G(d).

This criterion

is

mental and theoretical rate constant. Figure Ta displays the

equivalent with a maximum discrepancy of ~3 kJmol™" for
the activation energy in the whole temperature range and is
reflected in the slope of the rate curves. We do however want
to point out that the first selection criterion is very strict. The
final evaluation or rejection of a computational strategy is
however based on two independent criteria of which the
second is based on the correspondence between the experi-
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theoretical rate curves that fulfill criterion | as well as the ex-
perimental curve. Another aspect is the shift of the rate curve
with respect to the experimental one, which reflects the devia-
tion from the experimental pre-exponential factor and which
will be the major selection parameter in criterion II.

To quantify the deviation of the theoretical rate constant
with respect to the experimental value, we introduced a factor
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Figure 1. a)-d) Rate curves of Ink versus 1/T for the reactions AD1, AD2 AD3 and ADO, respectively. Only the theoretical methods that fulfill criteria | or Il are taken

up. The rate k is expressed in units m*mol™'s™".

fi = Kiheory/ Kexperiment- This quantity is given in Table 1 at various
temperatures together with the average value of f, in the inter-
val from 300-600 K. All theoretical methods that fulfill criterio-
n |, deviate at maximum a factor of three with the experimen-
tal rate constant.

The ratio f, is determined both by the slope of the rate
curve but also by the shift relative to the experimental one
and thus it also comprises effects of the pre-exponential factor.
This means that the ratio f, is also determined by the method
used to construct the molecular partition functions. In the sim-
plest approximation this is done by factorizing the latter quan-
tity into an electronic, rotational, translational and internal
motion fraction. The factorization of the global rotational and
internal motion is not correct but this coupling is generally ne-
glected. The internal motions are furthermore treated in the
HO approximation, taking only small deviations from the refer-
ence conformer into account. This model is known to be inac-
curate for modeling kinetic and thermodynamic quantities of
molecular species and large errors can be introduced into the
partition function.”® Various theoretical schemes have been in-
troduced to go beyond the HO approximation. One of the sim-
plest is the internal rotor approximation (IR) in which all inter-
nal rotations are decoupled and taken into account by deter-
mining the rotational energy levels in the one-dimensional ro-
tational potential. More theoretical details can be found in
refs. [27,45].
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To estimate the magnitude of the corrections due to internal
rotations, we have taken into account uncoupled internal rota-
tions for the AD1 reaction at the B3LYP/6-31G(d) level of
theory. Only three internal rotations are present: the methyl-
ene rotation-inversion in the ethyl radical (ER), the rotation of
the approaching ethyl radical about the forming C—C bond in
the transition state and the methyl rotation in the transition
state (TSBR). The rotational potentials for these torsions are
shown in Figure 2. We are not going into detail into the prop-
erties of these potentials since an elaborate discussion was al-
ready given in ref. [27] on a similar addition reaction, that is,
the addition of the ethylbenzene radical to ethene. We only
mention the appearance of an additional transition state corre-
sponding to the gauche attack of the ethyl radical to ethene
which is energetically favored by 0.7 kJmol™'. The partition
function of the transition state in the IR approach increases by
approximately a factor of four compared to the HO model.
This enhancement can be understood since more conformers
and thus more transition states come into play. For a detailed
discussion we refer to ref. [27]. The methylene rotation in the
ethyl radical is characterized by extremely low barriers
(0.3 kJmol™") and is treated in the free rotor model. The parti-
tion function of this radical decreases by about a factor of two
in the latter model. The decrease can mainly be attributed to
the inclusion of a symmetry number of six in the internal rotor
model. Replacing the HO partition functions by the IR esti-
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Figure 2. a) Rotational potential for the methylene rotation in the ethyl radical, b) Newman projections for the stationary points of the methylene rotation in the
ethyl radical, c) and d) Rotational potentials for the ethylene and methyl rotation in the transition state for reaction AD1. All potentials are obtained at the B3LYP/

6-311G(d,p) level of theory.

mates increases the reaction rate by approximately a factor of
seven. The enhancement due to the IR corrections is in the
same order of magnitude for all levels of theory. The methods
that underestimate the rate in the HO model, that is, BLYP/6-
311G(d,p), B3LYP/6-31G(d), B3PW91/6-31G(d), and MPW1PW91/
6-311G(d,p), will overestimate the rate (by approximately a
factor of three) in the IR model but still fall within the accepta-
ble range to retain the theoretical method. The methods BLYP/
6-31G(d) and MPW1PW91/6-31G(d) overestimate the rate in
the IR model by about a factor 10 to 15. For further discussion
a criterion Il is proposed to retain a theoretical method, corre-
sponding to a maximum deviation of the ratio f, by a factor of
ten in the whole temperature range.

Figure 1a shows the theoretical rate constants that fulfill
either criteria | or Il together with the empirical values in the
relevant temperature range, that is, 300-600 K. Also the
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B3LYP/6-31G* rate curve with inclusion of internal rotations is
shown. The latter extension mainly induces a shift of the rate
curve towards higher values, without substantially altering the
activation energies.

Based on criterion |, that is, the activation energy may at
maximum deviate 3 kJmol™' over the whole temperature
range corresponding to a deviation of 10%, the methods
BLYP/6-31G(d), BLYP/6-311G(d,p), B3LYP/6-31G(d), MPW1PW91/
6-31G(d), MPW1PW91/6-311G(d,p), and B3PW91/6-31G(d) can
be retained. For all these methods the rate constants deviate
at maximum with a factor of three within the HO model. If in-
ternal rotations are taken into account, the levels of theory
BLYP/6-311G(d,p), B3LYP/6-31G(d), B3PW91/6-31G(d), and
MPW1PW91/6-311G(d,p) agree closer with the experimental
value, while the other two selected methods MPW1PW91/6-
311G(d,p), and B3PW91/6-31G(d), which satisfy criterion I, fail
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and predict reaction rates differing at least by a factor of ten
from the experimental values.

2.2.2 AD2 Reaction

For AD2 three experiments are available but none of them
covers the full temperature range (300-600 K).© Moreover the
slope of the Arrhenius plots varies substantially, that is, from
25.5 to 31.0 kJmol™', among the various experiments. There-
fore it is difficult to reject or retain a theoretical method solely
on the degree of correspondence with the slope of the experi-
mental rate curve. It is better to focus on the error analysis re-
sulting from direct comparison of experimental and theoretical
rate constants. The error analysis on the reaction rate of AD2 is
taken up in table S.1 of the supporting information.

When retaining only those methods that fulfill criterion I,
the following electronic structure methods can be retained:
BP86/6-311G(d,p), BLYP/6-31G(d), BLYP/6-311G(d,p), B3LYP/6-
31G(d), MPW1PW91/6-31G(d), MPW1PW91/6-311G(d,p), and
B3PW91/6-31G(d). These levels satisfy the criterion for all three
experiments. The resulting rate curves for these selected meth-
ods together with the experimental data are visualized in Fig-
ure 1b. Taking into account internal rotations in the uncoupled
scheme, the reaction rate is enhanced by approximately a
factor of six and brings the B3LYP/6-31G(d) curve closer to the
experimental rate constant.

2.2.3 AD3 Reaction

The experiments available for this reaction are quite limited
and only available in the temperature range from 350 to
450 K. Given the experimental error bars, we focus on the
rate constants themselves for selecting appropriate levels of
theory. The error analysis on the reaction rate of AD2 is taken
up in table S.2 of the supporting information. The following
methods show deviations of less than a factor ten with the ex-
perimental rate constants: BP86/6-311G(d,p), BLYP/6-31G(d),
BLYP/6-311G(d,p),  B3LYP/6-31G(d),  MPW1PW91/6-31G(d),
MPW1PW91/6-311G(d,p), B3PW91/6-31G(d), and MPW1K. The
influence of internal rotations on this reaction contributes with
about a factor of five to the global rate constant. The resulting
rate curves are shown in Figure 1c.

2.2.4 ADO Reaction

This reaction is in principle an initiation reaction, but is includ-
ed in the discussion for completeness. There are six experi-
ments available in the gas phase, of which five of them give
rates in the relevant temperature range, that is, 300-600 K.
We will base our discussion on the experiments of Baulch et al.
and Tsang et al. since they cover the full temperature range.
The activation energies of these experiments differ slightly
(ranging from 30.8 kJmol™' to 32.3 kJmol™"). The error analysis
on the reaction rate of ADO is taken up in table S.3 of the sup-
porting information. Based on criterion |, the following meth-
ods result: B3LYP/6-31G(d), MPW1PW91/6-311G(d,p), and
B3PW91/6-31G(d). Based on criterion Il, the following addition-
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al methods can be retained B3LYP/6-311G(d,p), B3LYP/6-311 +
+9(3df,2p), MPW1PW91/6-311G(d,p), BHandHLYP/6-31G(d),
BHandHLYP/6-311G(d,p), B3PW91/6-311G(d,p), and MPW1K.
Only the B3LYP/6-31G(d) and MPW1PW91/6-311G(d,p) meth-
ods fulfill both selection criteria. The influence of internal rota-
tions is much smaller for this reaction, that is, kgp/ky, Vvaries
around one, which is not surprising since no additional con-
formers of the transition-state or reactants come into play in
the IR model.

2.3 General Remarks and Selection of Cost-Effective
Theoretical Models

In this section we summarize the results for the various radical
reactions in order to propose theoretical models that are cost-
effective, in the sense that they are computationally feasible
and accurate.

Figure 3 gives a schematic overview of the error analysis on
the theoretical rate constant with respect to the experimental
value for each method. As discussed before, the selection of
the most suitable level of theory is based on the reproduction
of the correct slope for the rate curve (criterion ) or on the re-
production of rate constants within a factor of ten (criterion Il).
The factor f, gives an indication for the error on the predicted
rate constant. Criterion | was not used for the reactions AD2
and AD3 since the errors on the experimental activation ener-
gies are too large (about 5kJmol™). The final selection of
methods will be primarily based on the reactions AD1, AD2
and AD3 since they are representative for further propagation
reactions while ADO is in principle an initiation reaction.

To give an idea of the possible influence of taking into ac-
count internal rotations more profoundly, a factor fig= kieom,r/
Kineoryro is introduced. It reflects the increase or decrease of the
rate constant in the Internal Rotor approximation with respect
to the standard HO model. This quantity gives only a rough in-
dication, as various models can be used to treat large ampli-
tude vibrations. For an overview of these theoretical ap-
proaches we refer to ref. [44]. Some remarks can be made:

1) All methods satisfying the required criteria are DFT based
methods. It must be noted however that we used only
pure methods in the sense that the same level of theory is
used to calculate, for example, geometries and frequencies.
Several literature works use so called combined methods,
where the geometries are calculated, for example, at the
B3LYP/6-31G(d) level and the energies are refined at the
QCISD/6-31G(d) level. For relevant references we refer to
refs. [9v,46,47] and references therein. The latter methods
have proven to be accurate for calculating reaction barriers
of similar addition reactions.” However they cannot be re-
tained for radical polymerization reactions in which larger
alkyl radicals, that is, up to 30 carbon atoms are involved,
since the computational cost would not be feasible. Within
this light DFT based methods are cost-effective alternatives
for the study of larger systems.

2) Some pure DFT methods, such as BP86 and BLYP can be re-
tained for some of the addition reactions but they cannot

ChemPhysChem 2005, 6, 180 - 189


www.chemphyschem.org

Ab Initio Study of Free-Radical Polymerizations

ADO |AD1 |AD2 | AD3

UHF/3-21G(d)
UHF/6-31G(d)
MP2/6-31G(d)
MP2/6-311G(d.p)
MP4/6-31G{(d)
MP4/6-311G(d.p)
QCISD/E-31G(d)
QCISD/6-311G**
CCSD(TVE-31G(d)
CCED(T6-311G(d.p)
BP86/6-31G(d)
BP86/6-311G(d.p)
BLYP/&-31G(d)
BLYP/6-311G(d.p)
B3LYP/8-31G(d)
B3LYP/6-31+G(d)
B3LYPI6-311G(d,p)
B3LYP/S-311++G(3df.2p)
MPW1PWE1/6-31G(d)
MPW1PW21/8-314G(d)
MPW1PWg1/6-311G(d.p)
BHandH/8-31G(d)
BHandH/8-311G(d.p)
BHandHLYP/8-31G(d)
BHandHLYP/8-311G(d.p)
B3PWO1/6-31g(d)
B3PW91/6-311G(d.p)
MPW1K/B-31+G(d.p)

| e

[ Mot available
T 1 I [

0.001<A=0.01 0.01<A<0.02 U.Uzc.fk-tﬂj 0.1-51-,;-\!10

10<<50  S0<h <1000 1000

Figure 3. Schematic overview of the error analysis on the reactions AD0O, AD1,
AD2 and AD3. The numbers indicated in the green boxes represent (f,) in the
temperature range 300-600 K. The green boxes with an additional black border
indicate levels of theory that fulfill both Criteria | and Il. Criterion | is only ap-
plied to ADO and AD1.

be proposed as a suitable theoretical scheme for all studied
reactions. The BP86/6-311G(d,p) and BLYP methods fulfill
criterion Il for reactions AD1, AD2 and AD3 but still give
errors on the rate coefficient that are larger than some of
the hybrid functionals.

3) Only some hybrid density functional methods give the sat-
isfactory results for all reactions, namely B3LYP, MPW1PW91
and B3PW91. For these functionals the double zeta basis
set with single d-type polarization functions—generally
known as 6-31G(d)---gives the smallest errors with respect
to the experimental data. The introduction of some exact
Hartree-Fock exchange into the functional has a profound
influence on the kinetic results.

4) For the additions AD1, AD2 and AD3, internal rotations en-
hance the rate constant, since for these reactions additional
transition states come into play and thus more reaction
pathways can be assessed. This increment implies that
some methods that already overestimate the experimental
rate constant (f,>1) [such as BP86/6-311G(d,p) or BLYP/6-
31G(d)] do not fulfill criterion Il anymore when accounting
for internal rotations.
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For completeness, we also give the reaction barriers at 0 K
for the various levels of theory in Table 2. When increasing the
basis set from 6-31G(d) to 6-311G(d,p) the reaction barriers in-
crease by ~2-6 kJmol™' depending on the functional used.
An important fraction of these effects is caused by a change in

Table 2. AE, [kimol~'] for ADn at various levels of theory

TSADO TSAD1 TSAD2 TSAD3
HF/post-HF basis set
UHF 3-21G(d) 35.76
UHF 6-31G(d) 48.30
MP2 6-31G(d) 66.67
MP2 6-311G(d,p) 62.62
MP4 6-31G(d) 62.64
MP4 6-311G(d,p)™ 54.71
qcisd 6-31G(d) 44.54
qcisd 6-311G(d,p) 41.17
ccsd(T) 6-31G(d) 41.64
cesd(T) 6-311G(d,p)” 35.88
DFT basis set
BP86 6-31G(d) 17.36 18.95 17.47 17.60
BP86 6-311G(d,p) 19.90 22.38 21.51 21.56
BLYP 6-31G(d) 22.10 24.59 23.05 23.16
BLYP 6-311G(d,p) 2547 30.05 29.23 29.25
B3LYP 6-31G(d) 27.82 29.70 28.12 28.25
B3LYP 6-311G(d,p) 32.05 34.89 33.90 33.94
B3LYP 6-311++G(3df,2p)  35.06 38.20 37.31 37.19
MPW1PWI1 6-31G(d) 24.72 25.51 24.02 24.17
MPW1PW91 6-311G(d,p) 28.12 29.33 25.71 28.37
BHandH 6-31G(d) 9.31 7.66 5.80 5.97
BHandH 6-311G(d,p) 12.97 11.62 10.08 10.31
BHandHLYP 6-31G(d) 34.60 35.67 34.10 34.21
BHandHLYP 6-311G(d,p) 39.63 41.30 40.11 40.18
B3PW91 6-31G(d) 27.59 29.07 27.60 27.73
B3PW91 6-311G(d,p) 30.85 32.83 32.29 31.95
MPW1K 6-31+G(d) 31.97 3243 31.03 31.20
[a] Geometries and frequencies were taken from the B3LYP/6-31G(d)
level, while the energies were calculated at the current level.

the basis set superposition error (BSSE) for the forming
bond."® The large BSSE for the 6-31G(d) basis artificially lowers
the electronic energy of the transition state relative to the
energy of the reactants and lowers the product energy even
more. An enlargement of the basis set size decreases the BSSE
and thus shifts up the relative energies, thereby increasing the
radical addition barrier. Similar effects were seen by Saeys et al.
and Barone et al. on radical addition reactions.®*?

3. Conclusions

Herein, we studied additions of carbon-centered radicals to
ethene, which are important for free-radical polymerizations
leading to polyethylene (PE). The principal aim was to derive a
cost-effective method for calculating the rate constant for this
prototype of reactions. Cost-effectiveness is defined in the
sense that the method must be accurate but also computa-
tionally feasible for additions in which longer alkyl radicals are
involved. The selection is based on the direct comparison of
theoretical and experimental rate constants in the temperature
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range 300 to 600 K. Various Hartree-Fock, post-Hartree-Fock
and DFT methods were investigated. The comparative study
learned that some hybrid DFT methods, that is, B3LYP,
MPW1PW91 and B3PW91, in combination with double zeta
basis sets, that is, 6-31G(d), gave the best results for all radical
addition reactions. The theoretical rate constants deviate at
maximum by a factor of two with respect to the experimental
data in the whole temperature range. The selected methods
deviate at maximum by 3 kJmol~' with the experimental slope
in the whole temperature range, at least for the reactions
where the experimental data are accurate enough to use cri-
terion |, that is, AD1 and ADO. Anyway for all considered reac-
tions the theoretical rate constant and experimental one devi-
ate not more than a factor ten in the temperature interval
form 300 to 600 K. We have also given an indication of the
possible influence of taking into account internal rotations on
the final results for the rate constant. For the AD1, AD2 and
AD3 reactions this extension leads to an enhancement of the
reaction rate by about a factor five. Anyway the influence of
internal rotations was not the determining factor for selecting
appropriate levels of theory. Despite the good correspondence
of the selected methods with the experimental data for the
four considered additions, we do not claim that these methods
are the best methods for all possible addition reactions to ole-
fins. For elaborate discussions we refer to the work of Radom
and co-workers.”>*” But within the scope of PE polymeriza-
tions the selected DFT methods provide a viable alternative
due to their accuracy and their scalability to larger systems.
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