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ABSTRACT: A method is derived for calculating Arrhenius parameters for propagation reactions in free- 
radical polymerizations from first principles. Ab initio molecular orbital calculations are carried out 
initially to determine the geometries, vibrational frequencies, and energies of the reactants and the 
transition state. Transition state theory then yields the Arrhenius parameters. The lowest frequencies 
are replaced by appropriate (hindered or unhindered) internal rotors, to better model these modes in the 
calculation of frequency factors. It is found that a high level of molecular orbital theory (e.g., QCISD- 
(T)/6-311G**) is required to produce reasonable activation energies, whereas satisfactory frequency factors 
can be obtained at a relatively simple level of theory (e.g., HF/3-21G), because the frequency factor is 
largely determined by molecular geometries which can be reliably predicted at such a level. Obtaining 
reliable frequency factors for quite large systems is thus possible. The overall procedure is illustrated 
by calculations on the propagation of ethylene, and the results are in accord with literature experimental 
data. Means are also derived for extending the results from propagation of monomeric radicals to 
propagation of polymeric radicals, without additional computational requirements. The method is expected 
to be generally applicable to those propagation reactions that are not significantly influenced by the 
presence of solvent (i.e., relatively nonpolar monomers in nonpolar solvents). The calculations show that 
the magnitude of the frequency factor is largely governed by the degree to  which the internal rotations 
of the transition state are hindered. They also suggest that  there can be a significant penultimate unit 
effect in free-radical copolymerization. Furthermore, the calculations explain the rate-enhancing effect 
found upon deuteration of the monomers and explain why the rate coefficient for the first propagation 
step is larger than that for the long-chain propagation step. 

Introduction 
Kinetic modeling and mechanistic deductions in any 

chemical process require accurate rate coefficients. As 
has been noted previously,l accurate rate coefficients 
in free-radical polymerizations are difficult to establish. 
Whereas the experimental determination of the propa- 
gation rate coefficient (k,) is relatively easy in the case 
of some monomers, e.g., styrene,2 it is very difficult for 
other systems, e.g.,  acrylate^.^ A major cause of this 
problem is the fact that several reactions, e.g., propaga- 
tion, transfer, and termination, are taking place simul- 
taneously and that interpretation of experimental ki- 
netic data is model dependent. In cases where the 
relative importance of the individual processes cannot 
be accurately assessed, the experimental results may 
be interpreted incorrectly and hence may lead to incor- 
rect rate coefficients and mechanistic inferences. A 
theoretical understanding of the factors that govern the 
reaction rates and a model to predict the rate coef- 
ficients should lead to a better interpretation of the 
experimental data. It may then become possible to 
understand and predict, for example, more subtle effects 
such as the effects of deuteration of monomers and 
possible penultimate unit effects. 

A possible way of approaching the problem is through 
transition state theory (TST), which has been success- 
fully used previously for (semi)quantitative predictions 
in gas-phase  reaction^.^,^ Earlier attempts to develop 
a model for the frequency factor of k,, e.g., by Guaita,6 
used empirical parameters such as entropic group 
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contributions, evaluated from a limited number of 
hydrocarbons, in the TST expressions. Guaita's model 
also requires the estimation of certain entropic effects 
due to conjugation, which is not straightforward in 
many cases. Although such models could be used for 
some qualitative predictions, the empirical parameters 
limit their applicability for general (semi)quantitative 
predictions. On the other hand, if the TST approach 
could be based only on the intrinsic fundamental 
properties of the reacting molecules, it would suffer less 
from such limitations and a more quantitative model 
would consequently be possible for an a priori estimation 
of rate coefficients. 

At the simplest level, use of TST for the prediction of 
the rate coefficient of a reaction requires the geometry, 
vibrational frequencies, and relative energies in the 
reactants and the TS as input. In principle, these 
fundamental properties can be obtained experimentally 
for the reactants, but in practice this would be extremely 
difficult for radicals and virtually impossible for transi- 
tion  state^.^ Easily implemented and user-friendly 
theoretical procedures such as molecular mechanics8 
and semiempirical quantum chemical methods such as 
AM19 may yield reasonably good results for some 
properties, but it is uncertain whether they will yield 
adequate results for all the properties required to obtain 
accurate rate coefficients. Ab initio quantum chemistry 
can accurately predict properties such as geometries, 
frequencies, and energies provided that appropriate 
levels of theory are used.1° 

In this paper, propagation in the free-radical polym- 
erization of ethylene is used as a case study. This 
system is of intrinsic interest but, in addition, is 
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sufficiently small so as to allow the use of high-level ab 
initio quantum chemical methods, which enables us to 
develop a general model with a minimum number of 
assumptions. 

It is important to note that the calculations refer to 
gas-phase reactions. However, it is expected that the 
results will also be applicable to propagation reactions 
in solution. Radical-molecule transition states, as 
occur in free-radical polymerizations, are known to be 
usually relatively unaffected by the presence of sol- 
vent,ll and indeed radical reactions in general are 
usually insensitive to solvent effects.12 For this reason, 
one might suppose that the gas-phase calculations will 
provide quite good estimates of the rate coefficients for 
such reactions in condensed phases (e.g., in a polymer- 
ization medium). 

Brief Overview of Transition State Theory 
One of the fundamental concepts in chemical dynam- 

ics is the idea that atoms within molecules move 
according to forces derived from a potential field which 
is determined by electronic interactions. A description 
of the energy as a function of all possible coordinates of 
the atoms is called the potential surface and in principle 
can be obtained by quantum mechanical calculations. 
Solving the classical equations of motion on the poten- 
tial surface yields the momenta and positions of all 
atoms at any time, Le., a trajectory. An exact classical 
evaluation of the rate coefficient can be obtained by 
computing a large number of trajectories and averaging 
the velocities of the trajectories that start as reactants 
and end as products on the potential ~u r face .~  

The mathematics for the description of this process 
can be greatly simplified by making the transition state 
a s ~ u m p t i o n . ~  In transition state theory (TST), it is 
assumed that there exists a critical geometry constraint 
on the potential surface such that all the trajectories 
passing through a geometry with this constraint origi- 
nate as reactants and end as products (reactive trajec- 
tories). This critical geometry constraint could be the 
length of a forming C-C bond in a process such as prop- 
agation: in the reactants thig length is infinite and in 
the product it is abouto1.54 A, so the constraint could 
be in the vicinity of 2 A (Le., any trajectory where the 
carbon atoms approach closer than 2 A will react, no 
matter what the other atoms might do). The system 
with this constraint is called the transition state (TS) 
and the energy is usually a maximum on the reaction 
pathway between the reactants and products. 

Evaluating the mathematical description of this pro- 
cess yields the relatively simple expression of eq l:*s5 

which now does not depend on the complete potential 
surface, but only on the properties of the TS and 
reactants. In this TST expression for the propagation 
rate coefficient k,, k is Boltzmann’s constant, T is the 
temperature, h is Planck’s constant, Eo is the critical 
energy (i.e., the zero-point energy difference between 
reactants and transition state), and Qt, Qmon, and 
Qrad are the molecular partition functions for the TS, 
monomer, and radical, respectively. The Arrhenius 
frequency factor, A,  and activation energy, Eac t ,  can 
be related to the preexponential factor and critical 
energy in eq 1 by simple statistical thermodynamic 
 relationship^.^,^ For the frequency factor, the following 

expression can be derived: 

A = - ekT exp( $) 
h 

where e is the base of the natural logarithm and ASs is 
the entropy of activation, which is simply related to the 
molecular partition functions by the following relation: 

The activation energy is given by 

As can be seen from eqs 3 and 4, it is necessary to know 
the molecular partition functions in order to evaluate 
the frequency factor and activation energy. 

Usually, the Hamiltonians of the reactants and 
transition state are assumed to be separable, in which 
case the molecular partition function Q can be written 
as a product of translational, vibrational, and rotational 
terms:13 

Q = Qtrans x Qvib X Qrot 

Here, it is assumed that the reaction occurs on a single 
electronic surface, which is indeed the case in the 
present system: reactants (i.e., the radical and mono- 
mer), transition state, and product (Le., the radical 
increased by one monomer unit) all belong to the same 
(doublet) state. 

In the following sections, the separate contributions 
to the frequency factor of propagation reactions in 
general will be discussed in more detail. 

(a) Translational Partition Function. The trans- 
lational partition function of an ideal gas molecule is 
given by 

(6) 

where V is the reference volume and m is the mass of 
the translating molecule. In the case of a radical 
addition reaction, the translational contribution to the 
frequency factor is then given by 

Qt 1 mmon + mrad]32[ h2 1’” (7) 
[QmonQradItrans = 4 mmonmrad - 2nkT 

The long-chain limit for the propagation reaction has 
m r a d  m’, SO eq 7 will then reduce to 

As is clear from eq 8, different monomers will have 
different translational contributions to the frequency 
factor if their masses are different. For example, 
changing the monomer from ethylene to butyl meth- 
acrylate decreases this contribution by a factor of 
approximately 10. 
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(b) Vibrational Partition Function. The vibra- 
tional partition function for the ith harmonic oscillator 
is given by 
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40 cm-', corresponding to an internal rotation, and 650 
cm-l. If the torsional modes below 200 cm-l are 
properly treated as hindered rotors, it may be assumed 
that the remaining contributions arise from harmonic 
oscillators with frequencies greater than approximately 
100 cm-l, with the majority of them in the range of 
200-700 cm-l. These frequencies lead to values of the 
vibrational partition functions from 2.8 (Y = 100 cm-') 
to 1.05 (Y = 700 cm-l) at 323 K. Hence, the overall 
vibrational contribution to the frequency factor will have 
a value typically between 1 and 10: 

(9) 

where v i  is the frequency. For a polyatomic molecule, 
the vibrational partition function is for practical pur- 
poses approximated as the product of the vibrational 
partition functions of separate vibrational modes: 

(10) 
i 

In principle, the fundamental frequencies of the reac- 
tants can be obtained by experiment, but in general they 
are very difficult to obtain for radicals and experimen- 
tally unattainable for transition states. Experimental 
infrared data for radicals are very scarce and the low 
frequencies, which have the largest contributions to the 
frequency factor (see eq 91, are often not reported.14 
Quantum chemical calculations provide an alternative 
means of reliably determining the fundamental vibra- 
tional frequencies, both for reactants and for transition 
states.1° Moreover, since the TST expression contains 
the ratio of partition functions, it is highly desirable that 
the frequencies of the reactants and of the TS be 
obtained by the same method, suggesting that theory 
has a useful role to play. 

Not all the vibrations are taken into account in 
calculating the vibrational partition function. In the 
first place, the TS has one imaginary frequency (which 
is a characteristic of the TS), which corresponds to a 
motion along the reaction coordinate; this frequency is 
omitted from the partition fun~ t ion .~  Furthermore, the 
actual motions of some low frequencies, as indicated by 
a normal-mode analysis, are better represented as 
internal rotations15 and should be treated as either 
hindered or unhindered rotors (depending on the barrier 
to rotation). These frequencies are then omitted from 
the vibrational partition function and enter the rota- 
tional partition function. The value that we have chosen 
as an upper limit to treat these particular low-frequency 
modes as rotors is 200 cm-l. Fueno and Kamachi16 
found that treating the methyl torsion as an unhindered 
one-dimensional rotor in the addition of a methyl radical 
to ethylene (-120 cm-l) yields results very similar to 
those obtained by treating this mode as a harmonic 
oscillator. However, as will be shown in the following 
sections, this is not the case in general.5 

A detailed examination of the vibrational modes in 
the TS and the reactants shows that there are 6 (1 
imaginary and 5 real) extra modes in the TS which did 
not exist in the reactants. These modes, the so-called 
transitional modes, arise due to the loss of external 
translations and rotations of the reactants, when brought 
together in the TS.5 All the other modes in the TS 
correspond to modes in the reactants and will have 
frequencies similar to the corresponding modes in the 
reactants (they will be slightly lower because of the 
higher mass of the TS). Because of the ratio Qt/ 
(QmonQrad) in the above relations, this implies that the 
total vibrational contribution is mainly determined by 

'the frequencies of the 5 real transitional modes. These 
frequencies typically lie below 1000 cm-l and the lowest 
frequencies mostly correspond to torsional modes. In 
the case of n-alkyl radical additions to ethylene, it will 
be seen that the transitional modes lie between roughly 

Since the TS's of the propagation reactions of different 
monomers will all have similar characteristics, the 
differences in the overall vibrational contributions (after 
removing the hindered rotations) will be small. Steri- 
cally more crowded monomers will probably show an 
increase in the frequency of a particular mode as 
compared with a similar mode in a less crowded 
monomer. However, even an extremely large increase 
in frequency from 200 to 600 cm-l only results in a 
decrease in the overall vibrational contribution by a 
factor of 1.6. We may thus conclude that the vibrational 
contribution to the frequency factor shows little varia- 
tion from system to system. 

(c) Rotational Partition Function. This partition 
function, which has both external and internal rotation 
components, is that component of the frequency factor 
which can vary most strongly from sytem to system. All 
(nonlinear) molecules exhibit an external three-dimen- 
sional rotation, for which the partition function is given 
by 

where (T is the symmetry number of the molecule and 
Za, z b ,  and Zc are the principal moments of inertia, given 
by Z = C n i r i 2 ,  where mi and ri are the mass and the 
distance to the appropriate principal axis of rotation, 
respectively, of atom i. The principal moments of inertia 
can be easily calculated if the geometry of the molecule 
is known. In the case of a small radical adding to the 
monomer, the external rotations of both reactants and 
the transition state have to be considered, but in the 
long-chain limit of the propagation reaction, it is only 
the external rotation of the monomer that is important 
(since the moments of inertia of the macroradical and 
the TS will not differ significantly and will approxi- 
mately cancel in eq l), leading to 

(13) 

While the values of a vibrational partition function are 
of order unity, those of Qext  rot are of the order 102-104. 
As stated in the previous section, internal rotations 

have to be taken into account if low vibrational frequen- 
cies are present in the molecule. Internal rotations may 
be described as hindered one-dimen~ionall'-~~ or two- 
dimensional5 rotors. Pitzer18 has tabulated the values 
for the rotational partition functions of one-dimensional 
rotors for which the rotational potential is given by a 
single cosine function, and some very useful analytical 
approximations to these tables were published by noe lg  

Qt long 

(QmonQraJext  rot % (&)ext rot 
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and Truhlar.20 The main disadvantage of these meth- 
ods is that they can only be applied to potentials given 
by a single cosine and, as will be shown in a later 
section, many potentials cannot be approximated by a 
single cosine function. A way around this problem is 
to calculate the energy levels of the rotational potential 
by solving the appropriate one-dimensional Schrodinger 
equation:13 

(14) 

where Ir is the reduced moment of inertia, V(0) is the 
potential energy a t  a given torsion angle 8, Y is the 
wavefunction, and l is the corresponding energy of the 
system. The partition function can then be calculated 
by directly counting the energy levels according to13 

(15) 

where ~i is the energy of level i and uint is the symmetry 
number of the internal rotation. This partition function 
typically has a value lying between 1 and 10. Since both 
steric and mass effects are explicitly taken into account 
in the internal rotational partition function, it is often 
the dominating factor that determines the differences 
in frequency factors for different monomers. 

Computational Procedures 
Standard ab initio molecular orbital procedureslO have 

been used to determine the geometries, harmonic vi- 
brational frequencies, and energies of the reactants and 
transition states. Geometry optimizations were per- 
formed at the HF/3-21G, HF/6-31G*, and MP2/6-31G* 
levels of quantum chemical theory. lo The vibrational 
frequencies of the optimized structures and the rota- 
tional barriers were also calculated at these levels. 
Reaction barrier calculations were performed at higher 
levels of theory, up to QCISD(T)/6-311G**.21 Calcula- 
tions on ethylene were performed with the restricted 
Hartree-Fock (RHF) or Moller-Plesset (RMP) proce- 
dures, whereas all the open-shell systems were treated 
with the unrestricted Hartree-Fock (UHF) or M~ller- 
Plesset (UMP2) procedures. The symbols R and U are 
dropped for simplicity in the remainder of this paper. 
All calculations were carried out with the GAUSSIAN 
92 software package;22 details of the calculations will 
be reported elsewhere.23 

The energy levels of the hindered rotations were 
calculated by solving the one-dimensional Schrodinger 
equation (eq 141, using the finite element method24 
extended to handle cyclic boundary problems.25 A basis 
set of free rotor functions, @m, given by 

(16) 

was used, where m is an integer between -200 and 
+200. Rotational potentials were determined by fitting 
a three-term Fourier expansion through the stationary 
points of the potential. 

Calculations of the rotational constants (=h2/8n21) 
required to obtain the partition functions of the internal 
rotations were performed with GEOM, a part of the 
UNIMOL software package.26 For this purpose, we 
used the optimized structures obtained by the ab initio 

a 

9999 - (CH ) Y” H 

:;CciH 
b 

Figure 1. Schematic representation of (a) the radicals and 
(b) the corresponding “macroradicals” examined in this study 
(n = 0-5). 

calculations while the low-frequency torsions were 
treated as rigid rotors about specific bonds. 

Simulations of the polymeric free radical and TS were 
performed by replacing the outermost trans hydrogen 
in the radical by a sphere with mass 9999 amu (“mac- 
roradicals”), as depicted in Figure 1. Calculations were 
carried out for the addition to ethylene of radicals 
ranging from ethyl radical to n-heptyl radical and of 
their corresponding “macromolecules”. 

Normal mode analyses of isotopically substituted 
molecules were performed using the original force 
constants and the masses of the new isotopes. 

Results and Discussion 
Reactants. The geometry of ethylene was optimized 

and vibrational analyses were performed at the HF/3- 
21G, HF/6-3lG*, and MP2/6-31G* levels of theory. A 
lowest frequency of 897.2 cm-l (HF/6-31G*) was found, 
which is sufficiently large that no attention is required 
with respect to internal rotations in ethylene. All 
radicals (i.e., ethyl, n-propyl, n-butyl, n-pentyl, n-hexyl, 
and n-heptyl) were optimized in the extended conforma- 
tion (C, symmetry) a t  the HF/3-21G and HF/6-31G* 
levels of theory. The ethyl, n-propyl, and n-butyl 
radicals were also optimized at the MP2/6-31G* level 
of theory. Vibrational analyses showed a normal mode 
with a frequency below 200 cm-l corresponding to the 
methylene (CHz) rotation a t  the radical terminus for all 
the radicals considered. For radicals larger than the 
ethyl radical, additional low-frequency modes occur, due 
to skeletal vibrations. In the cases of hexyl and heptyl 
radicals, these frequencies even drop below the fre- 
quency of the CHz rotation. However, these skeletal 
vibrations hardly change in going from reactants to the 
TS and their contributions will approximately cancel in 
the TST expression. These modes were therefore de- 
scribed for simplicity as harmonic oscillators. 

Examination of the CH2 torsion in more detail shows 
that it corresponds to a combination of a rotation of the 
CH2 group and an inversion at the radical center. It is 
schematically represented for the case of the ethyl 
radical in Figure 2. The starting minimum energy 
conformation (I) has a nonplanar CCH2 arrangement. 
Inversion at the radical center leads, via the maximum 
energy conformation I1 in which the CCH2 group is 
planar, to conformation I11 (which is equivalent to I). A 
second inversion via conformation IV (which is equiva- 
lent to 11) requires motion of the second hydrogen at 
the radical center. 

Stationary points for this motion in the ethyl and 
propyl radicals were determined at the HF/3-21G, HF/ 
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Table 1. Vi Values (kJ mol-’) at the €IF/3-21G, HF/6-31G*, and MP2/6-31G* Levels of Theory“ 
CHz torsion in radical CzH4 torsion in TS C3H6 torsion in TS 

Vib CzH5’ C3H7’ V: CZH5’ C3H7’ CZH5’ CaH7‘ 
HF/3-21G vz 0 0.07 

v4 0 -0.07 
v6 0.39 0.53 

HF/6-31G* VZ 0 -0.85 
v4 0 -0.16 
v6 0.71 0.83 

MP2/6-31G* VZ 0 -0.84 
v4 0 -0.28 
v6 0.71 0.74 

a For details, see ref 23. * From eq 17. From eq 18. 

I - I1 - ‘I11 - Iv 
Figure 2. Schematic representation of the CH2 rotation- 
inversion process in the ethyl radical involving the sequential 
movement of the two hydrogens at the radical center. The 
dihedral angle 0 defines the coordinate for this mode. 

IV 

”.” 
0 30 60 90 I20 I50 180 

Torsional Coordinate 8 (”) 

Figure 3. Potential energy profile for the CH2 torsion in the 
ethyl radical at the HF/3-21G level of theory, without ZPVE 
corrections. The torsional coordinate 0 and the structures 
corresponding to the stationary points are defined in Figure 
2, 

6-31G*, and MP2/6-31G* levels of theory. Since all 
radicals were optimized in completely extended confor- 
mations, the CH2 rotational potentials for larger radicals 
are assumed in the rate calculations to be the same as 
those for propyl. The potentials were fitted by the 
truncated Fourier series 

1 v(e) = ,rv2(1 - COS 2e) + v4(i - COS 48) + 
V&l - COS 6e)l (17) 

and the values for the Vi are given in Table 1. The low 
barriers for the CH2 rotation indicate a virtually un- 
hindered rotation at 323 K (RT = 2.7 kJ mol-l). 

In Figure 3, the rotational potential for the CH2 
torsion in the ethyl radical is shown, and it can be seen 
that there are six identical wells in the potential (0- 
360”), giving rise to a symmetry number of 6 for this 
rotation. However, it is not clear that a symmetry 
number of 6 is entirely appropriate if we consider the 
actual geometries of the two stationary conformations 
of the ethyl radical: the minimum energy conformation 
(I) has a symmetry number of 3 for a rigid CH2 rotation 
because of the nonplanarity of the radical carbon center, 

Vl -0.39 
VZ -0.19 
v3 -3.33 
Vl 0.00 
vz -0.27 
v3 -3.64 
Vl 1.86 
VZ -0.25 
v3 -3.93 

-0.17 
-0.28 
-3.12 
-0.01 
-0.44 
-3.49 

2.03 
-0.50 
-3.66 

0.00 -9.69 
0.00 -5.30 

-6.82 -9.47 
0.00 -9.45 
0.00 -5.14 

-7.73 -9.76 
0.00 -8.62 
0.00 -5.65 

-6.84 -9.11 

Table 2. Calculated Rotational Constants (cm-l) for the 
“Methylene” Rotation in Several n-Alkyl Radicals and 

Their Corresponding “Macroradicals” 
rotational constanta 

radical “macroradical” 
ethyl 32.90 
propyl 30.58 
butyl 28.30 
pentyl 28.15 
hexyl 27.85 
heptyl 27.83 

a Optimized HF/3-21G geometries. 

35.28 
28.58 
28.29 
27.95 
27.85 
27.75 

whereas the maximum energy conformation (11) has a 
symmetry number of 6. In the light of the actual form 
of the potential, we chose a symmetry number of 6 for 
the ethyl radical and for consistency reasons a sym- 
metry number of 2 for the propyl and larger radicals. 

Rotational constants for this internal rotation in the 
radicals and their corresponding “macroradicals” are 
listed in Table 2. It can be seen from this table that 
from butyl onward, the rotational constant for the 
“macroradical” is almost the same as for the radical 
itself. In other words, the mass effect of the heavy atom, 
i.e., the simulated polymer chain, becomes smaller upon 
extending the chain length. Furthermore, it may be 
concluded that the butyl radical (i.e., a dimer in this 
case) contains the major overall rotational constant 
effects required for a reasonable description of the 
polymeric radical. 

Transition States. Transition states were optimized 
and vibrational analyses were performed again at the 
HF/3-21G and HF/6-31G* levels of theory (with the 
transition states for the ethyl and n-propyl radical 
additions to ethylene also being studied at MP2/6-31G*). 
The optimized structure of the butyl radical + ethylene 
TS and its three most important low-frequency modes 
(<200 cm-l) are depicted in Figure 4. 

In all optimized TS structures, the lowest real fre- 
quency (VI in Figure 4) is the internal rotation about 
the forming C-C bond, corresponding to ethylene rota- 
tion, and arises from the loss of one of the external 
rotations in the reactants when they are brought 
together in the TS. This mode is one of the five real 
transitional modes. The frequency for this mode drops 
from 59.1 to 33.7 cm-l (HF/6-31G*) in going from the 
ethyl radical + ethylene TS to the heptyl radical + 
ethylene TS. These frequencies are not used in the 
frequency factor calculations, because these modes are 
replaced by internal rotations, for which the required 
rotational constants are calculated from the optimized 
TS geometry and the rotational potentials determined 
from the relevant stationary points on the potential 
energy surface. Rotational constants for this internal 
rotation are listed in Table 3. Again, it can be seen that 
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is” 
h 

Table 4. Calculated Rotational Constants (cm-I) for the 
“Propylene” Rotation in the Transition States for the 
Addition of Ethylene to Several n-Alkyl Radicals and 

Their Corresponding “Macroradicals” 

ethyl 6.36 8.75 
propyl 4.15 2.15 
butyl 1.86 1.86 
pentyl 1.72 1.51 
hexyl 1.45 1.45 
heptyl 1.40 1.31 

Optimized HF/3-21G geometries. 

Table 5. Calculated HF/6-31G* Vibrational Frequencies 
(cm-l) for the n-Butyl Radical to Ethylene Addition 

rotational constantn 

rotational constanta 

radical addition “macroradical” addition 

Figure 4. Optimized structure of the transition state for the 
addition of butyl radical to ethylene and its three most 
important low-frequency modes: V I ,  a transitional mode cor- 
responding to the rotation of the “ethylene” group, Y Z ,  corre- 
sponding to the rotation of a “propylene” group, and ~ 3 ,  a 
transitional mode corresponding to a bending of the two bond 
angles of the forming C-C bond. 

Table 3. Calculated Rotational Constants (cm-l) for the 
“Ethylene” Rotation in the Transition States for the 
Addition of Ethylene to Several n-Alkyl Radicals and 

Their Corresponding “Macroradicals” 

radical addition “macroradical” addition 
ethyl 8.33 
propyl 5.87 
butyl 5.72 

hexyl 5.40 
heptyl 5.29 

pentyl 5.45 

6.18 
5.86 
5.52 
5.45 
5.31 
5.29 

a Optimized HF/3-21G geometries. 

the calculated rotational constants for the radical + 
ethylene TS and corresponding “macroradical” + eth- 
ylene TS are almost the same from butyl onward. The 
rotational potentials are fitted by 

and the values for the Vi are included in Table 1. The 
parameters for the propyl radical + ethylene TS are 
used for the description of the rotational potentials for 
all larger TS’s, as in the case of the corresponding 
reactant radicals. 

The second lowest frequency (YZ in Figure 4) corre- 
sponds to the rotation of a “propylene” moiety, consisting 
of the CH2 group at the radical terminus and the 
ethylene group. This mode corresponds to the methyl- 
ene rotation in the reacting radical; i.e., it is not a 
transitional mode. The frequency for this mode drops 
from 185.6 to 44.0 cm-l (HF/6-31G*) in going from the 
ethyl radical + ethylene TS t o  the heptyl radical + 
ethylene TS. Again, this mode is best represented as 
an internal rotation, and the calculated values of the 
Vi (in eq 18) are included in Table 1. We note that the 
Vi values in larger TS’s are assumed to be the same as 
for the propyl radical + ethylene TS. Rotational con- 
stants for this mode are listed in Table 4, from which it 
can be seen that for the butyl and larger radical 
additions the rotational constants for the “macroradical” 

frequencies 
ethylene 897.2, 1095.2, 1099.5, 1155.0, 1352.6, 

1496.8, 1610.2, 1856.1, 3320.5, 3343.8, 
3394.2, 3420.3 

n-butyl (C, symmetry) 131.0, 135.4, 259.5, 273.4, 414.5, 537.6, 
783.9, 863.6, 941.7, 1025.2, 1092.5, 
1137.0, 1191.7, 1310.6, 1403.5, 1423.2, 
1451.7, 1522.7, 1564.1, 1602.8, 1633.9, 
1639.1, 1643.5, 1653.7, 3186.8, 3196.3, 
3198.7, 3210.7, 3232.0, 3260.9, 3261.4, 
3307.3, 3404.1 

458.4 (imaginary), 46.3, 71.7, 100.0, 
135.5, 247.4, 260.8, 319.4, 401.4, 
444.8, 633.0, 786.9, 789.3, 857.5, 
883.7, 902.2, 944.8, 1017.6, 1033.2, 
1045.4, 1092.7, 1135.7, 1208.9, 1277.2, 
1322.7, 1339.4, 1410.1, 1430.9, 1454.4, 
1528.1, 1564.1, 1595.8, 1613.4, 1633.5, 
1639.3, 1643.7, 1654.0, 1673.6, 3183.9, 
3193.8, 3197.9, 3206.5, 3228.7, 3260.1, 
3260.8, 3280.4, 3316.1, 3327.7, 3361.3, 
3393.4, 3418.7 

TS (C, symmetry) 

+ ethylene TS are almost the same as for the radical + 
ethylene TS, as was the case for the other internal 
rotations described above. 

The final significant low-frequency mode is a “bend- 
ing” mode of the two reacting moieties in the TS ( V Q  in 
Figure 41, which has a value of 178.0 cm-’ for the ethyl 
radical + ethylene TS and drops to 57.4 cm-’ for the 
heptyl radical + ethylene TS. This mode also arises as 
a result of the loss of rotational degrees of freedom in 
the reactants and represents a second transitional 
mode. Due to its complexity and the high barriers for 
a significant bending of the important angles, this mode 
appears to be better represented as a harmonic oscillator 
and it was treated accordingly. The three remaining 
real transitional modes all have frequencies greater 
than 200 cm-l and are therefore treated as harmonic 
oscillators. 

As has been mentioned already, additional low- 
frequency modes are introduced upon extending the 
chain length, but these will be canceled in the frequency 
factor expression by the corresponding modes in the 
reacting radicals (see Table 5). They are therefore of 
minor importance in the evaluation of the rate coef- 
ficient and were treated as simple harmonic oscillators. 

Frequency Factor Calculations. Frequency fac- 
tors were calculated by numerical differentiation of 
eq 1. The treatment, as stated, assumes a complete 
separability of the Hamiltonian for the vibrational and 
rotational modes. The rotational potentials of the 
internal rotations were determined by complete opti- 
mization of the stationary points on the potential energy 
surface and fitting a three-term Fourier expansion to 
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Table 6. Calculated Frequency Factors (dms mol-’ 8-9 
for the Addition of the Ethyl Radical and Its 

Corresponding “Macroradical” to Ethylene at the 
HF/3-21G, HF/6-31G*, and Mp2/6-31G* Levels of Theory 

(T = 323 K) 
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frequency factor 
C2H5’ + C2H4 “macro-CzHs’” + C2H4 

HF/3-21G 1.72 x lo8 6.78 x lo6 
HF/6-31G* 1.91 x 108 8.35 x lo6 
MP2/6-31G* 1.29 x lo8 5.68 x lo6 

these points, leading to the Vi listed in Table 1. By 
doing this, other motions are mixed into the rigid 
rotation, thus violating the assumption that the Hamil- 
tonian is completely separable. However, the error 
introduced here is probably smaller than the error that 
would have been introduced by using a potential ob- 
tained by a rigid rotation; the latter would, for example, 
lead to rotational barriers that are significantly too high. 
For frequency factors involving the ethyl radical, the 
Vi from the ethyl calculations were used, whereas the 
propyl results were used for the frequency factors 
involving the propyl and all larger radicals. 

Values for the frequencies for “macroradicals” were 
recalculated from the original force constants, but 
including the mass of the heavy atom. The contribu- 
tions to the frequency factor of the translational and 
external rotational partition functions are essentially 
limited to the monomeric contribution (see eqs 8 and 
131, because the mass and geometry of an infinitely long 
radical chain and its corresponding TS do not differ 
significantly. 

First, we compare the frequency factors obtained with 
parameters from the three different quantum chemical 
methods in order to investigate whether convergence 
of the results occurs with increasing level of theory. The 
results for the addition of the ethyl radical to ethylene 
and the corresponding “macroradical” addition are listed 
in Table 6. It can be seen that the calculated values at 
the three levels of theory lie within a 30% range. This 
result can be understood by noting that geometries and 
vibrational frequencies, the main quantities required to 
calculate frequency factors, can be obtained reasonably 
accurately at relatively simple levels of theory. The 
differences in the optimized geometries at the HF/3-2 1G 
and MP2/6-31G* levels of theory do not lead to signifi- 
cant differences in the rotational constants for internal 
and external rotations.1° This leads to external rota- 
tional contributions to the frequency factor of 2.3 x 
(HF/3-21G), 2.3 x (HF/6-31G*), and 2.2 x 
(MP2/6-31G*) and internal rotational contributions to 
the frequency factor of 18.8 (HF/3-21G), 17.5 (HF/6- 
31G*), and 15.6 (MP2/6-31G*). Vibrational frequencies 
calculated at the HF/3-21G, HF/6-31G*, and MP2/6- 
31G* levels of theory are systematically too large by up 
to about 15% as compared with e ~ p e r i m e n t , ~ ~ $ ~ ~  and we 
have therefore scaled them by factors of 0.95,0.89, and 
l.00,29 respectively, before use. The resulting vibra- 
tional contributions to the frequency factors are 3.2 (HFI 
3-21G), 3.5 (HF/6-31G*), and 3.1 (MP2/6-31G*); Le., they 
lie within a 10% range. A more complete description 
of the scaling factor dependence of the calculated 
frequency factor is presented in the sensitivity analysis 
section of this paper (see below). 

Having established that reasonable geometries and 
vibrational frequencies can be obtained at the HF/3-21G 
level of theory, we conclude that this method will be 
useful for larger monomer systems for which higher 
level calculations are not feasible. Frequency factors 

Table 7. Comparison of Calculated (HF/3-21G) and 
Experimentalo Frequency Factors (dms mol-’ s-l) for 

n-Alkyl Radical Additions to Ethylene (T = 323 K) 
~~ ~ ~ 

frequency factor 
calcd exDtl 

ethyl 1.7 x lo8 2.0 x 108 
propyl 8.7 x 107 2.0 x 107 
butyl 9.8 x 107 2.3 107 
pentyl 7.9 x 107 
hexyl 6.3 x 107 
heptyl 5.0 x 107 

a See ref 12c. 

Table 8. Convergence of Calculated Frequency Factors 
(dms mol-’ 8-l) for the “Macroradical” Addition to 

Ethylene (HF/3-21G, T = 323 K) 
“macroradical” freq factor “macroradical” freq factor 

ethyl 6.8 x lo6 pentyl 2.7 107 
propyl 1.2 x 107 hexyl 2.0 x 107 
butyl 1.7 107 heptyl 1.6 107 

calculated using HF/3-21G parameters for several alkyl 
radical additions in the gas phase are compared with 
literature data in Table 7. It can be seen that they are 
in reasonable agreement (given that the error in the 
experimental frequency factors is typically 50% for such 
systems), indicating a satisfactory description of the 
physics of the reacting system. 

Using the same approximations as in the case of ethyl 
radical addition to ethylene, the frequency factors were 
calculated for the corresponding “macroradical” addi- 
tions. From Table 8, it can be seen that the frequency 
factor moves toward a value in the range of (1.0-1.7) 
x lo7 dm3 mol-l s-l, which is within the experimental 
u n ~ e r t a i n t y : ~ ~ , ~ ~  0.9 x lo7  < Aexp < 1.9 x lo7 dm3 mol-l 
s-l. It is clear that the larger radicals are better models 
for the polymeric radical because the main error in our 
“macroradical” treatment occurs in the internal rota- 
tional partition function, which is a function of the 
moment of inertia. The error introduced here by replac- 
ing the hydrogen atom in the ethyl radical by a heavy 
mass is obviously greater than for the larger radicals, 
where most of the atoms are further away from the axes 
of rotation, as in real polymers. It can also be concluded 
that the butyl radical is already quite a good model for 
the simulation of the polymeric radical. This result also 
implies that if the properties of the dimeric radical are 
known, reasonable estimates can be made for the 
polymeric radical. 

At this point, it is important to examine in more detail 
the difference between the calculated frequency factor 
for the ethyl radical addition and corresponding “mac- 
roradical” addition. The value for the “macroradical” 
addition is smaller by a factor of about 25, as can be 
estimated from eqs 8 and 13. In the first place, 
elimination of the masses of the radical and the transi- 
tion state will reduce the total translational contribution 
in the preexponential factor in eq 1 by a factor of about 
3 (the mass dependence reduces from about (2mmOn/ 
mmon2)3/2 in eq 7 to (l/mm0n)3/2 in eq 8). In addition, the 
total external rotational contribution is reduced by the 
factor rot/Qrad,ext rot, which is approximately 15 in 
the case of the ethyl radical addition to ethylene. These 
two effects, which together lower the frequency factor 
by a factor of approximately 45, are partially canceled 
by an increase in the vibrational contribution to the 
frequency factor for the “macroradical” addition by about 
40% due to the mass effect on the vibrational frequen- 
cies. 
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agreement with the experimental value of 30.5 k J  mol-l 
for the ethyl radical to  ethylene additioni2 and the value 
of 34.3 kJ  mol-I (at atmospheric pressure) reported for 
the high-pressure polymerization of ethylene.30 

Although the activation energies can be calculated 
accurately using such high-level calculations for small 
systems, this is not currently feasible in practice for 
larger monomer systems. Calculations at this level of 
theory are computationally demanding and require a 
large disk capacity. For example, the QCISD(T)/6- 
3 11G”” calculation on the transition state for the ethyl 
radical to  ethylene addition required more than 5 days 
of CPU time (i.e., about 2 weeks of wall clock time) and 
approximately 1 Gbyte of disk space on an IBM RS/6000 
320H workstation. These computational requirements 
currently limit the applicability of the method described 
for obtaining accurate activation energies to  moderately 
small molecules. 

From a physical point of view, these “loss” factors can 
be explained as follows. Due to the overall rigidity of 
the long polymeric radical and the corresponding TS, 
we may assume that the external rotations and transla- 
tions of these large species are of minor importance as 
compared with the very fast motions of the monomer 
on the time scale of the reaction. Therefore, the external 
rotational and translational contributions to the fre- 
quency factor of the polymeric radical and TS are 
negligible as compared with those of the monomer. This 
result thus supports the idea that the rate coefficient 
for the first propagation step (kP1) is larger than that 
for the propagation of polymeric radicals This 
will, however, be less than the factor of 25 because, as 
was shown, the “macroradical” based on the ethyl 
radical is not yet a good model for the polymeric radical. 
Many frequencies and rotational constants will be 
slightly lowered, which leads to a partial compensation 
of the overall “loss” factor. A better estimate for the 
difference between k, and kP1 obtained as a consequence 
of the change in frequency factors is the difference 
between the results for the “macroheptyl” and the ethyl 
radical additions, which gives kPi 10 x k, (see Tables 
7 and 8). 

Activation Energies. In the previous sections, 
attention was paid to the frequency factor for the 
propagation rate coefficient and it was concluded that 
the use of the relatively simple HF/3-21G level of 
quantum chemical theory is sufficient for its determi- 
nation to  reasonable accuracy. This, however, is not the 
case for the activation energy of the reaction, which is 
the other component of the propagation rate coefficient. 
High-level calculations have to  be performed in order 
to obtain accurate relative energies of the reactants and 
transition Activation energies obtained at the 
Hartree-Fock level of theory may not be reliable 
because the effect of electron correlation in calculating 
reaction barriers is generally important. In addition, 
the consequence of so-called spin contamination can be 
damaging.34 We find that the activation energy for the 
addition of the ethyl radical to ethylene increases from 
37.3 to 51.1 k J  mol-l upon increasing the basis set from 
3-21G to 6-31G” at the HF level of theory. Extending 
the basis set should give better and more reliable 
results, but the value of 51.1 k J  mol-l is in fact further 
removed from the experimental activation energy1* of 
30.5 k J  mol-I. Thus one should be extremely careful 
when interpreting calculated activation energies, espe- 
cially in the case of simple-level calculations, which 
might give the correct barrier fortuitously, as reported 
for the addition of the methyl radical to ethylene at the 
HF/3-21G level of theory.I6 

It has been f o ~ n d ~ ~ $ ~ ~  that the QCISD(T)/6-311G** 
level of theory predicts a reasonably accurate barrier 
for the addition of the methyl radical to ethylene, and 
calculations a t  this level have been performed here in 
an attempt to obtain reliable activation energies for the 
ethyl radical to ethylene addition. Details of these 
calculations will be reported elsewherez3 and only the 
most important results will be given here. The zero- 
point vibrational energy (ZPVE) correction was calcu- 
lated a t  the HF/6-31G* level of theory as were the 
temperature corrections (i.e., the second term in eq 4), 
using a scaling factor of 0.9135 for the HF/6-31G* 
Z P V E S . ~ ~ , ~ ~  A value of 30.9 k J  mol-l was obtained for 
the critical energy EO at the QCISD(T)/6-311G**//6-31G* 
level of theory. After applying a temperature correction 
(+RT) to  323 K (+1.8 k J  mol-’), an activation energy 
of 32.7 kJ  mol-l was obtained. This value is in good 

Implications of the Theory 
The calculations performed in this study give consid- 

erable physical insight into the factors that influence 
the propagation event. In this light, the propagation 
of ethylene may be considered as a homopropagation 
reaction in which there are no substituent effects, and 
it is interesting to  discuss in what way substituents (i.e., 
different monomers) can affect the frequency factor of 
the propagation reaction. As has been shown, the most 
important terms in the frequency factor to be considered 
here are the translational and rotational terms (par- 
ticularly the internal rotations), the vibrational term 
being more or less a constant of order unity. For 
macroradicals, the translational and external rotational 
terms are solely due to the monomer and can be easily 
determined. The translational term is only dependent 
on the mass of the monomer and the external rotational 
term only on the mass and shape (moments of inertia) 
of the monomer. We have already seen how a consid- 
eration of the translational and rotational terms pro- 
vides a rationalization of kpi > k,. 

In the reacting radical and transition state, the 
partition functions for the internal rotations are deter- 
mined by the geometry of the molecule and the barriers 
to rotation. Different conformations of the reacting 
molecule could have different barriers to rotation for 
corresponding internal rotations and hence lead to  
different values for the frequency factors. This is in line 
with the observation made for the propagating methyl 
methacrylate radical, where it was found that syndio- 
tactic addition is favored over isotactic addition.36 The 
important transitional modes arising as internal rota- 
tions will be less hindered for the syndiotactic orienta- 
tion as compared with the isotactic orientation. Another 
example in the literature that can be explained with 
our model is the difference found between the k, values 
of cis- and trans-4-tert-butylcyclohexyl methacrylate 
(BCHIVU),~~ the k, value for trans-BCHMA being higher 
than that for the cis isomer. Since it is not likely that 
there is a great difference in the respective activation 
energies, the main difference should arise from the 
frequency factors, which may be expected from the 
theory outlined in this paper. 

Having shown that the most important internal 
rotations are the rotations at the radical terminus (see 
Figure 41, we now note that the substituents in the last 
(terminal) unit and the second last (penultimate) unit 
can influence such rotations in both the macroradical 
and the transition state and so affect the frequency 
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factor. This result is very important in free-radical 
copolymerization, where there has been a considerable 
debate about penultimate unit effects,3s and it gives 
support to the existence of a significant penultimate unit 
effect. 39 

Futhermore, knowing that these internal rotations 
govern the frequency factor, the theory also explains the 
increased propagation rates found upon deuteration of 
 monomer^.^^,^^ Due to a higher mass, the moments of 
inertia of the internal rotations will increase and hence 
the rotational partition functions for both the TS and 
the reactants will increase. The TS is found to be 
affected more, leading to a higher frequency factor. The 
calculation of the frequency factor for the addition of 
deuterated heptyl radical to deuterated ethylene con- 
firms this: the frequency factor increases by about 16%, 
which is of the same order of magnitude as observed 
for the rate enhancements found in the styreneldeuter- 
ated styrene (28%I4O and methyl methacrylate/deuter- 
ated methyl methacrylate (28%I4l systems. 

Our analysis suggests that it should be possible to 
predict that k, value for a specific monomer if the k, 
value for an electronically similar monomer (e.g., ethyl 
acrylate is considered to be electronically similar to 
methyl acrylate, and ethyl methacrylate to methyl 
methacrylate) has been measured accurately, simply by 
considering the differences in rotational and transla- 
tional contributions to the frequency factor. 

A last implication is that by calculating the frequency 
factor with the relatively simple HF/3-2 1G procedure, 
one should be able to estimate the activation energy for 
a specific propagation reaction if the experimental value 
of k, is available at a known temperature. 

Sensitivity Analysis of the Model 
In the previous sections, we discussed the model that 

we have used to estimate the frequency factor of 
propagation reactions in free-radical polymerizations. 
It was shown that the molecular properties obtained 
from quantum chemical calculations that influence the 
calculated frequency factors are (i) the rotational con- 
stants corresponding to both internal and external 
rotations, (ii) the frequencies of the vibrational modes, 
and (iii) the low-frequency vibrations and torsions. It 
is of interest to examine the sensitivity of the calculated 
frequency factors to the accuracy of the calculation of 
these properties and/or the assumptions in our model. 

First we examine the sensitivity with respect to the 
calculated rotational constants. These depend on the 
optimized geometry of the molecule, which in turn 
depends on the level of theory that is used. Comparison 
of the rotational constants for the internal rotations at 
the levels of theory that we have used in this study 
indicates that the differences between the different 
levels of theory are generally smaller than 3%, which 
leads to differences in the frequency factor of less than 
5%. To explore this further, we considered two “worst 
case scenarios” for the addition of the ethyl radical to 
ethylene in which we decreased or increased the rota- 
tional constants by 10% (i.e., three times more than the 
observed differences at the three levels of theory). In 
the case where we increased the rotational constants 
in the TS by 10% and decreased the rotational constants 
in the ethyl radical by lo%, a decrease in the frequency 
factor of 15% was found (at 323 K, HF13-21G). With 
the opposite changes, the frequency factor was increased 
by 15% (at 323 K, HF/3-21G). 

For the external rotations, the products of the three 
principal rotational constants at the levels of theory 

0 7  o a  0 9  10 1 1  1 2  1 3  

Scaling Factor 

Figure 5. Dependence of the calculated frequency factor on 
the scaling factor for the theoretical frequencies at the HF/3- 
21G level of theory (323 K): (-1 ethyl radical addition; (- - -1 
butyl radical addition; (.-) heptyl radical addition. 

Table 9. Comparison of Calculated Frequency Factors 
(10’ dm3 mol-’ 8-9 for n-Alkyl Radical Additions to 
Ethylene Using the Harmonic Oscillator, Hindered 

Rotor, and Free Rotor Approximations for the 
Low-Frequency Torsional Modes or Using Only the Five 

Real Transitional Modes of the Transition States 
frequency factop 

harmonic hindered free transitional 
oscillator rotor rotor modes 

ethyl 3.0 17.2 24.9 12.9 

n-pentyl 3.3 7.9 15.2 4.9 

n-heptyl 3.3 4.3 10.0 

n-propyl 3.3 8.7 16.5 7.1 
n-butyl 3.3 9.8 18.3 6.1 

n-hexyl 3.3 6.3 11.7 

a At 323 K. HF/3-21G. 

used lie typically within 3% of one another, which leads 
to differences in overall contributions to the frequency 
factor of less than 5%. Again, the two worst case 
scenarios we considered involve a 10% change in op- 
posite directions for the TS and reactants. This leads 
to an increase in the frequency factor of 16% in one case 
and a decrease of 14% in the other case. Hence, we may 
conclude for both the internal and external rotations 
that the effects of errors in the rotational constants on 
the calculated frequency factors are very small. 

Next, we examine the sensitivity with respect to the 
accuracy of our calculated vibrational frequencies. This 
is done by calculating the frequency factors for the 
addition of n-alkyl radicals to ethylene using scaling 
factors ranging from 0.70 to 1.30 (i.e., corresponding to 
underestimation and substantial overestimation of the 
frequencies). In Figure 5, the scaling factor dependence 
of the frequency factor is shown for the addition of the 
ethyl, butyl, and heptyl radicals and it can be seen that 
the frequency factor increases by a factor of 3 after 
scaling by the unlikely low value of 0.70. Using a 
scaling factor of 1.3 halves the frequency factors. 

Next, we examine the effect of treating the three 
important low-frequency torsional modes (i.e., the meth- 
ylene torsion in the radical and the ethylene and 
propylene torsions in the TS) as harmonic oscillators, 
hindered rotors, and free rotors, successively. The 
results are shown in Table 9 and it can be seen that 
the hindered rotor treatment yields results that lie 
between the results obtained by the harmonic oscillator 
and free rotor treatments. 
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Finally, we examine the effect of the nontransitional 
modes on the frequency factor by omitting all but the 
five real transitional modes from the vibrational and 
internal rotational partition functions using the hin- 
dered rotor treatment for the ethylene torsion and the 
harmonic oscillator approximation for the other four 
modes. The results for the ethyl to pentyl radical 
additions to  ethylene are included in Table 9 and it can 
be seen that the contribution to the total frequency 
factor made by the nontransitional modes is between 3 
and 9 times smaller than the contribution made by the 
transitional modes. In the hexyl and heptyl radical 
cases, it is very difficult to identify the individual 
transitional modes with confidence, and hence these 
calculations have not been performed. 

It is apparent from the above discussion that the 
approximations in our calculations andor model lead 
to individual errors that are generally quite small. It 
is conceivable that these all act in the same direction, 
in which case they would lead to an overall error in the 
calculated frequency factor amounting to an order of 
magnitude or more. However, this is not particularly 
likely and we would conisder that a more realistic 
estimate of the uncertainty inherent in frequency factors 
predicted by the present model to be a factor of about 
1-4. For relative frequency factors, we expect the 
uncertainty to be significantly lower, as the uncer- 
tainties introduced in the model are of a systematic 
nature. 

Conclusions 
The theory presented in the current study yields 

frequency factors that are in reasonable agreement with 
experimental data in the literature, which indicates a 
satisfactory description of the physics of the propagation 
process. It is shown that a simple level of ab initio 
molecular orbital theory is sufficient for the prediction 
of the frequency factor, which makes it possible to use 
the theory for quite large monomers. The fundamental 
reason that satisfactory values of the frequency factor 
can be obtained at a simple level of ab initio molecular 
orbital theory is that the frequency factor is largely 
determined by the geometry of the rotating groups in 
the reactants and the transition state, and their respec- 
tive rotational potentials, which are known to be 
predicted quite reliably by relatively simple levels of 
theory. Although it is possible to calculate accurate 
activation energies for small systems, this requires a 
high level of ab initio theory and is not currently 
possible in practice for large monomer systems because 
of the computational resources that are required. 

Good insight is obtained into the factors that govern 
the frequency factor. By considering the important 
internal rotations, it is possible to explain several 
observations reported in the literature associated with 
substituent effects. The theory also suggests that the 
penultimate unit could significantly affect the frequency 
factor for the propagation reaction, giving support to the 
ideas of the penultimate unit effect in free-radical 
copolymerization. 

Finally, we note that the theory will allow an im- 
proved interpretation of experimental data and more 
soundly based predictions of the behavior of different 
monomers. 
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