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of the Termination Rate Coefficient for Disparate

Length Radicals in Acrylate Free Radical

Polymerization
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Summary: A method that utilizes reversible addition fragmentation chain transfer

(RAFT) chemistry is evaluated on a theoretical basis to deduce the termination rate

coefficient for disparate length radicals k
s;l
t in acrylate free radical polymerization,

where s and l represent the arbitrary yet disparate chain lengths from either a ‘‘short’’

or ‘‘long’’ RAFT distribution. The method is based on a previously developed method

for elucidation of ks;lt for the model monomer system styrene. The method was

expanded to account for intramolecular chain transfer (i.e., the formation of

mid-chain radicals via backbiting) and the free radical polymerization kinetic

parameters of methyl acrylate. Simulations show that the method’s predictive

capability is sensitive to the polymerization rate’s dependence on monomer con-

centration, i.e., the virtual monomer reaction order, which varies with the termin-

ation rate coefficient’s value and chain length dependence. However, attaining the

virtual monomer reaction order is a facile process and once known the method

developed here that accounts for mid-chain radicals and virtual monomer reaction

orders other than one seems robust enough to elucidate the chain length dependence

of k
s;l
t for the more complex acrylate free radical polymerization.
Keywords: backbiting; chain length dependent termination (CLDT); kinetics; reversible

addition fragmentation chain transfer (RAFT); simulations
Introduction

Free radical polymerization (FRP) is a facile,

cheap and often environmentally friendly

process (i.e., one that can occur at room

temperature and without solvent addition)

that is used to synthesize materials for

numerous applications, including adhe-

sives, coatings, contact lenses and dental

restorative materials.[1–4] In lieu of the

many current applications, market needs

continue to demand for more sophisticated
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materials for highly specific end-use appli-

cations. To this end, controlled/living FRP

techniques are being developed to generate

functional and complex molecular archi-

tectures, such as, block copolymers; core-

shell nanoparticles; branched structures;

and star and graft polymers.[5–13] However,

the ability to design novel materials and

control the polymerization depends on

a priori knowledge of the FRP rate

coefficients.

Of the three most important reaction

steps that constitute FRP, i.e., initiation,

propagation and termination, the termina-

tion process is the most complex. Much

work has been carried out to characterize

the termination rate coefficient (kt) and

how it depends on the polymerization
, Weinheim
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conditions, e.g., the temperature; pressure;

solvent concentration; reaction medium

viscosity and the growing radical’s

size.[14–26] Previously, the dependence of

the termination rate coefficient on the

radical’s size for equal size radicals, i.e.,

a, where kit / i�a and i represents the

average radical size when only one rever-

sible addition fragmentation chain transfer

(RAFT) distribution exists, was ascertained

utilizing RAFT chemistry.[19,25,27] This

method termed the RAFT chain length

dependent termination (RAFT–CLD–T)

method extracts the termination rate coef-

ficient as a function of chain length (kit)

from the on-line determination of the

polymerization rate as a function of time,

Rp(t), and hence, allows for access to kt’s

chain length dependency, i.e., the scaling

exponent a when the chain length depen-

dency follows a power law relationship.

The RAFT–CLD–T technique was

exemplified on styrene[25,27] and later

successfully mapped the chain length

dependence of kt for methyl acrylate

(MA),[28] butyl acrylate,[29] dodecyl acryl-

ate[30] and methyl methacrylate.[31] Addi-

tionally, the simultaneous dependence of kt

on radical size and monomer conversion

was mapped using the RAFT–CLD–T

methodology for MA[32] and vinyl acet-

ate.[33] Another accurate and reliable

method for accessing the chain length

dependence of the termination rate coeffi-

cient (i.e., a, where kit / i�a) is the non-

stationary single pulse–pulsed laser poly-

merization–RAFT (SP–PLP–RAFT) tech-

nique.[23,34]

Recently, a method for deducing the

chain length dependence of the termination

rate coefficient for both similar and dis-

parate size radicals, i.e., both a and w, where

ks;lt / (sl)�w/2, was introduced.[35] This

method is based on the original RAFT–

CLD–T method, which was modified for

the parallel polymerization of two RAFT

species of disparate average chain lengths, s

and l. The method was exemplified theore-

tically using styrene because its kinetic rate

coefficients and material properties are

well known and its polymerization kinetics
Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA
exhibit nominal chain transfer and other

interfering side reactions. The previously

published manuscript details a thorough

theoretical assessment of the method and

its ability to access kt’s chain length

dependence for both similar and disparate

size radicals (i.e., both a and w) for slowly

propagating monomers within reasonable

accuracy regardless of the input kinetic

parameters and/or the relationship

assumed for the termination rate coeffi-

cient’s chain length dependence.[35]

Acrylates are used extensively in indus-

try and complete characterization of their

FRP kinetics would be advantageous as is

evident from the numerous investigations

of acrylate kinetics found in the litera-

ture.[15,21–23,28–30,32,36–44] Testing the

method – at least theoretically – to

elucidate ks;lt for fast propagating monomers

such as acrylates is an interesting problem.

For one, acrylates undergo side reactions

such as inter- and intramolecular chain

transfer (i.e., chain transfer to polymer and

backbiting, respectively), and thus, whether

or not these side reactions will impact the

method’s ability to elucidate the termi-

nation kinetic coefficient from only the

polymerization rate data needs to be

examined.[2,45–49] Additionally, the RAFT–

CLD–T method relies on accurate on-

line determination of the polymerization

rate and – given their rapid polymerization

– acrylates seem as an attractive option for

experimental validation of this procedure.

Thus, the impact of fast propagation,

backbiting and mid-chain radical reactions

on the method’s ability to obtain accurately

the chain length dependence of kt for both

similar and disparate size radicals is

investigated with the goal of aiding the

experimentalist in choosing the optimum

polymerization system for validating the

recently introduced ks;lt methodology.
Model Development

The method presented here builds upon the

basic FRP reactions and the reactions that

constitute RAFT process, which have been
, Weinheim www.ms-journal.de
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detailed extensively in prior publications

and will not be reiterated here.[9,50] The

method is based on the direct measure-

ment of the polymerization rate as a func-

tion of time, Rp(t), which is given by

equation 1.

RpðtÞ ¼ � d M½ �
dt

¼ kp M½ � P�½ � (1)

Here, t is the polymerization time, [M] is

the monomer concentration, kp is the

propagation rate coefficient, and [P.] is

the propagating radical concentration. Rp

relates to the termination rate coefficient,

kt, via the well-known classical equations

for the initiation and termination rates and

the change in the radical concentration with

time to provide the following chain-length

averaged kt as a function of time, hkti(t).[30]

kth iðtÞ ¼
2fkd½I�0e�kdt �

d
RpðtÞ

k�p ½M�0�
Rt
0

RpðtÞdt

� �v

0
BB@

1
CCA

dt

2
RpðtÞ

k�p ½M�0�
Rt
0

RpðtÞdt

� �v

0
BB@

1
CCA

2

(2)

Here, kd is the initiator decomposition rate,

[I] is the initiator concentration and f is the

initiator efficiency. Note that no assump-

tion of a steady state radical concentration

is made. Additionally, the non-classical

relationship between Rp and the monomer

concentration due to the formation of less

reactive mid-chain radicals is accounted for

using equation 3, which introduces a

modified propagation rate coefficient, kp
�,

and the possibility of accounting for virtual

monomer reaction orders, v, other than

one.[30]

k�p ¼ kp M½ �1�v
0 (3)

The unique attributes of the RAFT

mediated FRP (i.e., a linear increase in

the average radical length (i) and a nearly

monodisperse radical chain length distribu-

tion (i � j) allows for the chain-length

averaged kt to be related directly to the
Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA
microscopic kit,
i at any point in time. Thus,

the chain length dependence of the termi-

nation rate coefficient for equal size

radicals, i.e., a (equation 4), is accessible

when Rp, the molecular weight distribution

(MWD) evolution and a value for the

termination rate coefficient for two unimers

(kt
1,1) is assumed.

ki;it ¼ k1;1
t ði � iÞ�a=2 (4)

To elucidate the chain length depen-

dence of the termination rate coefficient for

disparate average size radicals, i.e., w,

where ks;lt / (sl)�w/2, two RAFT distribu-

tions are generated by simulating the

reaction of a system comprised of mono-

mer, initiator, RAFT agent and a macro-

RAFT species of initial chain length greater

than one via implementing two complete

RAFT mediated FRP reactions into the

kinetic modeling program PREDICI1.[35,51]

Chains from different distributions are

denoted using the superscript s or l for

the ‘‘short’’ or ‘‘long’’ chain species, res-

pectively, for example, [Ps
i
.] represents a

radical concentration of arbitrary chain

length i from the distribution of ‘‘short’’

chains s. Thus, initiation, propagation, and

macroRAFT species generation as well as

termination occur for each distribution. In

addition, core equilibrium and termination

occurs between either the l or s chain

macroRAFT species and reactive radical,

respectively. Note that within a given

RAFT distribution the individual chain

lengths are denoted i and j and are assumed

to be approximately equivalent and chains

belonging to different distributions are

denoted s and l. Assuming that each RAFT

distribution is adequately represented by its

average chain length, the average termi-

nation rate coefficient is given by equation

5, i.e., the total termination rate divided

by the square of the total radical concen-

tration.[35]

kth i ¼ ks;s
t Ps�½ �2þ2ks;lt Ps�½ � Pl�½ � þ kl;lt Pl�½ �2

Ps�½ � þ Pl�½ �ð Þ2

(5)
, Weinheim www.ms-journal.de
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Table 1.
Input parameters used for the kinetic modelling of
the RAFT mediated acrylate FRP initiated with AIBN.a)

kadd
[30] kfrag/s

�1[30] kI
[30] kt0

[28]

1.4 � 106 1.0 � 105 1.57 � 103 1.0 � 109
kd/s

�1[28,52] kp
[53]b kp,rein

[28] f [32]

8.4 � 10�6 3.3 � 104 3.3 � 104 0.7
[MA]0

[28,53] [MCEPDA]0
[30] [AIBN]0

[32] T/8C
10.2 3.7 � 10�2 3.0 � 10�3 60

a) All rate coefficients are given in L mol�1 s�1 and all
concentrations are given in mol L�1 unless other-
wise indicated.

b Propagation rate coefficient here is for end chain
propagation only.
Here, [Ps
.] and [Pl

.] are the concentration of

‘‘short’’ and ‘‘long’’ radicals, respectively,

and the total termination rate (the numera-

tor) is equal to the sum of the termination

rate for chains of approximately identical

size (ss or ll) and disparate size (sl and ls).

When equal concentrations of reacting

species exist (i.e., [Ps
.]¼ [Pl

.]), equation 5

simplifies to equation 6.

kth i ¼ 1

4
ks;st þ 1

2
ks;lt þ 1

4
kl;lt (6)

Equal concentrations of reacting species

exist when equal concentrations of RAFT

agent (for the macroRAFT and initial

RAFT species) are employed resulting in

a simple relationship for the dependence of

ks;lt on the average termination rate coeffi-

cient kt for equal size radicals (equation 7).

ks;lt ¼ 2 kth i � 1

2
ks;st � 1

2
kl;lt (7)

To describe the termination rate coeffi-

cient’s dependence on chain length, the

geometric and harmonic means are

employed (equations 8 and 9).[35]

ks;lt ¼ kt0ðs � lÞ�’=2 (8)

ks;lt ¼ kt0
2s � l
sþ l

� ��’

(9)

The extent that the termination rate

coefficient depends on radical size for

similar size macroradicals (ss or ll), i.e.,

macroradicals associated with the same

macroRAFT distribution, is denoted a

and the extent that the termination rate

coefficient depends on radical size for

disparate size macroradicals (sl and ls),

i.e., macroradicals associated with different

macroRAFT distributions, is denoted w.

To summarize, the procedure for acces-

sing the extent that the termination rate

coefficient depends on disparate length

radicals, i.e., w, is as follows: (1) use the

RAFT-CLD-T method to determine the

chain length dependence for equal length

radicals terminating (i.e., a); (2) obtain a

prepolymerized macroRAFT species of

chain length greater than one; (3) monitor

the polymerization rate for the reaction

mixture containing the RAFT agent, initia-
Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA
tor, monomer and the prepolymerized

macroRAFT species; (4) determine kt
s,l

using the above methodology and a and

(5) elucidate wout via constructing a dou-

ble-log plot of equation 8 or 9 and obtaining

a best fit to the slope.
Model Parameters

The material properties and kinetic para-

meters for methyl acrylate (MA), the

initiator 2,2-azobisisobutyronitrile (AIBN)

and the RAFT agent methoxycarbony-

lethyl phenyldithioacetate[32] (MCEPDA)

are incorporated into the model (Table 1)

including the addition, fragmentation,

initiation and the initial termination rate

coefficients (kadd, kfrag, ki and kt0), along

with the initiator decomposition, propaga-

tion and reinitiation rate coefficients (kd, kp

and kp,rein) and the monomer, RAFT agent

and initiator concentrations at time zero.

For simplicity, the gel effect is not taken

into account. All simulations were carried

out using the program package PRE-

DICI1, version 6.36.1, on an Athlon 64

X2 Dual Core Processor 3800þ IBM-

compatible computer.

Results and Discussion

Accounting for fast propagation-

elucidation of kt for similar and disparate

size radicals

First, the impact of fast propagation (neg-

lecting intra-molecular chain transfer) on
, Weinheim www.ms-journal.de
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Table 2.
wout is presented as determined from the slope of the
best linear fit using the geometric mean to the
simulated data for the RAFT mediated MA polymer-
ization. Various chain lengths for the macroRAFT
species, iprepolymer, and input values for the scaling
exponent for equal a and disparate w size termination
are presented.

ain win iprepolymer Slope of best linear fit wout

0.16 0.16 32 �0.0860 0.172
0.16 0.16 56 �0.0839 0.168
0.16 0.16 82 �0.0873 0.175
0.4 0.4 32 �0.194 0.388
0.4 0.4 56 �0.160 0.320
0.4 0.4 82 �0.133 0.266
0.8 0.8 32 �0.372 0.744
0.8 0.8 56 �0.205 0.410
0.8 0.8 82 þ0.165 �0.330
the method’s ability to predict the termina-

tion rate coefficient’s dependence on both

similar and disparate size radicals is

investigated. To this end, the simultaneous

polymerization of two disparate length

RAFT distributions is simulated.

Figure 1 shows an example of a dou-

ble-log plot of equation 8 (i.e., the geo-

metric mean) where the slope yields S1/

2wout. The value of the slope provides direct
4.03.53.02.5
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0.0
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out
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Figure 1.

A double-log plot of ks;lt normalized by kt
1,1 vs. the

product of the log of each distribution’s average chain

length (sl) is presented for the simulated MA polymer-

ization for ain and win are equal to 0.16, 0.4, and 0.8.

The dashed line is the best linear fit; the slope of

which is equal to �1/2wout. The macroRAFT species

was prepolymerized to an initial average chain length

equal to 32. The fit is for �3% conversion after the

macroRAFT species is administered to approximately

85% conversion, which corresponds to the range that

the product of the disparate lengths increases linearly

with polymerization time.

Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA
feedback as to how accurately the method

predicts the chain length dependence of kt

for disparate size radicals since the input a

andw values (win) are known. One obvious

potential source of error lies in the use of an

average (geometric or harmonic) of each

distribution’s average chain length; how-

ever, using RAFT chemistry the polydis-

persity of the distribution can be mini-

mized. Additionally, this is currently the

only proposed method able to address this

complex problem of elucidation of the

chain length dependence of kt for both

similar and disparate size radicals. The

method predicts w more accurately

(win Swout¼W0.012, where, for the remain-

der of the manuscript, the subscripts in and

out are used to denote the model input

parameters and model output values,

respectively) when the termination rate

coefficient for both equal and disparate

length radicals depends less on the chain

lengths, i.e., ain and win, respectively, are

equal to either 0.16 or 0.4. When a higher

extent of chain length dependence is taken

into account (i.e., ain and win are equal to

0.8) the method predicts wout with less

accuracy (winSwout¼ 0.056). Tables 2

and 3 reveal that the method’s accuracy

decreases when greater extents of chain

length dependent termination are assumed.

Additionally, when greater extents of chain

length dependent termination are assumed,
Table 3.
wout is presented as determined from the slope of the
best linear fit using the harmonic mean to the
simulated data for the RAFT mediated MA polymer-
ization. Various chain lengths for the macroRAFT
species, iprepolymer, and input values for the scaling
exponent for equal a and disparate w size termination
are presented.

ain win iprepolymer Slope of best
linear fit

wout

0.16 0.16 32 �0.184 0.184
0.16 0.16 56 �0.176 0.176
0.16 0.16 82 �0.180 0.180
0.4 0.4 32 �0.314 0.314
0.4 0.4 56 �0.364 0.364
0.4 0.4 82 �0.300 0.300
0.8 0.8 32 �0.527 0.527
0.8 0.8 56 �0.486 0.486
0.8 0.8 82 �0.378 0.378

, Weinheim www.ms-journal.de
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Scheme 1.

Tertiary Radical Formation (Backbiting) and Mid-Chain Radical Propagation and Termination.
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Scheme 2.

Basic Reactions for Tertiary Radical Formation (Backbiting) and Mid-Chain Radical Propagation, Termination and

RAFT Equilibria.
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Table 4.
Backbiting and tertiary radical formation parameters necessary for the kinetic modelling of the RAFT mediated
acrylate FRP initiated with AIBN.a)

kbb/s
�1[30] kp,t

[30]
k
i;j
t;t
[30] k

i;j
t;tt

[30] kadd,t
[30] kfrag,t/s

�1[30]

1.623 � 103 55 1.0 � 108 1.0 � 107 1.4 � 106 1.0 � 105

a) All rate coefficients are given in L mol�1 s�1 and all concentrations are given in mol L�1 unless otherwise
indicated.
i.e., ain and win are equal to either 0.4 or 0.8,

the method’s accuracy also decreases with

increasing prepolymer chain length and the

harmonic mean is observed to more

accurately represents the data.

Accounting for Backbiting – Elucidation of

kt for Only Similar Size Radicals

To begin backbiting is accounted for via

inclusion of the reaction steps for tertiary

radical, Pi,t
., formation (Ia), propagation

(Ib) and termination (Ic and Id) into the

PREDICI1 simulation (see Scheme 1).

These reactions depend on the rate coeffi-

cients for backbiting, kbb, tertiary radical

propagation, kp,t and tertiary radical termi-

nation, which occurs either between two

tertiary radicals, ki;jt;tt, or between a mid-chain

and an end-chain radical, ki;jt;t, where the

moiety X represents the continuing chain.

Additionally, the model was expanded to

account for the reactions for the RAFT
Table 5.
v and aout are presented for various backbiting and term
simulation of the RAFT mediated MA polymerization. aou
equation 8 including data from 10 to 40 % conversion. Th
is shown.a)

kbb/s
�1[31] kt,t kt,tt

0 0 0
1.623 � 103 1.0 � 109 1.0 � 109
1.623 � 103 1.0 � 109 1.0 � 109
1.623 � 103 1.0 � 108 1.0 � 107
1.623 � 103 1.0 � 109 1.0 � 109
1.623 � 103 1.0 � 108 1.0 � 107
1.623 � 103 1.0 � 109 1.0 � 109
1.623 � 103 1.0 � 108 1.0 � 107
1.623 � 103 1.0 � 109 1.0 � 109
1.623 � 103 1.0 � 108 1.0 � 107

a)All rate coefficients are given in L mol�1 s�1 and all c
indicated.

Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA
equilibria of tertiary radicals (see Scheme 2).

The pre-equilibrium of a tertiary radical with

the initial RAFT agent (Ia) yields a macro-

RAFT species that is attached mid-chain.

Additionally, the core equilibrium, where

the macroRAFT species is formed from an

end-chain (Ib) or a mid-chain (Ic) radical, is

taken into account. The pre-equilibrium and

the core equilibrium are governed by kadd,t

and kfrag,t, respectively. All necessary para-

meters for the kinetic modelling of intramo-

lecular chain transfer are given in Table 4.

There are no kinetic parameters to date for

how backbiting occurs during the RAFT

mediated AIBN initiated methyl acrylate

polymerization, thus the kinetic parameters

for the RAFT mediated AIBN initiated

dodecyl acrylate FRP were used.

Accounting for mid-chain radical for-

mation has been shown to lead to virtual

monomer reaction orders (i.e., v) greater

than one.[44] Equation 10 depicts the
ination rate coefficients and ain values as predicted via

t is determined from the slope of a double-log plot of
e impact of different at, att, kt,t and kt,tt values on aout

at att ain/aout v

0 0 0.4/0.39 1.0
0 0 0.0/0.01 2.5
0 0 0.4/0.40 4.3
0 0 0.4/0.40 2.2
0 0 0.16/0.16 3.2
0 0 0.16/0.16 1.6
0.4 0 0.4/0.40 3.3
0.4 0 0.4/0.41 1.3
0.4 0.4 0.4/0.37 2.6
0.4 0.4 0.4/0.41 1.3

oncentrations are given in mol L�1 unless otherwise

, Weinheim www.ms-journal.de



Macromol. Symp. 2007, 248, 82–93 89

(IIe) Pi,t
s Pj,t

s+
kt,tt

s,s

(IIf) Pi,t
l Pj,t

l+
kt,tt

l,l

(IIg) Pi,t
s Pj,t

l+
kt,tt

s,l

II. TERTIARY RADICAL COMBINATION

Pi+j,t
s

Pi+j,t
l

Pi+j,t
s+l

Z

S S Pj,t
sPi,t

s

Pj,t
sPi,t

s(Ie)
Z

SS Pj,t
s

+
Pi,t

s S S

Z

kadd

kadd

kfrag

kfrag

Z

S S Pj,t
lPi,t

s

Pj,t
lPi,t

s(Ig)
Z

SS Pj,t
l Pi,t

s S S

Z
+

kadd

kadd

kfrag

kfrag

Z

S S Pj,t
lPi,t

l

Pj,t
l+Pi,t

l +(If)
Z

SS Pj,t
l

Pi,t
l S S

Z

+

+

I. RAFT EQUILIBRIA WITH TERTIARY RADICALS
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Scheme 3.

The Core Equilibrium and Termination Reactions for Two Simultaneous RAFT FRPs when Mid-Chain Radical

Formation and Subsequent Reactions are Taken into Account.
important components from the classical

polymerization rate equation that are

necessary to evaluate the relationship

between the polymerization rate, the

initiator and monomer concentrations and

the termination rate coefficient when the

assumption of a steady state radical con-

centration is made.

Rp � M½ �v I½ �
ki;i

t

 !0:5

(10)

Taking the logarithmic form of equation

10 and accounting for the chain length
Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA
dependence of kt results in an equation for

determination of v:

logðRpÞ � logð½I�1=2Þ � logðia=2Þ

¼ v logð½M�Þ (11)

The impact of the value and chain length

dependence of the kts that are introduced

when backbiting and mid-chain radicals are

accounted for (i.e., ki;jt;t, k
i;j
t;tt, a

t and att) on

the virtual monomer reaction order (v) was

investigated for the case that takes into

account only similar size radicals. Table 5

shows that a greater than classical mono-
, Weinheim www.ms-journal.de



Table 6.
wout is presented as determined from the slope of the best linear fit using the geometric mean to the simulated
data for the RAFT mediated MA polymerization. Various chain lengths for the macroRAFT species, iprepolymer, and
input values for the scaling exponent for equal a and disparate w size termination are presented. All termination
events involving mid-chain radicals are assumed chain length independent (i.e., at and att¼ 0).

ain win iprepolymer v Slope of best
linear fit

wout

0.16 0.16 32 1.2 �0.0835 0.167
0.16 0.16 56 1.2 �0.0807 0.161
0.16 0.16 82 1.2 �0.0793 0.159
0.4 0.4 32 1.5 �0.200 0.400
0.4 0.4 56 1.5 �0.201 0.402
0.4 0.4 82 1.5 �0.195 0.390
0.8 0.8 32 2.5 �0.419 0.838
0.8 0.8 56 2.5 �0.429 0.858
0.8 0.8 82 2.5 �0.451 0.902
mer reaction order (v¼ 1, classically) is

predicted when intramolecular chain trans-

fer is important. Additionally, v decreases

both when mid-chain radical termination is

slower than end-chain radical termination

(i.e., kt,tt
i,j< kt,t

i,j< kt
i,j ) and when mid-chain

radical termination is chain length depen-

dent (i.e., at and att are greater than zero).

Additionally, increasing ain (i.e., from 0.16

to 0.4) increases the polymerization rate’s

dependence on the monomer concentration

(v). Most importantly, Table 5 clearly

shows that when the data is carefully

analyzed (i.e., the virtual monomer reaction

order is ascertained) that the method

predicts accurately the extent that the

termination rate coefficient depends on

the radical’s chain length when backbiting

is accounted for. Thus, elucidation of the
Table 7.
wout is presented as determined from the slope of the be
data for the RAFT mediated MA polymerization. Various c
input values for the scaling exponent for equal a and disp
events involving mid-chain radicals are assumed chain

ain win iprepolymer

0.16 0.16 32
0.16 0.16 56
0.16 0.16 82
0.4 0.4 32
0.4 0.4 56
0.4 0.4 82
0.8 0.8 32
0.8 0.8 56
0.8 0.8 82

Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA
virtual monomer reaction order eliminates

the need to ascertain the adjustable back-

biting kinetic parameters.

Accounting for Backbiting - Elucidation of

kt for Disparate Size Radicals

Accessing the chain length dependence of

the termination rate coefficient for dispa-

rate length radicals is a process that is

significantly more complex when intramo-

lecular chain transfer occurs. For example,

two new termination rate coefficients (ki;jt;t

and ki;jt;tt) are accounted for that may differ

in value and chain length dependence from

conventional kt
i,j. To investigate the impact

of backbiting and tertiary radicals on the

method’s ability to predict the chain length

dependence of kt for disparate length radi-

cals, i.e., w, where ks;lt / (sl)�w/2, the method
st linear fit using the harmonic mean to the simulated
hain lengths for the macroRAFT species, iprepolymer, and
arate w size termination are presented. All termination
length independent (i.e., at and att¼ 0).

v Slope of best
linear fit

wout

1.2 �0.159 0.159
1.2 �0.150 0.150
1.2 �0.144 0.144
1.5 �0.397 0.397
1.5 �0.362 0.362
1.5 �0.352 0.352
2.5 �0.800 0.800
2.5 �0.784 0.784
2.5 �0.782 0.782
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was expanded to include the necessary

reactions for accounting for the core equili-

brium and termination events when two

RAFT distributions polymerize simulta-

neously (see Scheme 3). Elucidation of wout

when backbiting is important, first requires

determination of the virtual monomer

reaction order for the specific polymeriza-

tion condition.

Tables 6 and 7 present v as a function of

termination and show that v increases with

increasing chain length dependent termina-

tion, i.e., v is equal to 1.2, 1.5 and 2.5 when

ain and win are equal to 0.16, 0.4 and 0.8,

respectively. Additionally, when backbiting

and virtual monomer reaction orders

greater than one are accounted for, the

method predicts wout better than the

method that considers only fast propaga-

tion (see Tables 2 and 3).

Since the assumption that equal con-

centrations of reacting species is guaran-

teed via employing equal concentrations of

RAFT agents (and neglecting a potential

CLD of the RAFT equilibrium reactions)

the only other assumption that could cause

the model to inaccurately predict wout is the

assumption that each RAFT distribution is

represented adequately by its average chain

length. In fact, when backbiting is neglected

and fast propagation is accounted for, the

model predicts a more polydisperse ‘‘short’’

macroRAFT distribution that increases in

polydispersity when the termination rate

decreases more rapidly (i.e., with increasing

chain length dependence, the geometric

mean and greater radical size disparity

(s-l)). When backbiting is accounted for a

more monodisperse ‘‘short’’ macroRAFT

distribution is predicted and consequently

the method predicts more accurately wout.

In this context, it is important to note that

the macroRAFT distributions’ polydisper-

sity can be controlled via changing the

initiation conditions. Thus, when the data is

analyzed with extreme care and the reac-

tion thoroughly characterized (i.e., intra-

molecular chain transfer is accounted for

and v is determined), determining the

extent that the termination rate coefficient

depends on disparate size radicals for the
Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA
acrylate polymerization may be possible

using this methodology.
Conclusions

RAFT chemistry is used to elucidate the

extent that ks;lt depends on disparate length

radicals for the fast propagating acrylate

free radical polymerization, i.e., w. The

method builds upon a previously developed

method that is able to access ks;lt for the

model monomer system styrene. Applica-

tion of the method to the methyl acrylate

polymerization shows the importance of

considering intramolecular chain transfer

(backbiting and the subsequent mid-chain

radical reactions including RAFT equili-

bria). Accounting for intramolecular chain

transfer reveals that the method’s predic-

tive capability is sensitive to the polymer-

ization rate’s dependence on monomer

concentration, i.e., the virtual monomer

reaction order. Simulation is used to

illustrate that the virtual monomer reaction

order depends on the polymerization con-

ditions such as the termination rate coeffi-

cient’s value and chain length dependence.

Most significantly, knowledge of the virtual

monomer reaction order may indeed allow

for the accurate determination of the extent

that kt depends on radical size (both a and

w) for the acrylate FRP. Since the method

appears to be robust enough to handle

acrylate polymerizations, it is our recom-

mendation that the method be validated

experimentally; yet (based on this work) it

appears that experimental validation

should be carried out initially using a slowly

propagating monomer such as styrene to

avoid the more complex data analysis

necessary for some of the more reactive

monomers.
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