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ABSTRACT: The termination rate coefficient,kt
i,i, for propagating chains of near equal length,i, was evaluated

using the RAFT-CLD-T method over a wide range of chain lengths and up to a conversion of 70% for MMA
polymerizations carried out in the presence of the RAFT agent, CPDB, at 80°C. We found that the conversion
for the gel onset corresponded to the conversion at which polymer chains begin to overlap (i.e.,c*), and was
found to range from 15 to 30% conversion depending on theMn. It was further shown thatc* also corresponded
with the gel onset conversions for vinyl acetate and methyl acrylate. The chain length dependence ofkt in the gel
regime scaled asRgel(x) ) 1.8x + 0.056, suggesting that reptation alone does not play a role in our system. A
composite model was then derived to accurately describekt

i,i for chain lengths up to 3200 and conversions up to
70%. Thekt

i,i profiles for well-known termination models were tested and most gave unsatisfactory agreement
with our experiments. Our model can be readily applied to any monomer provided accuratekt

i,i(x) data can be
determined.

Introduction

The gel effect observed in free-radical polymerization (FRP)
has been intensively investigated since the original observations
by Schultz1 and Trommsdorf.2 The onset of the gel effect is
observed from the sudden rise in the rate of polymerization (Rp)
as a result of an increased propagating radical concentration
due to the decreased average termination rate coefficient,〈kt〉.
The slow rate for the diffusion of the polymeric radicals to
terminate with each other has been used to explain this
phenomenon.3,4 Diffusion is dependent on many factors such
as solution viscosity,5 chain length,6 polymer coil dimensions,7

polymer-solvent interactions,8 and intra- and intermolecular
interactions between polymer chains.9 In this study, we address
an important question: Is the gel onset controlled by physical
interactions between the polymer radicals and the polymer
matrix, and can this be quantified and incorporated into a kinetic
termination model?

Most termination models to date have been based on broad
radical chain length distributions, and have determined the
termination coefficient (kt

i,j) between two radicals of different
chain lengths,i and j, from an average ofkt

i,i and kt
j,j. The

problem with all these model approaches is that accurate
determination ofkt

i,i andkt
j,j and their dependence on conversion

(see eq 1)10 cannot be accurately obtained, and thus adjustable
parameters are used in the models to provide a fit with
experimental rate and molecular weight data. In addition, the

change over from dilute to the gel regime (i.e., the onset of the
gel effect) in most models is based on empirical data rather
than any physical representation.

Equation 1 evaluateskt
i,i using kt

1,1 (the termination rate
coefficient between two monomeric radicals) andR, which
relates the dependence of chain length to termination. This chain
length dependence has previously been evaluated using a variety
of experimental, theoretical and model dependent procedures.11

Recently, the model independent reversible addition-
fragmentation chain transfer CLD termination (RAFT-CLD-
T) method introduced by Barner-Kowollik and co-workers12 has
allowed the accurate determination ofkt

i,i (and potentiallykt
i,j)13

values for a variety of polymers over a wide range of chain
lengths by combining accurateRp measurements with eq 214

and evaluating the evolution of molecular weight,Mn, with
conversion,x, according either to the theoretical molecular
weight evolution described by eq 3,15 or through the experi-
mentalMn data.
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where [M]0 is the initial monomer concentration,x is fractional
monomer conversion to polymer, [RAFT]0 is the initial RAFT
agent concentration, [RAFT]x is RAFT agent concentration at
x, a is the mode of termination (a equals 1 for termination by
combination and 2 for disproportionation), [I]0 is the initial
initiator concentration, [I]x is initiator concentration atx, kd is
the initiator decomposition rate coefficient,kp is the propagation
rate coefficient, andf is the initiator efficiency.

The RAFT-CLD-T method has since been applied to a
range of monomer systems, including various acrylates16-18 and
vinyl acetate.19 In addition, we have recently shown that for
methyl methacrylate (MMA) polymerizations in dilute solutions
(i.e., below the onset of the gel effect) using the RAFT-CLD-T
method,20 thekt

i,i data fit a composite model describing “short”
chain length and “long” chain length regimes in agreement with
earlier studies.21 The value ofR in the “short” region,RS (when
i < 100, below the crossover point from short to long
termination,iSL), was equal to 0.65, and for chains greater than
100, a value of 0.15 forRL was determined. In a further
refinement, Barner-Kowollik and co-workers have used the
RAFT-CLD-T method to determinekt

i,i for methyl acrylate22

and vinyl acetate19 up to 80% conversion, in which the gel effect
is not as pronounced as for MMA. Thekt

i,i values reported in
these studies support the widely accepted view thatkt scales
according to two major regimes up to 80% conversion; the dilute
solution and gel regimes, where chain length dependent
exponents greater than 1 are common in the gel regime.
However, the problem remains that no physical model has yet
adequately described the transition between these regimes (i.e.,
the gel onset). Among the many physical representations used
to describe the gel onset, the following two have been the most
widely employed and debated: (1) overlap of the polymer chains
and the onset of entanglements,23 and (2) restricted mobility of
the polymer chains due to a decreased free volume.24 Studies
using conventional FRP have attempted to find some distinct
correlation between the gel onset and these two physical
models,25 but none have to date proven successful.

In this work, we use the RAFT-CLD-T method for bulk
MMA polymerizations to explore the physical polymer interac-
tions at the gel onset. MMA was chosen since there is a
pronounced polymerization rate increase in the gel regime, and
as such is an ideal model system to explore the physical aspects
of polymer interactions in the gel. The chain length dependent
termination coefficient,kt

i,i, over a wide range of chain lengths
up to 70% conversion will be evaluated, and will be compared
with various models in the literature. We will then provide a
semiempirical model based on polymer interactions at the gel
onset to be used in the future to predict “living” and conventional
free-radical polymerizations over the full conversion range.26

We have not determinedkt
i,i in the glass regime because many

of the parameters (e.g.,kp, f, kd) that are used in eq 2 are no
longer considered constant.

Experimental Section

Chemicals. Methyl methacrylate (MMA, 99%, Aldrich) was
purified by filtration through basic alumina (70-230 mesh) to
remove inhibitors prior to use. 2,2- azobis (isobutyronitrile) (AIBN,
99%, DuPont) was purified by recrystallization from methanol.
2-Cyanoprop-2-yl dithiobenzoate (CPDB) was prepared according
to the literature procedure.20

A Typical Procedure for the RAFT Polymerization of MMA.
MMA monomer (2 mL, 9.34 mol/L), AIBN (0.00067 g, 2.01 mmol/
L), and CPDB (0.00440 g, 9.93 mmol/L) were added to a reaction
vessel, degassed by four successive freeze-pump-thaw cycles, and
polymerized at 80°C. Conversion was measured gravimetrically

by drying the samples in a vacuum oven at ambient temperature
until at constant weight, and the molecular weight distribution was
determined by size exclusion chromatography.

A Typical Differential Scanning Calorimetry (DSC) RAFT
Polymerization of MMA. DSC polymerizations were all performed
in duplicate. MMA monomer (2 mL, 9.34 M), AIBN (0.00067 g,
2.01 mM), and CPDB (0.00440 g, 9.93 mM) were added to a
reaction vessel, degassed by four successive freeze-pump-thaw
cycles and transferred into gastight DSC pans in a glove bag under
nitrogen. The sample weights in the DSC pans ranged between 30
and 60 mg. (The weight in the DSC pans was measured by mass
difference between empty and full.) The polymerizations were
carried out isothermally at 80°C, and the heat of polymerization
measured by comparing the heat flow from the polymerization pan
and an empty pan on a Perkin-Elmer DSC 7 with a TAC 7/DX
thermal analysis instrument controller. The DSC instrument was
calibrated with a standard indium sample of known mass, melting
point temperature and associated enthalpy change. The rate of
polymerization (Rp) and monomer conversions (x) were calculated
using literature values for the heat of polymerization of MMA (∆Hp

) -52.8 kJ mol-1).27

Size Exclusion Chromatography.Size exclusion chromatog-
raphy (SEC) measurements were performed using a Waters Alliance
2690 Separations Module equipped with an autosampler, column
heater, differential refractive index detector and a photodiode array
(PDA) connected in series. HPLC grade tetrahydrofuran was used
as eluent at a flow rate of 1 mL min-1. The columns consisted of
three 7.8× 300 mm Waters Styragel GPC columns connected in
series, comprising 2 linear UltraStyragel and one Styragel HR3
columns. Polymethyl methacrylate standards ranging from 2000000
to 540 g mol-1 were used for calibration.

Calculation Methods.The three-dimensional surface fitting was
performed on experimental logkt vs log i vs x data using the
software package TableCurve 3D. The individual effects of chain
length and conversion on termination at conversions beyond the
gel effect were subsequently separated by extraction of logkt

profiles at stationary values of eitheri, or x.22

Results and Discussion

The RAFT agent, CPDB, gave reasonable control ofMn and
polydispersity (PDI) for the living radical polymerization of
MMA (see “Supporting Information”) and thus provides an
appropriate means for evaluating the chain length dependent
termination rate coefficientkt

i,i for this monomer.20 The effect
of increasing the CPDB concentration up to 20 mM on the rate
of polymerization of MMA in bulk at 80°C is given in Figure
1. In all polymerizations, the AIBN concentration was kept
constant (see Table 2 for experimental conditions). The conver-

Figure 1. Fractional monomer conversion vs time profiles for the
cyanoisoprop-2-yl dithiobenzoate (CPDB) mediated polymerization of
methyl methacrylate (MMA, 9.34 M) at 80°C using azobis(isobuty-
ronitrile) (AIBN, ∼2 mM). The concentrations of CPDB used are (a)
0, (b) 2.13, (c) 4.98, (d) 9.93, and (e) 19.9 mM. Inset: (f) 54.4 mM
CPDB, and 8.83 mM AIBN mediated bulk polymerization of MMA
(9.34 M) at 80°C.
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sion (x) vs time profiles for all polymerizations were similar
up to 2500 s and approximately 20% conversion. This result
supports the argument that CPDB does not retard or influence
the polymerization rate28 through either intermediate radical
termination15,29-32 or slow fragmentation,33-35 and allows for a
quantitative analysis ofkt

i,i to be obtained. At times greater than
2500 s (or>20% conversion) there was a dramatic increase in
Rp, characteristic of the onset of the gel effect, which is most
clearly observed for the polymerization without CPDB. The
point at whichRp increased is denoted as the gel onset (xgel-onset),
and from Figure 1 it was found that at higher concentrations of
CPDB, xgel-onset increased to greater conversions and polym-
erization times.

Time-dependent termination rate coefficients,〈kt〉(t), were
calculated from accurateRp data according to eq 2 and using
the parameters given in Table 1. A three-dimensional plot of
log kt

i,i as a function of both conversion and chain lengthi was
constructed and fitted with a surface function (Figure 2). The
Fourier series polynomial surface function (see “Supporting
Material” ) gave an excellent fit to the data with a correlation
coefficient close to 1 (r2 > 0.99). Under dilute conditions (below
20% conversion)kt

i,i was only slightly dependent onx for chain
lengths obtained between 10 and 1000. The graph showed that
both chain length and conversion influencedkt

i,i; the greater
the chain length or conversion the lower the value ofkt

i,i. A
more detailed discussion of the dependencies ofkt

i,i on conver-
sion andi will be given below. The graph also showed that the
kt

i,i topology decreased rapidly after approximately 20% conver-
sion for chain lengths of approximately 1000, and approximately
50% conversion for chain lengths of approximately 10.

Determination ofxgel-onsetfor each experiment was evaluated
according to two methods. Method 1 used the initial change in
linearity observed in the plot of logkt

i,i Vs log x, and method 2
evaluatedxgel-onset as the conversion at which the dilute and
gel regions intersected (see Figure 3). Table 2 gives the values
of xgel-onset determined from both methods, and the functions
with respect toMn are given in eq 4, parts a and b. These
relationships show that the conversion for the gel onset
decreased asMn increased, suggesting that when targeting higher
molecular weights in a RAFT polymerization faster rates of
polymerization will be observed, which is consistent with
previous findings36 and the data presented in Figure 2.

There has been rigorous debate in definingxgel-onsetin terms
of a physical model. Trommsdorf2 suggested that the gel onset
was the result of large changes in the bulk solution viscosity,
causing a sudden and significant reduction in diffusion of
polymeric radicals. However, after comparison of the polym-
erization kinetics for different acrylates and methacrylates, a
number of groups concluded that bulk viscosity changes alone
did not provide an adequate explanation for the rate determining
factor in termination.37,38

Balke and Hamielec24 proposed free volume to explain the
onset of the gel effect, based on Mita and Kambe’s39 successful
description of the “glass” effect using free volume theory.
However, free volume theory does not account for chain length
effects. Around the same time, O’Driscoll23,40,41proposed that
the gel onset coincided with the formation of chain entangle-
ments.42-45 Following from this concept, Turner et al.8,46-49

suggested thatxgel-onsetcould be identified with polymer chain
overlap (c*), a concept that was also proposed by Tulig and
Tirrell.50,51 For example, exponent values determined for
conventional FRP include-0.24,50 ∼0.325,47 0.29,25 and
-0.5,52,53which are in general agreement with our observations
(eq 4, parts a and b). Cotton et al.54 suggested that in factc*
was not a sharp transition but gradually changed since the radius
of gyration (Rg) was not constant under dilute conditions. They
therefore suggested thatc* falls between an upper (eq 5a) and
lower (eq 5b) limit.54

Table 1. Kinetics Parameters Used for Analysis ofkt
i,i from the

RAFT-Mediated Polymerization of Methyl Methacrylate (MMA) at
80 °C in Bulk, Initiated with Azobis(isobutyronitrile) (AIBN) in the

Presence of Cyanoisoprop-2-yl Dithiobenzoate (CPDB)

T (°C) kp (L mol-1 s-1) kd (s-1) f ∆Hp (kJ mol-1)

80 133278 1.1× 10-4 16 0.7079 -52.827

Table 2. Determination of the Conversion (x) and Mn at the Onset of
the Gel Effect for the Bulk Polymerization of Methyl Methacrylate
(MMA) at 80 °C, Initiated with Azobis(isobutyronitrile) (AIBN) in

the Presence of Cyanoisoprop-2-yl Dithiobenzoate (CPDB)

method 1 method 2

expt
[CPDB]0

(mM)
[AIBN] 0

(mM) xgel-onset Mn,gel-onset xgel-onset Mn,gel-onset

1 0 2.01
2 2.13 2.01 0.14 73 150 0.275 130 300
3 4.98 1.99 0.17 40 590 0.29 61 240
4 9.93 2.01 0.20 27 560 0.30 42 100
5 19.9 2.28 0.26 15 630 0.37 22 600
6 54.4 8.83 0.33 7020 0.43 10 310

xgel-onset(method 1)) 12.0Mn
-0.399 (4a)

xgel-onset(method 2)) 2.628Mn
-0.21 (4b)

Figure 2. Three-dimensional plot of the termination rate coefficients,
kt’s, for RAFT-mediated methyl methacrylate (MMA) polymerized in
bulk and in the presence of cyanoisoprop-2-yl dithiobenzoate (CPDB),
initiated with AIBN at 80 °C. The data was fit with a surface plot
using the TableCurve 3D software (r2 > 0.99). Drop lines indicate some
minor deviation from the surface fit function.

Figure 3. Determination of the gel onset conversion (xgel-onset) using
the initial change in slope ofkt

i,i (method 1) and the intersection between
dilute and gel regimes (method 2). This data was derived from the
surface function in Figure 2.
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whereNA is Avogadro’s constant. The radius of gyration,Rg,
may be calculated using55

where mw is the molecular weight of monomer,l the length
between two monomer units, andC∞ is the expansion factor.
This proposal is supported from our work (Figure 3) as shown
from the gradual changeover inkt

i,i over approximately 5%
conversion from dilute to gel regimes. Figure 4A compares the
theoretical profiles forc*min and c*max (calculated for MMA
using mw) 100.21 g mol-1, l ) 2 × 1.54 Å,56 andC∞ ) 756)
and the experimentalxgel-onsetcurves determined from methods
1 and 2 (see eq 4, parts a and b). There is excellent agreement
betweenxgel-onsetdetermined by method 1 andc*max (eq 5a) as
shown in curves a and d, respectively. Excellent agreement was
also found between the molecular weight power law dependence
of xgel-onset(proportional toMn

-0.399smethod 1, eq 4a) andc*
for MMA (proportional toMn

-0.37sTable 3).57

Subsequent analysis of thekt
i,i(x) data for methyl acrylate22

(MA) and vinyl acetate19 (VAc) polymerizations also showed
good agreement betweenc* (theory) andxgel-onsetdetermined
by method 1 (See “Supporting Material” for the figures forc*
for MA and VAc). Most encouraging was that the form of both
xgel-onsetandc*max curves for all monomers is similar.

TheMn’s determined experimentally for each polymerization
are also given in Figure 4B, which were in excellent agreement
with theory (usingCtr,RAFT ) 15.220). It can be seen that as the
targeted molecular weight (at 100% conversion) in a “living”
radical polymerization was decreased the onset of the gel effect
was extended to greater conversions. The data suggests that the
gel effect will be eliminated for short chains ofi < 30, and for
chain lengths greater than this value, a gel effect will always
occur regardless of the experimental conditions used. It should
be emphasized, however, that these observations do not indicate
that for all i > 30 the characteristic increase inRp associated
with the gel effect will be observed. AsRp is proportional to
〈kt〉-0.5 only a significant decrease in〈kt〉 will lead to an
observableRp increase. Hence, the bulk polymerization of MMA
(9.34 M) in the presence of 54.4 mM CPDB and 8.83 mM AIBN
at 80°C resulted in no observableRp increase (curve f, Figure
1), despite a clear decrease found in the〈kt

i,i〉 profile (curve e,
Figure 6). This last point is also consistent with the use of chain
transfer agents in conventional FRP to control the magnitude
of autoacceleration by decreasing〈Mn〉.58

In the gel regime, the effect ofkt
i,i as a function ofi at various

conversions was determined using the surface function obtained
from the fit in Figure 2. Figure 5 shows that althoughkt

i,i is
affected by chain length, a more pronounced effect comes from
the change in conversion. A chain length dependent power law
exponent,Rgel(x), is determined from the slope in the gel region,
and plotted as a function of conversion (see inset in Figure 5)
with the following linear relationship:

and can be combined with eq 1 to give

It has been claimed that diffusion in the gel regime is through
reptation with a dependence ofi-2 (Table 3).50,51,59From eq 7,
Rgel(x) will approach 2 only at limiting values ofx coinciding
with the glass regime. Inconsistencies have also been observed
between reptation and self-diffusion coefficients.60 It should be
noted that this does not mean that reptation does not occur but
that the polymeric radicals are additionally controlled by other
diffusion processes. Unfortunately, attempts to compareRgel(x)
with other theoretical models did not prove fruitful (see Table
3).

Given that no physical model is adequately able to describe
the gel regime, we developed a semiempirical model to describe
kt

i,i(x) both in the dilute and gel regimes using a similar
methodology to that recently described by Smith et al.21 We
previously found this approach effective in describingkt

i,i in
the dilute solution regime for MMA,20 but have in this work
extended the model to describe termination in the gel regime
up to the glass regime. To describekt

i,i(x) in these two regimes
the following expressions were used along with the parameters
given in Table 4.

Figure 4. Bulk polymerizations of methyl methacrylate (MMA, 9.34
M) at 80 °C using azobis(isobutyronitrile) (AIBN) in the presence of
cyanoisoprop-2-yl dithiobenzoate (CPDB). (A) Gel onset point (xgel-onset)
determined from methods 1 and 2, andc*max andc*min determined
from eq 5, parts a and b. (B)Mn vs conversion profiles. Curve a
represents the experimentalxgel-onsetdetermined by method 1, curve b
the experimentalxgel-onsetdetermined by method 2, curve c thec*min
determined using eq 5b, and curve d thec*max determined using eq 5a.
Polymerizations were carried out using the following CPDB concentra-
tions: (e) 2.13, (f) 4.98, (g) 9.93, (h) 19.9, and (i) 54.4 mM. The solid
lines representMn,theory using eq 3 andCtr,RAFT ) 15.2.20 The shaded
area (Figure 4A) represents the limits betweenc*min andc*max.

kt
i,i ∝ i -(1.8x + 0.056) (8)

c*max )
Mn

Rg
3NA

(5a)

c*min ) 3
4π

Mn

Rg
3NA

(5b)

Rg
2 )

C∞Mn l2

mw
(6)

Rgel(x) ) 1.8x + 0.056 (7)
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Dilute Solution Regime, for i < igel

Gel Regime, for i g igel

whereiSL represents the cross over chain length from short to
long in dilute solution,RS is the chain length dependent power
law exponent for short chains in dilute solution,RL is the chain
length dependent power law exponent for long chains in dilute
solution,20 and igel represents the cross over chain length from
dilute solution to the gel regime.

To validate this approach, model predictions were compared
to experimentally determinedkt

i,i profiles found for a series of
experiments describingkt

i,i over a wide range of chain lengths
and up to 70% conversion (Figure 6). Agreement between the
model and experiment was excellent for the entire conversion
range of 5-70% and for chain lengths of 10-3000. Initially,
the expression forxgel-onset (method 1, eq 4a) was used to
describeigel in the model and gave excellent agreement with
experimentalkt

i,i profiles. However, subsequent computational
kinetic simulations (not shown)26 indicated xgel-onset using
method 2 (eq 4b) was more accurate in fitting the rates of
polymerization and molecular weight data for both conventional
FRP and “living” radical polymerization up to high conversions.

A feature of this model is the gradual transition from dilute
solution to gel regimes through the implementation of conver-
sion dependent functions for bothigel-onset and Rgel(x). Our

model, therefore, presents an accurate fit of termination rate
coefficients as a function of both conversion and chain length.
Importantly, one of the main motivations for developing this
composite or semiempirical model strategy is its “universal”
nature. This model approach can be readily applied to any
monomer provided accuratekt

i,i(x) data can be accessed and
parameterskt

1,1, RS, iSL, RL, igel, andRgel(x) evaluated.
The elucidation ofkt

i,i profiles as a function of conversion
and chain length allow us to compare the various models
proposed in the literature to our experimental data. Most
termination models have been developed to describe broad
radical chain length distributions in conventional FRP, and have

Table 3. Theoretically Predicted and Experimentally Observed Scaling Laws for Poly(methyl Methacrylate) (PMMA)

quantity prediction ref found ref

bulk viscosity η(Θ) ∝ M0.5 80 η ∝ M0.68 81
dilute solutions η(good)∝ M0.8 80 η ∝ Mb, b ∼ 3.0-7.0 81

concentrated solutions η ∝ M3.0 82 Ds ∝ M-(2.02x + 0.664) 83
η ∝ M3.4 80

self diffusion Ds(bulk) ∝ M-2.0 82, 84, 85
(reptation) Ds(soln)∝ M-2.0c-7/4 82, 84, 85

overlap concentration c* ∝ M-0.5 86 c* ∝ M-0.37 57
(random coil) c* ∝ M-0.399 this work

radius of gyration Rg ∝ M0.5 55 Rg ∝ M0.56 87
(random coil)

correlation length ê ∝ M0 50
termination rate coeff kt ∝ M-1.5 88

(entangled melts)

Figure 5. log kt vs log i, profiles extracted from thekt
i,i(x) surface fit

function determined at (a) 20% conversion, (b) 40% conversion, (c)
50% conversion, and (d) 70% conversion.

for ix < iSL, kt
i,i ) kt

1,1ix
-RS (9)

for ix g iSL, kt
i,i ) kt

1,1iSL
RL-RSix

-RL (10)

for ix < iSL, kt
i,i ) kt

1,1igel
Rgel(x)-RSix

-Rgel(x) (11)

for ix g iSL, kt
i,i ) kt

1,1iSL
RL-RSigel

Rgel(x)-RLix
-Rgel(x) (12)

Table 4. Parameters Used in the “Composite” Model to Describe
kt

i,i(x) for the Polymerization of Methyl Methacrylate (MMA) at 80
°Ca

parameter value

kt
1,1 1.2× 109

RS 0.65
iSL 100
RL 0.15

igel
igel )

( x
2.628)

-1/0.21

mw
Rgel(x) Rgel(x) ) 1.8x + 0.056 (eq 7)

aValues were taken from this work and ref 20.

Figure 6. Comparison between “composite” model and experiment
for the change in〈kt

i,i〉 with i for bulk polymerizations of methyl
methacrylate (MMA) in the presence of cyanoisoprop-2-yl dithioben-
zoate (CPDB) initiated with azobis(isobutyronitrile) (AIBN) at 80°C.
Solid lines represent composite model. Key: (a) [CPDB]) 2.13 mM
and [AIBN] ) 2.01 mM; (b) [CPDB]) 4.98 mM and [AIBN]) 1.99
mM; (c) [CPDB] ) 9.93 mM and [AIBN]) 2.01 mM; (d) [CPDB])
19.9 m and [AIBN]) 2.28 mM; (e) [CPDB]) 54.4 mM and [AIBN]
) 8.83 mM.
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determined kt
i,j (for termination between two propagating

radicals of different chain lengthsi andj) from an average (via
either a geometric, harmonic or diffusion mean) ofkt

i,i andkt
j,j.

Obviously, as these models cannot directly accesskt
i,i or kt

j,j

they use adjustable parameters to provide a fit with their rate
and molecular weight data. These include approaches proposed
by Mahabadi and O’Driscoll,23,40,61-64 Gilbert and Russell,65-74

and Ross and Laurence75 as well as Peklak et al.76 (who studied
the RAFT-mediated polymerization of MMA in the gel regime).
The Supporting Information section briefly summarizes each
model and provides the relevant parameters used to compare
these approaches to our RAFT-mediated data.

Figure 7 shows the comparison between thekt
i,i(x) values

predicted by each of these models and thekt
i,i(x) values extracted

from the surface profile of Figure 2 for the RAFT-mediated
polymerization carried out using 50 mM RAFT agent at 80°C.
It should be noted that some parameters could not be obtained
at 80 °C, and therefore we may not have used the optimum
values. However, we believe that the variation in the parameters
would not significantly change the fit with the experimental
kt

i,i(x). While the model of Mahabadi and O’Driscoll provides
the best agreement withkt

i,i(x), all the models studied provide
less than satisfactory agreement particularly in the gel regime.
It is encouraging that the models of Gilbert and Russell and
Mahabadi and O’Driscoll were successful in predicting the dilute
regions of thekt

i,i(x) profile. Interestingly, both these approaches
use the Smoluchowski model in this region which has been
shown to agree with termination data for small radical reac-
tions.77

Conclusions

The termination rate coefficient,kt
i,i, for propagating chains

of near equal length,i, was evaluated using the RAFT-CLD-T
method over a wide range of chain lengths and up to a
conversion of 70% for MMA polymerizations carried out in
the presence of the RAFT agent, CPDB, at 80°C. We found
that the gel onset corresponded to the conversion at which chain
overlap occurred (i.e.,c*) and was found to range from 15 to
30% conversion depending on theMn. It was further shown
that c* also corresponded with the gel onset conversions for
vinyl acetate and methyl acrylate. The chain length dependence
of kt in the gel regime scaled asRgel(x) ) 1.8x + 0.056,
suggesting that reptation alone does not play a role in our

system. Using thekt dependencies for chain length and conver-
sion, we constructed a composite model to accurately describe
kt

i,i for chain lengths up to 3200 and conversions up to 70%.
As the RAFT-CLD-T method allows accuratekt

i,i to be
obtained, we compared these termination profiles with various
well-known termination models. While the model of Mahabadi
and O’Driscoll gave the best agreement withkt

i,i(x), all the
models studied proved less than satisfactory, particularly in the
gel regime. This model approach can be readily applied to any
monomer provided accuratekt

i,i(x) data can be accessed and
parameterskt

1,1, RS, iSL, RL, igel, andRgel(x) evaluated.
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