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Role of Chain Transfer Agents in Free Radical Polymerization Kinetics

T. Furuncuo�glu, I
·
. U�gur, I

·
. De�girmenci, and V. Aviyente*

Chemistry Department, Bo�gazici University, 34342, Bebek, Istanbul, Turkey

Received July 7, 2009; Revised Manuscript Received January 6, 2010

ABSTRACT: This study deals with modeling the propagation and the chain transfer reactions in the
free radical polymerization of ethylene, methyl methacrylate (MMA), and acrylamide (AM). The chain
transfer agents modeled in the free radical polymerization of ethylene are the experimentally widely used
species such as ethylene, methane, ethane, propane, trimethylamine, dimethylamine, chloroform, and car-
bon tetrachloride. The role of 4-X-thiophenols as chain transfer agents in the polymerization of MMA and
AM has been investigated. Geometry optimizations have been carried out with the B3LYP/6-31þG(d)
methodology. Reaction rate constants are calculated via the standard transition-state theory with
the B3LYP/6-311þG(3df,2p)//B3LYP/6-31þG(d), MPWB1K/6-311þG(3df,2p)//B3LYP/6-31þG(d), and
M05-2X/6-311þG(3df,2p)//B3LYP/6-31þG(d) methodologies, which reproduce qualitatively the experi-
mental trends for the chain transfer rate constants. The usage of simple continuum models with the
MPWB1K/6-311þG(3df,2p)//B3LYP/6-31þG(d) methodology for the solvation energies has slightly
improved the accurate prediction of the chain transfer constants. Polar interactions highly influence
the barrier heights for chain transfer reactions in the FRP of ethylene, MMA, and AM. Calculated
chain transfer rate constants in the FRP of MMA and AM correlate quite well with the Hammett
constants.

Introduction

The molecular weight control of polymers is a subject of
increasing interest because many of their properties such as
physical and mechanical properties depend on the chain length.1

In the conventional free radical polymerization, the control of the
polymer chain length is difficult to attain. The classicalmethod of
controlling molecular weight is the addition of chain transfer
agents to the polymerization medium. For many industrially
important systems, a chain transfer agent is added to the poly-
merization composition to lower the polymer molecular weight.2

A growing macroradical abstracts a hydrogen atom from the
chain transfer agent, giving a terminated polymer chain and a
new initiating radical, which adds to the monomer giving a new
propagating species. The general chain transfer constant, Cs,
defined as the ratio of the chain transfer and propagation rate
coefficients, kct/kp, is a measure of the reactivity of a chain
transfer agent. The higher Cs, the lower the concentration of
the chain transfer agent required for a particular molecular
weight reduction.3

Cs ¼ kct
kp

The decrease in the molecular weight by the addition of a chain
transfer agent is quantitatively given by the Mayo equation,4

which expresses the reciprocal of the polymerization degree (DPn)
as a function of the rate of the chain growth and the chain
stopping

1

DPn
¼ 1þR

ðDPnÞ0
þCs

½CTA�
½M�

In this equation, (DPn)0 is the polymerization degree in the
absence of chain transfer agent, [CTA] is the concentration of
the chain transfer agent, [M] is the monomer concentration, and
R is the fraction of termination by disproportionation.5

In the past decade, the control of molecular weight has also
been achieved by a living radical polymerization such as atom
transfer radical polymerization (ATRP),6-9 nitroxide-mediated
polymerization (NMP),10,11 and reversible addition-fragmen-
tation chain transfer (RAFT) polymerization.12,13 Catalytic
chain-transfer (CCT) agents also have a control on the molecular
weight: substituted cobalt porphyrins or benzoporphyrins have
been shown to provide dramatic reductions in the mole-
cular weight of the methacrylate polymers during radical poly-
merization with little to no reduction in the overall yield of
polymer.14

In parallel to experimental developments, quantum mecha-
nical tools have been used tomodel the chain transfer reactions
in free radical polymerization processes. Radom et al. have
used the B3LYP/6-31G(d) methodology and the curve-cross-
ing model to study the hydrogen transfer between ethyl radical
and ethylene: an example where kinetics does not follow
thermodynamics.15 Gilbert et al. have modeled the short-chain
branching in polyethylene with ab initio quantum mechanics
up to the QCISD(T) level.16 Density functional calculations
are reported for the bond dissociation energy of a number
of dithioacetates, CH3C(S)S-R and selected dithiobenzoates,
PhC(S)S-R, used mainly in addition-fragmentation transfer
(RAFT) controlled radical polymerization.17 The usage of
quantum chemical tools in elucidating the chain transfer
process via the RAFT polymerization has been thoroughly
investigated by Coote et al.18 The latter have identified
significant penultimate effects in the equilibrium constants
between active and dormant species of atom transfer radical
systems (ATRP).19 The same group has determined the equi-
librium constants for the Cu-based ATRP for a wide range of*Corresponding author. E-mail: aviye@boun.edu.tr.
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ligands and initiators in acetonitrile20 and has reported the
thermodynamic and electrochemical properties of alkyl ha-
lides used as ATRP initiators.21 Among others, a high-level ab
initio study by the group of Coote et al. is on the evaluation of
rate coefficients for the intra- and intermolecular hydrogen
abstraction reactions in the formation of the various types of
defect structures in radical suspension polymerization of vinyl
chloride,22 followed by a study on PVC,where hydrogen abstrac-
tion reactions, especially backbiting and abstraction fromchloro-
allylic end groups, are emphasized.23 The main reaction routes
that lead to the formation of structural defects in PVC have also
been studied by Van Speybroeck et al. with the BMK/6-311þ
G(3df,2p)//B3LYP/6-31þG(d) methodology.24 A DFT model-
ing study in our group has shown the chain transfer to play a
major role in inhibiting the polymerization of dimethylamino-
ethyl acrylate.25

Experimental and theoretical studies on hydrogen and
halogen atom transfer reactions have illustrated the structure-
reactivity relationship in these reactions as well as the impor-
tance of polar effects in the transition states; several theoretical
frameworks such as the curve-crossing model of Shaik and
Pross have been developed to explain these results.26 A study
on alkyl halides, RX, reports their reduction to the corre-
sponding alkanes, RH, by triethylsilane in the presence
of a suitable initiator and an alkanethiol catalyst.27 The
reactions of methanethiyl radicals (CH3S 3 ) with the cyclic
anhydrides of glycine, alanine, sarcosine, and the acyclic
peptides were studied by means of B3LYP/6-311þG(d,p)
calculations, and it has been concluded that the ultimate
site of free-radical damage in proteins will rest at the back-
bone RC-site rather than at a thiol.28 Recently, high-level ab
initio calculations have been used to understand the hydro-
gen abstraction by carbon-centered radicals from thiols
where a reasonable correlation between the barrier height
and the polar effects has been found.29 Dolbier et al. have
highlighted the importance of transition-state polar effects
in hydrogen atom transfer reactions: the rate of reduction
of fluoroalkyl radicals by PhSH has shown that PhS-H, a
very efficient H atom donor to hydrocarbon radicals, re-
duced perfluoro-n-alkyl radicals 500 times slower. This
result indicates that transition-state polar effects must also
play a significant role in such hydrogen atom transfer reac-
tions.30

In this study, quantummechanical calculations have been used
to model and understand the role of chain transfer agents in the
free radical polymerization of ethylene, methylmethacrylate
(MMA), and acrylamide (AM).

Methodology and Computational Procedure

The free-radical polymerization proceeds via a chain mechan-
ism and consists of four elementary reactions, that is, initiation,
propagation, chain transfer, and termination.31 The first step is
the production of free radicals from the initiatormolecule by light
or heat. The initiator radical attacks themonomer to create a new
radical. Successive additions of newly formed radicals and
monomers is called propagation, which is the main reaction of
polymerization.

The propagating radical may attack another monomer by
chain transfer, and the radical center may be transferred to

another chain, so that the molecular weight of the propagat-
ing polymer can be controlled.

The polymerization reaction ends up by the combination of
two radicals.

The activated complex theory pictures a reaction between A
and B as proceeding through the formation of an activated
complex, Cq, in a rapid pre-equilibrium

AþB h Cq f P

The activated complex falls apart by a unimolecular decay
into the products, P.

Provided that K
_
‡ is the equilibrium constant (despite one

mode of C‡ having been discarded), ΔGq can be expressed
through the definition

ΔGq ¼ -RT ln K
_
q

Then, the rate constant becomes

k2 ¼ K
kT

h

RT

pθ
e-ΔGq=RT

where k represents Boltzmann’s constant, T is the temperature, h
is Planck’s constant, ΔGq represents the molecular Gibbs free
energy difference between the activated complex and the reac-
tants (with inclusion of zero point vibrational energies), R is the
universal gas constant, κ is the transmission coefficient, which is
assumed to be∼1, and pθ is the standardpressure 105 Pa (1 bar).32

Density functional theory was used for all geometry optimiza-
tions by using the Gaussian 03 program package.33 We selected
the B3LYP/6-31þG(d) methodology as a cost-effective method
because it was also used in previous reports to model the free
radical propagation reactions.25,34-36 Although B3LYP is accu-
rate for geometry optimizations, it is not suitable for obtain-
ing kinetic results.37 Different hybrid meta GGA functionals,
MPWB1K38 and M05-2X,39 have been used to obtain more
realistic kinetic results. A recent study on hybrid meta DFT
methods has shown that MPWB1K can be used with confidence
for a combination of thermochemistry, thermochemical kinetics,
hydrogen bonding, and weak interactions, especially for thermo-
chemical kinetics and noncovalent interactions.38 M05-2X is a
hybrid meta exchange-correlation functional that was designed
for very general purposes such as kinetics, thermochemistry
of main group elements, noncovalent interactions, ionization
potentials, and activation energies.39 For the activation energy
barriers, it was found that this method is less accurate than
BB1K, PWB6K,MPWB1K,MPW1K, BMK, for H-abstraction
reactions butmore accurate thanB3LYPandother functionals.39

The transition structures for the addition, hydrogen abstrac-
tion, and chlorine abstraction reactions have a very low vibra-
tional frequency, corresponding to the internal rotation of the
incoming radical about the forming bond. Recent studies of
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radical addition25,35,40 andhydrogen abstraction reactions41 have
been modeled by using the 1D-HR approach. In this study we
used a mixed harmonic oscillator/hindered rotor (HO/HR)
model in which all internal motions except the internal rotations
corresponding to bond formation are approximated as indepen-
dent harmonic oscillators. Tunneling corrections for the abstrac-
tion of hydrogen have been used in modeling because the
abstracted hydrogen atom is light and its wavelength is large
compared with the barrier width, thereby enabling it to “tunnel”
through the barrier. Hybrid DFTmethods such as MPW1K and
B3LYP have been used to obtain reasonable estimates of the
tunneling coefficients to within a factor of two to three.42 In
recent studies, both Wigner43 and Eckart44 methodologies have
been used successfully for hydrogen abstraction reactions.25,45

To calculate the bond dissociation energies of the chain
transfer agents, we have made use of isodesmic reactions that
conserve the number of each bond type on either side of the
reaction, resulting in significant improvements in calculated
reaction enthalpies because of the cancellation of systematic
calculation errors.46

The bond dissociation energy for R-X (X = H or Cl) can be
calculated by using eq 2

R-X f R 3 þX 3 ð1Þ

BDEðR-XÞ ¼ ΔfH
0
298ðR 3 ÞþΔfH

0
298ðX 3 Þ-ΔfH

0
298ðR-XÞ ð2Þ

The energy of the isodesmic reaction 3 has been expressed in eq 4

R-XþCH3 3 f R 3 þCH3X ð3Þ

ΔrxnH
0
298ð3Þ ¼ ΔfH

0
298ðCH3XÞþΔfH

0
298ðR 3 Þ-ΔfH

0
298ðCH3 3 Þ

-ΔfH
0
298ðR-XÞ ð4Þ

Equation 4 is substituted in eq 2 to evaluate the bond dissociation
energy of R-X, as displayed in eq 5

BDEðR-XÞ ¼ ΔH rxnð3Þ-ΔfH
0
298ðCH3XÞþΔfH

0
298ðCH3 3 Þ

þΔfH
0
298ðXÞ ð5Þ

where ΔfH298
0 (CH3Cl) = -19.57 kcal mol-1,47 ΔfH298

0 (CH4) =
-17.78 kcal mol-1,47 ΔfH298

0 (CH3 3 ) = 35.05 kcal mol-1,48

ΔfH298
0 (Cl) = 29.03 kcal mol-1,48 and ΔfH298

0 (H) = 52.10 kcal
mol-1 have been used.48

Similarly, for the reaction

4-X-PhS-H f 4-X-PhS 3 þH 3 ð6Þ
the isodesmic reaction

4-X-PhS-HþHS 3 f 4-X-PhS 3 þH2S ð7Þ
has been utilized to determine the bond dissociation energy of
4-X-PhS-H as

BDEð4-X-PhS-HÞ ¼ ΔH rxnð7Þ-ΔfH
0
298ðH2SÞþΔfH

0
298ðHS 3 Þ

þΔfH
0
298ðH 3 Þ ð8Þ

where ΔfH298
0 (H2S) = -4.94 kcal mol-1, ΔfH298

0 (HS 3 ) = 34.20
kcalmol-1, andΔfH298

0 (H)=52.10 kcal mol-1 have been used.48

In this study, the propagation of ethylene, the chain transfer
reactions of ethylene with various chain transfer agents, and the

propagation ofMMA andAMand their chain transfer reactions
have been modeled with the B3LYP/6-311þG(3df,2p)//B3LYP/
6-31þG(d), MPWB1K/6-311þG(3df,2p)//B3LYP/6-31þG(d),
and M05-2X/6-311þG(3df,2p)//B3LYP/6-31þG(d) methodolo-
gies. Calculations are carried out at 403.15 K for the free radical
polymerization of ethylene, whereas those ofMMA and AM are
carried out at 298.15 K. In the case of 4-X-thiophenols, the effect
of a polar environment was taken into account by the use of the
self-consistent reaction field (SCRF) theory, utilizing the integral
equation formalism-polarizable continuum (IEF-PCM)model in
solution.49 Each solute molecule is embedded in a cavity sur-
rounded by the relevant dielectric continuum; terms for the
nonelectrostatic contributions of the solvent, such as dispersion,
repulsion, and cavitation are also included. The solventwas taken
to be acetonitrile in the free radical polymerization ofMMA and
water in the free radical polymerization of AM, as described
experimentally.1 At each level of theory (LOT), free energies of
each species in solution were obtained as the sum of the
corresponding gas-phase free energy, the calculated free energy
of solvation with nonelectrostatic effects, and a correction
term, RT ln(24.46), to take account of the fact that the solvation
energy is computed for the passage from 1 mol L-1(g) to 1 mol
L-1(soln).50

Results

I. Modeling the Chain Transfer Process in the Free Radical
Polymerization of Ethylene. A. Propagation of Ethylene.
Experimental and quantum chemical studies on the chain
length dependency of the propagation rate constant of
ethylene have been widely carried out.35 Olaj et al. observed
a slight decrease in kp in terms of chain length.51 Willemse
showed that kp is only dependent on the chain length in the
oligomeric range,52 but this point of view has been later
rejected by Olaj et al.53 The latter claim that a long-range
chain length dependence of kp extends over several hundreds
of propagation steps. The effect of extending the chain length
of the radical on the calculated frequencies of the transitional
modes in the addition of n-alkyl radicals to ethylene was
investigated byRadom et al.54 Another computational study
about the free radical polymerization of ethylene indicated
that the propagation rate coefficient has largely converged to
within a factor of 1.3 by the hexyl radical stage, although
a weaker chain-length dependence is detected that extends
far beyond the oligomeric range.35 A study of chain length
effects in the free-radical polymerization of vinyl chloride
and acrylonitrile indicated that rate coefficients had largely
converged to their long chain limit in the dimer radical
stage.55 The results from applying the pulsed laser photolysis
method to styrene polymerization are consistent with other
recent work indicating that the value of kp for styrene is
chain-length-dependent at least for chain lengths of three
units.56

The propagation of ethylene considered in this study is
displayed in Scheme 1. The hexyl radical is used as the
growing chain to model the propagation and the chain
transfer reactions. A relaxed potential energy scan study
has shown that along the propagation reaction the hexyl
radical approaches the ethylene molecule in the gauche
geometry (τ=57.38�). The reaction barriers for the addition
of various gamma-substituted propyl radicals to alkenes
were obtained via ab initio molecular orbital calculations:57

in each case, the lowest energy transition structure confor-
mations were those for gauche-addition transition structures
in which the monomer substituent was close to both the
gamma substituent of the propyl radical and the unpaired
electron. As can be seen from the potential surface energy
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scan, the eclipsed conformations in the polymer chain are
∼0.70 kcal mol-1 less stable than the gauche conformations
(Figure 1). This type of conformation has already been
observed in the free radical propagation reaction of acrylates
and methacrylates.25,34,37

B. Chain Transfer in the Propagation of Ethylene. In this
study, the substituent effect, the steric effect, the unsatura-
tion, and the presence of heteroatoms on the transfer process
of H(X) with a polyethylene growing chain are analyzed.
This approach will elucidate how different chain transfer
agents control the growing chain in the free radical poly-
merization of ethylene. It is known that halomethanes, which
include chloroform, carbon tetrachloride, carbon tetrabro-
mide, and bromotrichloromethane, have been widely used as
CTA (telogens) for the preparation of telomers.58 The per-
halomethanes (e.g., carbon tetrachloride, carbon tetrabro-
mide, and bromotrichloromethane) react in the chain
transfer process to exchange a halogen atom and form a
perhaloalkyl radical that initiates a new propagating chain.
The lowCs value for chloroform as comparedwith the one of
carbon tetrachloride is explained by the strength of the C-H
bond in the former. The enhancement of chain transfer
reactivity has been postulated to occur by stabilization of
the respective transition states for the transfer reactions by
contributions from polar effects.59 The experimental results
displayed in Table 1 reveal the fact that the electron-rich
amine derivatives as well as chloromethanes increase the
chain transfer constant along the polymerization of poly-
ethylene.

The chain transfer reactions along the polymerization of
ethylene have been modeled by taking into account all of the
possible reaction mechanisms during the abstraction of the
labile atom of the chain transfer agents by the hexyl radical
(Scheme 2). There is one possible chain transfer mechanism
for ethylene, methane, ethane, and trimethylamine because
the hydrogen atoms are equivalent. On the other hand,
propane and dimethylamine possess two different types of
H atoms. In the case of chloroform, there is one labile
hydrogen atom and three environmentally similar chlorine
atoms; in the case of carbon tetrachloride as a chain transfer
agent, a chlorine atom is transferred to the hexyl radical.
Note that the overall rate constant has been taken to be
calculated in all cases, and symmetry has not been taken into
account by symmetry numbers in the partition functions;
instead, in the case of C2H6, the rate constant for the
abstraction of a H atom is multiplied by six. For CHCl3,
the overall rate constant includes the rate constant for
H-atom abstraction, three times the rate constant for Cl

abstraction, and so on.A similar procedurewas followed in a
study of H-abstraction by OH radicals where the total rate
constant was considered to be the sum of the individual rate
constants.61

The 3D structures for the transition states of the chain
transfer reactions are gathered in Figure 2. TS-PE-1 is a late
transition state in which a hydrogen atom of ethylene is
abstracted by a hexyl radical; in this structure, the breaking
carbon-hydrogen bond is longer than the forming carbon-
hydrogen bond. The hydrogen atom transfer reaction of

Figure 1. Transition state and potential energy scan along τ for the propagation reaction of ethylene (B3LYP/6-31þG(d)).

Scheme 1. Mechanism for the Propagation Reaction of Ethylene

Table 1. Chain Transfer Agents Used in the Polymerization of
Ethylene (Cs Is the Experimental Chain Transfer Constant)



Article Macromolecules, Vol. 43, No. 4, 2010 1827

methane (TS-PE-2), ethane (TS-PE-3), and propane (TS-PE-
4b) show similar transition-state structures with linear C;
X;C features. TS-PE-3 and TS-PE-4b have equal breaking
and forming bond distances because of the similarity of the
electronic environment on both sides. The electron donor
substituents facilitate the H-abstraction, and their transition
states (TS-PE-5, TS-PE-6a, and TS-PE-6b) are early. In the
case of chloroform, the hydrogen atom (TS-PE-7a) migrates
faster thanCl (TS-PE-7b). The favorable long-range Cl 3 3 3H
interactions in CHCl3 probably inhibits the rupture of the
C-Cl bond as compared with the one in CCl4, where all four
bonds are equivalent (Table 2).

The mechanistic details of the chain transfer process in the
free radical polymerization of ethylene have been analyzed in
detail (Table 3). Ethylene being a very stable molecule is not
a good chain transfer agent; the chain transfer reaction is
endothermic, and this is justified by the value of its BDE.
Consideration of methane and ethane as chain transfer
agents reveals the fact that the addition of a methyl group
in ethane decreases the barrier by∼2 kcalmol-1, whereas the
heat of the reaction alters by almost 4.5 kcal mol-1 because
of the electron donor methyl group. The additional methyl
group in isopropane facilitates the H-abstraction similarly;
however, in n-propane, the end methyl group does not assist
the H-abstraction reaction, and n-propane behaves like
ethane. The enthalpies of activation of the amine deriva-
tives are lower compared with the ones of the hydrocar-
bons because of the presence of the electron donor group;
Hammond’s postulate is obeyed as reflected in the exother-
micity of these chain transfer reactions. Among the chloro-

methanes, chlorine abstraction from CCl4 is easier than the
others; CCl3-Cl has the lowest BDE, as determined experi-
mentally.21,62 Nevertheless, as seen from the barrier heights,
H abstraction is easier than chlorine abstraction probably
because of its smaller size, and CHCl3 acts as a chain transfer
agent preferentially via its H. The hydrogen abstraction by
carbon-centered radicals from chloroalkanes and amines
is generally an exothermic process, in which a strong C-H
bond is formed at the expense of weaker bonds broken.
There is a correlation between the barrier height and the
reaction enthalpy, and the Evans-Polanyi rule somewhat
rule holds for these reactions (Figure 3a).

Scheme 2. Chain Transfer Reactions along the Polymerization of
Ethylene

Figure 2. Transition states of the chain transfer reactions in the
propagation of ethylene (B3LYP/6-31þG(d)).

Table 2. Activation Barriers, Ea (kcal 3mol-1), for the Chain Transfer
Reactions in the FRP of Ethylene (MPWB1K/6-311þ

G(3df,2p)//B3LYP/6-31þG(d))

chain transfer agent TS Ea

1 ethene TS-PE-1 18.44
2 methane TS-PE-2 18.16
3 ethane TS-PE-3 15.79
4 propane TS-PE-4a 13.80

TS-PE-4b 16.00
5 trimethylamine TS-PE-5 12.22
6 dimethylamine TS-PE-6a 10.77

TS-PE-6b 11.88
7 chloroform TS-PE-7a 7.34

TS-PE-7b 12.95
8 carbon tetrachloride TS-PE-8 9.35
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The relative energies of the charge-transfer configurations
at the transition structure have been modeled by considering
the relative energies of the C6H13

þAR- and C6H13
-ARþ

using the charge transfer energies between the isolatedC6H13

and the chain transfer agents. “A” is H for the first nine
species and is Cl for the last two species in Table 3. The hexyl
radical (C6H13) is the propagating radical; the C6H13

þAR-

configuration is modeled as the difference of the (vertical)
ionization energy of the C6H13 radical and (vertical) electron
affinity of the AR fragment, whereas the C6H13

-ARþ con-
figuration is modeled as the difference of the (vertical)
ionization energy of AR and (vertical) electron affinity of
the C6H13 fragment. The C6H13

þAR- species are lower in
energy than the C6H13

-ARþ species, confirming the charge
transfer to the chain transfer agent. The amount of charge
transferred to the agent exceeds the one on the alkyl fragment
in most cases, as expected. There is a reasonable correlation
between the activation energy and the charge separation in
the transition structures reflecting the increasing ability of

charge-transfer stabilization in the transition state: CCl4
with the lowest barrier has the highest charge difference,
ΔQ (Figure 3b).

C. Level of Theory Study. The methodology used has been
tested and an LOT study has been performed on the chain
transfer constant, Cs, for the free radical polymerization of
ethylene with the MPWB1K, B3LYP, and M05-2X metho-
dologies. All functionals used reproduce qualitatively quite
well the experimental trend; the results with the MPWB1K
functional have the smallest mean unsigned error (MUE) for
the chain transfer constants, Cs, as depicted in Figure 4
(Table 4).

II.Modeling the Chain Transfer Process in the FreeRadical
Polymerization of Methylmethacrylate and Acrylamide
(AM). A. Propagation ofMMA.The free radical polymeri-
zation ofMMA ismodeled, as depicted in Scheme 3. PMMA
is resistant to many chemicals but soluble in organic solvents
such as ketones, chlorinated hydrocarbons, and esters.
Optical clarity is the main feature of this plastic. In many

Table 3. Forward Barrier (ΔH q
fwd), Reverse Barrier (ΔH q

rev), Enthalpy (ΔH), Charge-Transfer Energies (C6H13
þ
AR

-
and C6H13

-
AR

þ), and
NBO Charges (Q) on the Hexyl Group the Chain Transfer Agents in the Transition Structures (A = H or Cl)a,b,c

R-H ΔHq
fwd ΔHq

rev ΔH C6H13
þAR- C6H13

-ARþ Q(C6H13) Q(R) BDE

CH2CH-H 18.06 8.92 9.14 6.22 9.90 -0.092 -0.096 109.84 (110.7)d

CH3-H 17.40 13.09 4.32 6.58 13.61 -0.097 -0.104 104.94 (104.99)d

CH3CH2-H 15.40 15.65 -0.25 6.64 11.84 -0.105 -0.101 100.38 (101.1)d

(CH3)2CH-H 13.64 17.42 -3.78 6.72 11.18 -0.109 -0.105 96.86 (98.6) d

CH3CH2CH2-H 15.74 15.10 0.64 -0.104 -0.105 101.27
(CH3)2NCH2-H 12.08 21.89 -9.81 6.81 7.77 -0.146 -0.046 90.86
(CH3)2N-H 10.49 19.50 -9.01 6.79 8.27 -0.09 -0.211 91.72
CH3NHCH2-H 11.67 21.52 -9.85 -0.142 -0.048 90.80
CCl3-H 7.43 17.43 -10.00 7.53 10.91 0.145 -0.079 90.78 (95.8)e

CHCl2-Cl 13.01 36.32 -23.31 0.136 -0.021 93.99 (77.8)e

CCl3-Cl 9.45 39.82 -30.37 8.23 11.02 -0.011 -0.213 87.07(84.27)f

aBarriers and enthalpies are calculated at 403.15 K (kcal mol-1); bond dissociation energies are calculated at 298.15 K; NBO charges are obtained
from the MPWB1K/6-311þG(3df,2p) wave function calculated on the B3LYP/6-31þG(d) geometry. bLast column displays the Bond Dissociation
Energies (kcal mol-1) (MPWB1K/6-311þG(3df,2p)//B3LYP/6-31þG(d)). cC6H13 (radical) IE= 8.17 eV, EA=0.52 eV. dRefs 46-48. eRef 62. fBDE
of CH3COOC(H)(CH3)-Cl has been calculated as 84.23 kcal mol-1 in ref 21.

Figure 3. (a) Reaction barrier versus reaction enthalpy (MPWB1K/6-311þG(3df,2p)//B3LYP/6-31þG(d)) and (b) reaction barrier versus charge
separation between the hexyl radical and the chain transfer agent (MPWB1K/6-311þG(3df,2p)//B3LYP/6-31þG(d)).

Figure 4. log (Cs) against chain transfer agent in the FRP of ethylene (Table 4).
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applications, it is an excellent substitute for glass; it has good
mechanical properties as well.63

As already known experimentally and demonstrated com-
putationally, the syndiotactic polymer is preferred over the
isotactic one.34 A conformational analysis has been carried
out for the syndiotactic propagating radical chain (Figure 5).
Themost stable conformer has been found to be the one with
τ = 60.12�, and the gauche addition is preferred as in the
propagation of ethylene; however, notice the height of the
rotational barrier due to steric effects, almost 3.5 kcal mol-1,
as opposed to the one in the propagation of ethylene. The
global minimum of this transition structure is stabilized by
long-range H 3 3 3O interactions (-O-H2C-H 3 3 3OdC-).
The propagation rate constant, kp, for the lowest energy
conformer has been considered in the calculation of Cs.

B. Chain Transfer Reaction in MMA. The addition of
thiophenols to the polymerization ofMMA in organicmedia
is known to reduce considerably the polymer molecular
weight without variations in the polymerization rate
(Scheme 4).1 The data collected for 4-X-thiophenols have
shown that kct wasmarkedly dependent on the 4-substituent;
the higher rate constant was obtained for the thiophenol
bearing the strong electron donor amino group.

For the transition states, the potential energy scan along
the critical bond (S-H 3 3 3C 3 ) has been performed for X =
H, and the global minimum is found to correspond to the
dihedral angle C-S 3 3 3C 3 -C(CdO) having a value of
96.20�; all of the other transition structures follow this trend.

The lengths of the forming and breaking bonds in the
transition states are a consequence of the electronic nature of
the substituents at position 4; for example, the more electron
donor the substituent, the shorter the breaking bond, and the
longer the forming bond, the earlier is the transition state
(Figure 6). Also notice that as the electron-donation capacity
of the substituent increases, the difference between the
forming and breaking bond distances increases. The greatest
difference is observed when the substituent is an amino
group because of its higher electron donation capability
(Figure 6).

C. Propagation of AM. Polyacrylamide (PAM) and the
copolymers of PAM have received considerable attention
because they reached large-scale industrial use such as waste-
water treatment, soil erosion control, cosmetic additive, drug
design, and so on.65-69

Tacticity control of AM has been attained by using Lewis
acid or polar compound additives and polar solvents, which
can strongly interact with the amide groups via coordination
or hydrogen bonding interaction to influence the stereo-
chemistry during the propagation and increase the isotacti-
city of the polymer (Scheme 5).70 A detailed conformational
search along the formation of the critical bond for the
propagation of the isotactic acrylamide (Figure 7) has shown
that the structure with the dihedral τ=106.95� corresponds
to the global minimum for this transition state. Also notice
that this structure has an intramolecular hydrogen bond
between the hydrogen (H), bonded to the nitrogen atom of

Table 4. LOT Study on the Chain Transfer Constants (Cs) for the Various Chain Transfer Agents in the FRP of Ethylene (403.15 K)a

chain transfer agent Cs (exptl)
b

Cs (calcd)

B3LYP MPWB1K M05-2X MPWB1Kc

1 ethene 1.00� 10-5 1.98� 10-4 1.53� 10-5 1.83� 10-6 1.39� 10-5

2 methane 1.00� 10-4 2.27� 10-4 3.90 � 10-5 3.59� 10-6 1.96� 10-5

3 ethane 6.00� 10-4 2.32� 10-3 4.30 � 10-4 4.83� 10-5 1.89� 10-4

4 propane 2.70� 10-3 6.90� 10-3 1.14 � 10-3 2.25� 10-4 1.29� 10-3

5 trimethylamine 1.80� 10-2 2.69� 10-1 4.14� 10-2 2.58� 10-3 2.25� 10-3

6 dimethylamine 1.90� 10-1 3.14� 10-1 2.09� 10-2 2.50� 10-3 4.08� 10-2

7 chloroform 2.90� 10-1 6.09� 10-1 1.48� 10-1 1.34� 10-2 2.34
8 carbon tetrachloride 9.80� 10-1 2.80� 101 4.90� 10-1 1.76 1.15� 10-2

MUE 3.47 0.10 0.16 0.03
R2 0.91 0.97 0.90 1.00
STDEV 3.24 0.03 0.21 0.00087

a kp (C6H13 3 )(B3LYP/6-311þG(3df,2p)//B3LYP/6-31þG(d))=4.74 Lmol-1 s-1; (MPWB1K/6-311þG(3df,2p)//B3LYP/6-31þG(d))= 4.09� 102

L mol-1 s-1; (M05-2X/6-311þG(3df,2p)//B3LYP/6-31þG(d)) = 1.03 � 105 L mol-1 s-1). bRef 60. cCorrected with HIR and Eckart tunneling
corrections.

Scheme 3. Mechanism for the Propagation Reaction of MMA

Figure 5. Transition state and potential energy scan along τ for the propagation reaction of MMA (B3LYP/6-31þG(d)).
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radical moiety, and the oxygen (O) of the monomer with a
close contact of 2.03 Å. The propagation rate constant, kp,
for this lowest energy conformer has been considered for all
calculations.

D. Chain Transfer Reaction in AM. The chain transfer
process from AM has been modeled based on the reaction in
Scheme 6.

The global minimum for TS-AM-H corresponds to the
structure with a torsional angle C-S 3 3 3C-C(CH2-CH3)
of 170.88�. This structure is stabilized by the interaction

between the positively charged hydrogen atom (0.410)
bonded to nitrogen in the radicalic moiety and the closest
negatively charged carbon atom (-0.114) in the thiophenol
ring (Figure 8).

The highest chain transfer constant in the polymerization
of AM, as in MMA, is achieved with 4-NH2-thiophenol
bearing the strong electron-donor group NH2.

The hydrogen abstraction by the monomer radicals
(MMAR and AMR) from 4-X-thiophenols is an exothermic
process in which a strong C-H bond is formed and a weak

Figure 6. Transition states for the chain transfer reactions in the FRP of MMA (B3LYP/6-31þG(d)).

Scheme 5. Mechanism for the Propagation Reaction for AM

Scheme 4. Chain Transfer Reaction between 4-X-Thiophenols and MMA
a

aX = Cl, H, CH3, OCH3, OH, NH2.
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S-H bond is broken. The BDEs of MMA (89.6 kcal mol-1)
and AM (95.1 kcal mol-1) are higher than the BDEs of the
S-H bond dissociation energies (Table 5). This is in agree-
ment with a study on hydrogen abstraction from thiols by
carbon-centered radicals29 and also with a study on biologi-
cally relevant systems where hydrogen transfer from a thiol
to a carbon-centered radical could help to limit oxidative
damage on proteins.28 The reaction barriers are the lowest
for the most electron donor groups: -OCH3, -OH, and
-NH2. The S-HBDEs of thiols fall into a relatively narrow
range despite the wide variation in the properties of the
substituents, which can be explained in terms of the para
location of the substituent insulating the substituent from the
breaking S-H bond. To explore the effect of the various

descriptors used in the curve-crossing model of Shaik and
Pross,26 the reaction barriers have been plotted against the
reaction enthalpy, the average singlet-triplet gap of the
closed shells reactants and products, the energy for
charge transfer between the isolated alkyl and thiyl frag-
ments of the transition structures, and the difference in the
charges on the alkyl and thiyl fragments of the transition
structures. Charge transfer energies (electronvolts) were
calculated as the difference in the vertical ionization energy
of the donor species and the vertical electron affinity of the
acceptor. RþSR- refers to charge transfer from the mono-
mer-radical fragment to the thiyl fragment, whereas R-SRþ

refers to charge transfer from the thiyl to the monomer
radical.

Figure 7. Transition state and potential energy scan along τ for the propagation reaction of AM (B3LYP/6-31þG(d)).

Scheme 6. Chain Transfer Reaction between 4-X-Thiophenols and AMa

aX = H, NHCOCH3, CH3, OCH3, OH, NH2.

Table 5. Forward Barrier (ΔHq
fwd), Reverse Barrier (ΔHq

rev), Enthalpy (ΔH), Charge-Transfer Energies (RþSR- and R-SRþ), and NBO
Charges (Q) on the Alkyl and Thiyl Fragments in the Transition Structures for CH3MMA 3 þHSPhXfCH3MMAHþ 3SPhX and CH3AM 3 þ

HSPhX f CH3AMH þ 3SPhX (MPWB1K/6-311þG(3df,2p)//B3LYP/6-31þG(d))a

MMA

X ΔHq
fwd ΔHq

rev ΔH RþSR- R-SRþ Q(alkyl) Q(thiyl) BDE

H 6.1 13.7 -7.6 6.92 9.19 -0.046 -0.118 79.4
Cl 5.7 13.8 -8.2 7.32 9.15 -0.041 -0.125 78.8
CH3 5.6 14.4 -8.8 6.95 8.88 -0.052 -0.111 78.2
OCH3 5.2 15.9 -10.7 7.00 9.21 -0.054 -0.108 76.2
OH 4.7 15.4 -10.7 7.05 9.46 -0.056 -0.108 76.2
NH2 4.6 17.6 -13.1 6.89 -0.062 -0.098 74.5

AM

X ΔHq
fwd ΔHq

rev ΔH RþSR- R-SRþ Q(alkyl) Q(thiyl) BDE

H 3.7 16.7 -13.0 7.48 9.12 -0.015 -0.137 79.4
NHCOCH3 2.9 18.4 -15.5 7.65 8.63 -0.020 -0.130 76.9
CH3 3.2 17.5 -14.2 7.51 8.85 -0.018 -0.132 78.2
OCH3 2.8 18.9 -16.1 7.55 9.17 -0.030 -0.117 76.2
OH 2.4 18.5 -16.1 7.61 9.43 -0.032 -0.114 76.2
NH2 2.2 20.7 -18.5 7.44 -0.029 -0.118 74.5

aBarriers and enthalpies are calculated at 298.15 K (kcal mol-1); NBO charges are obtained from the MPWB1K/6-311þG(3df,2p) wave function
calculated with B3LYP/6-31þG(d).
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Among these descriptors, a reasonable correlation be-
tween the barrier height and the reaction enthalpy obeying
the Evans-Polanyi rule64 has been determined, as displayed
in Figure 9. In all cases, the preferred direction of charge
transfer is from the alkyl radical to the thiyl radical. (The
RþSR- configuration is preferred.) This finding is confirmed
by the lower charge-transfer energies for the RþSR- con-
figuration and also by the negative charges on the thiyl
fragment in the transition structure. In general, the elec-
tron-donating groups on the thiyl radical increase the
charge-transfer stabilization of the transition state and lower
the barrier compared with the nonsubstituted case (X=H).
Also notice that the degree of charge separation in the
transition structures is more pronounced in the case of AM
as compared with MMA, and this behavior is reflected in
barrier lowering of the former.

These results suggest that polar interactions influence
highly the barrier heights in hydrogen abstraction from
thiols by CH3-MMA 3 and CH3-AM.

E. Level of Theory Study. The methodological study
carried out for the FRP of ethylene has been repeated
for the chain transfer rate constants of the reactions of
4-X-thiophenols with MMA and AM (Table 6, Figure 10).
In the case of MMA, the MUE is similar with all methodo-
logies; even though B3LYP yields the highest regression
coefficient, theMPWB1K values lie closer to the normalized
experimental values. For AM, the smallest MUE against the
normalized experimental values has been reproduced with
the B3LYP and MPWB1K methodologies. Nevertheless, as
seen in Figure 10, B3LYP values are far away from the
experimental ones.

Coote et al. have demonstrated that DFT methods fail to
provide an accurate description of the energetics of radical
reactions when compared with G3(MP2)-RAD benchmark
values.71 In this study, even though accurate predictions of
rate constants failed with DFTmethodologies, as claimed in
previous studies on radicals,71-73 reasonable agreement with

the experimental trends has been achieved with all three
methodologies. Among the three methods tested, MPWB1K
is found to have the bestMUEvalues andR2 values.M05-2X,
which is found to have improved performance for energetics
involving radicals, is performing equally well as MPWB1K,
except for the low R2 value in the case of MMA.72

Tunneling corrections have been evaluated with Eckart’s
methodology. ForH transfer reactions, these corrections are
meaningful because there is no tunneling in the propagation
reaction; its neglect in hydrogen transfer leads to a noncan-
celing error. Tunneling corrections increase the rate con-
stants by approximately three and two orders of magnitude
in the case of MMA and AM, respectively. (Detailed in-
formation is given in the Supporting Information.) HIR
corrections amount to 2.31 for the propagation of MMA,
whereas they arebetween2and3 for the chain transfer reactions
ofMMA. Similarly, HIR corrections do not alter theCs of AM
because the correction factor is 1.09 for kp and ∼1.5 for kct.
Overall, HIR corrections are seen to cancel each other in the
case of Cs, whereas tunneling corrections for H-abstraction
reactions increase the magnitude of Cs, and the experimental
trend is reproduced with tunneling corrected Cs as well.

The effect of the solvent has been taken into account for
the chain transfer constant,CS, for 4-X-thiophenols with the
MPWB1K/6-311þG(3df,2p)//B3LYP/6-31þG(d) metho-
dology in water for AM and in acetonitrile for MMA. In
the case ofMMA (Figure 10), the experimentalCs values are
verywellmatched for the first four 4-X-thiophenols (X=Cl,
H, CH3 and OCH3); the discrepancy for the last two thiols
(X = OH and NH2) can be attributed to the H-bonding
capacity of the latter, which is not taken into account with
the continuum model. Long-range interactions between the
solvent, CH3CN, and the substituents (OH and NH2) are
expected to take place, and explicit solventmoleculesmust be
included to mimic the accurate experimental trend. In the
case of the FRP of AM, specific solute-solvent interactions
are expected not only between substituents and the solvent
but also between the propagating polymer chain and its
surroundings, and thus accurate description of the solvent
is not to be expected with the continuum model. Never-
theless, note that the substituent effect is reproduced quite
well with the continuum model (Figure 10).

Hammett Plots

Hammett quantified the effect of substituents on any reaction
by defining an empirical electronic parameter, σ, which is derived
from the acidity constants of substituted benzoic acids. There-
fore, the electronic substituent parameter, σX, for any substituent
X is defined by

σX ¼ log
KX

KH

Figure 8. Transition states for the chain transfer reactions in the FRP
of AM (B3LYP/6-31þG(d)).

Figure 9. Reaction barrier versus reaction enthalpy (MPWB1K/
6-311þG(3df,2p)//B3LYP/6-31þG(d)).
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Where KX and KH are the acidity constants for the substituted
benzoic acid and benzoic acid, respectively, inwater at 25 �C.The
σ value of a substituent is a measure of the electron-withdrawing
or electron-releasing ability of that substituent compared withH.
Therefore, it is possible to analyze substituent effects on the rate
or equilibrium constants for other reactions. This is done by
plotting the set of rate (or equilibrium) constants for a given
reaction against the σ values of the substituents. The resulting
correlations are expressed by

σP ¼ log
kX

kH

for rate constants. These two equations are together knownas the
Hammett equations.74

To examine the substituent effects on reactivity in chain
transfer reactions of MMA and AM, calculated chain transfer
rate constants (kct) have been plotted against the σp parameters
(Table 7 and Figure 11).75

According to Hammett plots for both experimental and
calculated chain transfer rate constants, the rate of chain transfer
agents is directly proportional to the electronic strength of the
substituents. The σp values of 4-X-thiophenols with X being
a weak electron donor substituent cause a slight deviation

from linearity. Therefore, by excluding 4-Cl-thiophenol and
4-NHCOCH3-thiophenol from the Hammett plots of MMA
and AM, respectively, linear relationships with R2 = 0.85 and
0.92 are obtained.

Table 6. LOT Study on the Chain Transfer Rate Constants (kct) of 4-X-thiophenols in the FRP of MMA and AM (298.15 K)a

kct exptl [1] kct calculated

B3LYP MPWB1K M05-2X MPWB1K-(solution)b MPWB1Kc

MMA

1 Cl 900 2.61� 101 7.34� 101 1.44� 104 4.50� 10-2 6.07� 102

2 H 1900 1.85� 101 4.81� 101 8.20 � 103 7.74� 10-2 4.19� 102

3 CH3 4500 2.65 � 101 8.75� 101 1.28� 104 1.46� 10-1 7.01� 102

4 OCH3 7580 5.56� 101 8.01� 101 1.11� 104 3.47 � 10-1 6.09� 102

5 OH 8900 1.25� 102 3.31� 102 2.89� 104 1.48 2.38� 103

6 NH2 13 100 2.13 � 102 4.64� 102 3.74� 104 3.13 3.17� 103

MUE 1.60 1.48 1.37 8.18 0.98
R2 0.86 0.77 0.70 0.81 0.76
STDEV 1.78 1.92 0.87 7.78 1.52

AM

1 H 1150 4.78� 102 1.57� 103 2.23� 105 7.26� 10-2 4.85� 103

2 NHCOCH3 800 8.45� 102 1.46� 103 1.33� 105 9.27� 10-2

3 CH3 1090 4.62� 102 1.53� 103 2.11� 105 5.32� 10-2 5.37� 103

4 OCH3 1650 2.51� 103 4.09� 103 4.04� 105 7.12� 10-1

5 OH 2600 2.34� 103 6.53� 103 3.27� 105 1.64 1.80� 104

6 NH2 10 900 5.94� 103 1.52� 104 1.10� 106 1.81 3.87� 104

MUE 1.75 0.59 0.97 7.49 0.70
R2 0.89 0.95 0.96 0.58 0.93
STDEV 1.60 0.86 0.34 8.06 0.94

aMMA [kp (B3LYP/6-311þG(3df,2p)//B3LYP/6-31þG(d)) = 4.14 � 10-3 L mol-1 s-1; (MPWB1K/6-311þG(3df,2p)//B3LYP/6-31þG(d)) =
5.87 L mol-1 s-1, (M05-2X/6-311þG(3df,2p)//B3LYP/6-31þG(d)) = 4.50 � 103 L mol-1 s-1; (MPWB1K/6-311þG(3df,2p)//B3LYP/6-31þG(d)-
acetonitrile) = 1.39 � 10-2 L mol-1 s-1. AM [kp (B3LYP/6-311þG(3df.2p)//B3LYP/6-31þG(d)) = 2.81 � 105 L mol-1 s-1; (MPWB1K/6-311þ
G(3df,2p)//B3LYP/6-31þG(d)) = 4.09 � 102 L mol-1 s-1; (M05-2X/6-311þG(3df,2p)//B3LYP/6-31þG(d)) = 1.04 � 107 L mol-1 s-1; (MPWB1K/
6-311þG(3df,2p)//B3LYP/6-31þG(d)-water) = 1.31� 10-2 L mol-1 s-1]. b Solvent is acetonitrile for MMA and water for AM. cCorrected with HIR
and Eckart tunneling corrections.

Figure 10. log(Cs) versus 4-X-thiophenols in the FRP of MMA and AM (Table 6).

Table 7. Hammett Substituent Constants (σp)
75
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Experimentally, thiophenols are known to be better chain
transfer agents than phenols in the FRP of MMA and AM.1

Our calculations (B3LYP/6-31þG(d)) corroborate this finding:
the chain transfer rate coefficient (kct) of thiophenol (3.11� 102 L
mol-1 s-1) is 28 � 103 times higher than that of phenol (1.10 �
10-2 L mol-1 s-1) in the FRP of MMA, and kct of thiophenol
(6.41 � 103 L mol-1 s-1) is 3.5 � 103 times higher than that of
phenol (1.83 L mol-1 s-1) in the FRP of AM.

4-X-substituted thiophenols have higher kct values withMMA
than with AM. This experimental observation is justified by
our findings where kct (MMA) > kct (AM). This behavior is
attributed to the higher rate of propagation of AM as compared
withMMA: kp (MMA)=5.87 Lmol-1 s-1, whereas kp (AM)=
4.09� 102 Lmol-1 s-1 withMPWB1K.As previouslymentioned
(Figure 7), the propagation of AM takes place via a transition
structure stabilized by H-bonding causing acceleration of this
propagation reaction.

Pulsed laser polymerization measurements of the homopro-
pagation rate coefficients (kp) for a series of para-substituted
styrene monomers (4-X-styrene: X = OCH3, CH3, F, Cl, Br) at
20, 30, and 40 �C have been reported. The simple Hammett
equation did not quantitatively describe the substituent effects on
the kp values of the series of para-substituted styrene monomers,
although it provided a reasonable qualitative account of the
trends in the data. The failure of the Hammett equations was
probably due to the nonsystematic variation of the reaction
constant because substituents on both reacting species were
simultaneously altered.76

The role of polar effects in the case of 4-X-thiophenols is
confirmed by the strong correlations between the calculated rate
constants andHammett constants. This behavior is different than
the one mentioned above because of the systematic variation of
the substituent at the para position of the thiophenol ring altering
the charge separation of the transition structure and the kinetics
of the reaction.

Conclusions

In this study, the reactivity of chain transfer agents in the free
radical polymerization of ethylene, MMA, and AM has been
modeled with quantum chemical tools. The B3LYP/6-311þ
G(3df,2p)//B3LYP/6-31þG(d), MPWB1K/6-311þG(3df,2p)//
B3LYP/6-31þG(d), and M05-2X/6-311þG(3df,2p)//B3LYP/
6-31þG(d) methodologies have been tested against the experi-
mental results to assess the level of theory. In all cases, the
MPWB1K/6-311þG(3df,2p)//B3LYP/6-31þG(d) methodology
is found to reproduce the experimental trend the best. In the case
of polyethylene, chloromethanes and amines are found to control
the polymerization better than alkanes and alkenes. In the case of
MMA and AM, 4-X-thiophenols have higher chain transfer
rate constants than their corresponding phenolic counterparts.
The electron-releasing ability of the 4-X substituent is found to

accelerate the chain transfer process. The relationship between
the electronic features of the substituent and the rate of chain
transfer has been illustrated with Hammett plots. Overall, the
models used in this study have proved to be adequate in the
rationalization of the FRP kinetics. Similar calculations can be
carried out with confidence to predict the characteristics of the
chain transfer agent prior to experimental results.

Supporting Information Available: Cartesian coordinates,
energies, activation barriers, preexponential factors, chain tran-
sfer rate constants, tunneling, and HIR corrections. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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