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Introduction

Chain transfer to monomer is an important mechanism in
free-radical polymerization. For styrene, there have been
careful measurements of the temperature dependence of the
value of the transfer constant to monomer,' but it is unclear
what the actual transfer reaction is. The structure of the
monomeric unit does not suggest hydrogen-atom abstraction
would be a favorable process, as there would be a significant
energetic penalty accompanying the loss of resonance
stabilization. It has been postulated® that chain transfer
actually takes place through hydrogen-atom abstraction from
the Diels—Alder dimer of styrene (denoted DA), which
possesses a labile hydrogen atom (Figure 1). The radical
formed through this reaction is highly stabilized. As a result,
chain transfer to DA could occur at an enhanced rate; the
modeling work of Pryor® indicated that at 333 K the transfer
rate coefficient to the DA was 5 orders of magnitude greater
than that for transfer to styrene. DA has been long regarded as
significant in styrene thermal initiation,* e.g., the thermal
initiation, with a third-order dependence on the monomer
concentration, and is attributed to reaction between a monomer
unit and a DA molecule to form two initiating radicals. This
postulate is supported by studies on thermal initiation of
styrene,”® and modeling suggests that the concentration of DA
is significant at elevated temperatures.’

The role of DA in chain transfer is less clear at common
polymerization temperatures of 40—90 °C. One particular
problem is evident in styrene emulsion polymerization. There
is convincing experimental evidence® supporting the assump-
tion that radical loss in relatively small particles (“zero—one”
systems) is by transfer to monomer (or monomer-like
species), with the resultant monomeric radical diffusing out
of the particle into the water phase. Unless the radical
resulting from transfer has water solubility commensurate
with that of styrene monomer, this radical-loss process could
not occur. However, it is likely that the water solubility of
DA is orders of magnitude less than that of styrene.® This
seems inconsistent with a transfer mechanism simply involv-
ing the formation of a DA radical. Given the good agreement
with experimental data®'®"'> for the transfer-diffusion'®'”
model for radical exit, which assumes desorption of a mono-
meric radical, agreement with a mechanism that involves a
significantly different radical would be at best fortuitous.

Postulated Transfer Mechanism
We here postulate an extension of the DA mechanism for
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transfer in styrene, with a fast step that includes the reaction
of the DA radical with another monomer unit, as shown in
Figure 2. This additional H-atom abstraction yields a true
monomeric styrene radical (capable of desorption) and a
resonance-stabilized dimer. If reactions 2 and 3 are rapid, then
the rate of transfer is that of transfer to dimer, but the exit of
this monomeric radical species still can occur in emulsion
polymerizations. This mechanism would reconcile the apparent
conflict between (i) transfer via DA and (ii) exit in emulsion
polymerization.

The likelihood of these reactions is explored here by
calculating the free energies of the processes.

Computational Chemistry Methods, Results and
Discussion

In the simulations of Pryor and Coco,? the limiting value of
the rate coefficient of transfer of reaction 2 (rate coefficient kypa)
at 323 K is kypa ~ 1300 M~! s71. This is appreciable for a
transfer reaction, so the assumption that reaction 2 is fast appears
valid. To check whether reaction 3 is also rapid, geometry
optimizations and single point energy calculations of reactants
and products were performed using GAUSSIAN 03'% to
determine the reaction enthalpy and free energy changes, AH
and AG, and thus the most likely reaction product on thermo-
dynamic grounds. By assumption of a significant free-energy
benefit and a product-like transition state, the reaction might
proceed quickly. While a more rigorous procedure would be a
full calculation of the free energy of the transition state, the
level of accuracy required for this type of free-radical reaction
is prohibitive.'%-*

Calculations were performed for a range of different levels
of complexity from the semiempirical PM3 approach®' to
Hartree—Fock and density functional methods using a basis
sets of varying size. Density functional methods such as the
B3LYP functional are a robust but economic method to
calculate accurate energies. The thermodynamic output from
these calculations is given in Table 1.

It can be seen that Product 1 is the most likely product of
reaction 3 on thermodynamic grounds; the calculated value of
AH converges toward a value of ~—25 to —28 kJ mol~! at the
highest levels of theory used, and the free energy change is
similar. The optimized geometry of product 1 is shown in Figure
3. The unpaired electron in the DA radical will be extensively
delocalized, and this delocalization will be maintained, and even
increased, in the transition state, thereby suggesting a low
activation energy for this transfer reaction.”> This and the
calculated enthalpy change are consistent with the assumption
that reaction 3 is rapid, allowing the generation of a monomeric
styrene radical capable of desorption in an emulsion polymer-
ization system.

Product 1 is formed only after H-atom rearrangement
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Figure 1. Formation of the Diels—Alder dimer (DA) of styrene and
the formation of a radical capable of chain initiation after hydrogen
atom abstraction.
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Figure 2. Postulated transfer to monomer reaction in styrene polymerization system. Several products of reaction 3 are shown, the most likely of

which on stabilization grounds is indicated.

Table 1. Calculated Enthalpy and Free Energy Change for
Reaction 3 (see Figure 2) at 298 K as the Level of Sophistication
of the Simulation is Changed®

product 1 product 2 product 3

level of theory AH AG AH AG AH AG
semiempirical
PM3 —-27.1 =277 —l16.1 —22.1 437 39.0
Hartree—Fock
UHF/3-21G 68.1 64.5 76.1 73.7 189.7 184.1
UHF/6—-31G 222 21.6 38.7 379 1446 140.1
density-functional
B3LYP/6—31G =277 —215 —8.6 —104 740 735
B3P86/6—31G —286 —274 86 9.0
B3LYP/6—311G  —25.6 —254 —99 —10.8

“ All quantities are in kJ mol~!.

following the abstraction process involving the monomer unit.
Normal mode analysis of the DA radical indicates three low
frequency (<200 cm™!) vibrational modes that are mainly
torsional modes of the fused rings with extensive movement
of H atoms. Animations of these modes are available in the
Supporting Information. This suggests a loose structure that
is likely to lose a hydrogen atom and undergo rearrangement
readily; a possible rearrangement mechanism is given in Fig-
ure 4.

This mechanism has some important implications. First,
assuming the transfer mechanism postulated in Figure 2, the
steady-state approximation can be used to yield an expression
for the concentration of the Diels—Alder dimer, which suggests
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Figure 3. Optimized geometry of product 1 from reaction 3: transfer
of radical activity from the Diels—Alder dimer radical to yield a closed-
shell species.

that [DA] ~ K[M]?> where K = equilibrium constant for
dimerization and [M] = monomer concentration. In the mea-
surement of “apparent” transfer constants (Cy*PP**™) through
means such as the InP? and Mayo23 methods, there will be a
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Figure 4. Postulated rearrangement reaction to yield product 1 after
initial H-atom abstraction from the DA radical.

term that is directly proportional to [M]; thus it is predicted
that the value of C,Paent will decrease as a function of
conversion in the polymerization of styrene as monomer
concentration is depleted.

Second, the assumption that chain transfer takes place through
the DA species can be included in the extended Smith—Ewart
equations in the “zero—one” kinetic limit>*?> that describe the
behavior of relatively small polystyrene latexes, where radical
exit is an important mechanistic event. The pseudofirst order
rate of chain transfer is now kypa[DA] as opposed to k,[M];
however, it is this product that is in fact obtained from apparent
transfer constants as used in the data interpretation leading to
the mechanism for exit. Assuming “Limit 2a” kinetics (whereby
an exited radical will re-enter another particle as opposed to
undergoing termination in the aqueous phase, a process verified
through experiment® and modeling®**® of styrene emulsion
systems) yields the following expression for the overall exit
rate coefficient k:

k= kypa[DATK gy _ kipAKM]k gy

1 1
kP CP kp

e))

where kqv = desorption rate coefficient of a monomeric radical
from the particle interior into the aqueous phase and k,' =
propagation rate coefficient of a monomeric radical. This
expression naturally has a similar functional form to the
expression derived previously;** one point of difference however
is that eq 1 is now a function of [M], which is particle-size
dependent.?”-*® This may be an important consideration for exit
from very small latexes where [M] is not constant as a function
of particle size.

Attempts to detect the various intermediates, such as
product 1 and dependence of the apparent transfer constant
on [M], would support or refute the new mechanism proposed
to reconcile the apparent inconsistency between transfer in
styrene and exit in emulsion polymerization.
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Supporting Information Available: Animations (as .avi
files) of the vibrational modes corresponding to vibrations at
150, 166, and 272 cm™! for the DA radical as determined at the
B3LYP/6—31G level of theory. This material is available free
of charge via the Internet at http://pubs.acs.org.
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