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ABSTRACT: A universal methodology to obtain the termination rate coefficients in free radical polymerization

as a function of conversion and chain length was

used to describe the RAFT-mediated “living” radical

polymerization (LRP) and conventional free-radical polymerization (FRP) of methyl methacrylate (MMA) up to
the glass regime. A composite termination model determined previously using the reversible addition-fragmentation
chain transferchain length dependentermination (RAFT-CLD-T) method, based on conversignand chain

length {) dependent termination rate coefficiekit(x), data, was the key parameter in obtaining accurate fits to
the experimental rate and molecular weight data. Two kinetic modeling approaches were used in this study: (i)

model 1: full chain length distributions; (i) model 2:

“method of moments”. Both approaches gave excellent

agreement with experimental results for the evolution of conversion and MWD for RAFT-mediated polymerizations
and accurately described the kinetics after the gel onset conversion. The simulations were also used to validate
the accuracy of the RAFT-CLD-T method up to the glass regime to obtain aclf{ajedata. Importantly, our
simulations gave excellent fits to the rates of polymerization and MWDs for conventional FRP (with broad MWDs),

especially the transition from dilute to the gel regime.

There is little or no “sHory” termination in RAFT-

mediated polymerizations, and therefore the RAFT-CLD-T method provides an ideal approach to probe the
mechanism for termination between chains of similar length and their interaction with the polymerizing matrix
up to high conversion. We envisage this modeling framework can be easily applied to many other monomers or
free radical systems (e.g., ATRP and NMP) and therefore allow highly accurate predictions of polymerization

rates and MWDs.

Introduction

The kinetic modeling of conventional free-radical polymer-
ization (FRP) of methyl methacrylate (MMA) has met with
limited success due to the difficulty in obtaining accurate rate
coefficients for terminatiork;, between two propagating radicals
as a function of both conversior, and chain lengthi. It is
now well accepted that bimolecular termination is directly
dependent on the mobility of polymeric radicals in the polymer-
izing mediunt—® and is therefore influenced by a complex
interplay of factors including the diffusion of polymeric radicals,
radical chain lengtf,radical size distributio;? viscosity of
the medium, and polymer concentratithis dependence is

exacerbated when the polymerization undergoes autoaccelera-

tion, a phenomenon known as the gel (or Trommsdorf) effect,
and is exhibited by the rapid increase in the rate of polymeri-
zation due to a decrease kn Methods for obtainind: have
commonly proven to be the major hurdle in deriving accurate
kinetic models, especially as the polymerization goes from the
dilute through to the gel regime.

Recently, a number of methods based on pulsed laser

polymerization (PLPY and “living” radical polymerization
(LRP)1~13 have been used to determine accurate valuds of
and have led to a significant advance in describing termination
between polymeric radicals of the same chain lengtfi.e.,

k{'i). One model-independent method, based on reversible

addition-fragmentation chain transfer (RAFIRnown as the
RAFT chain length dependent termination or RAFT-CLD-T
method—allows the evaluation ok over a range of chain

lengths and conversion)(from a single experiment. The
RAFT-CLD-T method has since been used to stitlyfor
methyl methacrylat&15vinyl acetaté and various acrylaté$. 2
Importantly, this method has now also been applied to simul-
taneously evaluate the effect of polymer concentration and chain
length onk,51620since chain length increases linearly with
conversion in LRP1.22

The chain length dependence of termination is typically
described according to a simple power law expreg3ion

o' D™ (1)

where the power law exponent, represents the dependence
on chain length. The main advantage of using the RAFT-CLD-T
method is that at any given conversion (or time) the radical
chain length distribution is close to a Poisson distribution (i.e.,
a very narrow molecular weight distribution, MWBjHence,

for the termination between two radicals of lengthndj, it

can be assumed thatindj are approximately equal.

Recently, we studiéd the chain length and conversion
dependent termination rate coefficieRt(x), profile of MMA
using the RAFT-CLD-T method. At low conversions we found
that k'(x) could be described according to two regimes: a
“short” chain length regime (for < 100) with ana of 0.65
and a “long” chain length regime with an of 0.15. At
intermediate and high conversions, beyond the gel effect, we
found that the chain length dependence scaled accordimg,to
= 1.8x + 0.056 for anyi. Importantly, we showed that the
transition between the dilute solution and gel regimes (i.e., the
onset of the gel effect) closely correlated with the theoretical
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we were able to construct a chain length dependent composite

© 2007 American Chemical Society

Published on Web 08/29/2007



7172 Johnston-Hall and Monteiro Macromolecules, Vol. 40, No. 20, 2007

ki model that allowed the prediction difi(x) up to the glass Scheme 1. Simplified RAFT Mechanism Based on Degenerative
region. Our model even predicted the smooth transition between Chain Transfer®

the dilute and gel regime, which was commonly represented as_ "™ "

a sharp transformatiol?. 1 I ke, 20

.+ k .

The aim of this work is to use the compoditenodel derived § L. + 11:44 ﬁ ,l:i.
from our previous work in a kinetic model to describe both PROPAGATION
RAFT-mediated and conventional free-radical polymerizations 4 Pr+ M ., Py
over a range of experimental conditions to accurately predict ° Rmih,;mmguum S, Par
and fit experimental rates of polymerization and MWD data. b 4 SeSR sd Pes_s . R
In particular, experiments were carried out under conditions in ' g e S
which autoacceleration in polymerization rate was observed in g g | s_sn_gm Ress P
the conversion profiles. Modeling has proven to be an invaluable z z
tool for understanding the RAFT process, providing Opportuni-  RAFTMAN EQUILIBRIUM
ties to control reaction raté8, molecular weight$® block 7 P+ S5 k| PSS + P
copolymer structuré®2” and even molecular weight distribu- z z
tions26:28 However, these models could be significantly im- TERMINATION
proved W|t_h the accurate expression _Hp'l(x) as a functl(_)n of e R+ R i b, tecminstion by combinstion
bothx andi and can allow LRP experiments to be designed to W 2D termination by disproportionation
produce polymer with minimal dead polym®ra significant 8 R + I E D,
advance for making novel architectures (e.g., staranpd &M 2Dy
polymeric dendrimef). The ultimate test of our composike 8¢ R+ P k' D
model is its incorporation in a kinetic model to fit not only with kL, DitDy
“living” radical polymerizations but also conventional free- ook :L','p ZD;
radical polymerizations, especially when the polymerization goesg. . .+ »p, k#‘ DM'
from dilute solution into the gel regime. We will carry out I, D +D;
an in-depth analysis of the RAFT-CLD-T method in both the 8 P + P & Diy
dilute solution and gel regimes and validate the assumption kT, DitDy
that (k[Jat each conversion (and therefajds approximately TRAN;ERIOMO;OMER Lk, Pe+D

equal tok'(X) due to the narrow MWD found in “living” . _ _ _—
radic_al polymeriz_ations. This work will also add_ress_ the (e.grhﬁlg&t)?“,ani l:ﬁgg(;gé?f’F?ihgg];’rﬁéfiff;gilggﬁtﬁ*n:gggfér
contribution and importance of “sheftong” termination in units, and D= dead polymer of monomer units.
conventional FRP and RAFT-mediated “living” radical poly-
merizations.
out isothermally at 8C°C, and the heat of polymerization was
Experimental Section measured by comparing the heat flow from the polymerization pan
Chemicals Methyl methacrylate (MMA, 99%, Aldrich) was and an empty pan on a Perkin-Elmer DSC 7 W'th a TAC 7/DX
purified by passing through a basic alumina column<280 mesh) Iglfgg?é (’?Cﬂ%’s:sltgsntggsjem dciijon:t;c::ﬁr-lgr(])? an ?)S/:v:]nrfqt;usr:enqte\lﬂt,i?]s
to remove inhibitors prior to use. 2,2-Azobis(isobutyronitrile) oint temperature. and associated erFl)thaI change Tﬁe rategof
(AIBN, 99%, DuPont) was purified by recrystallization from P : mperature, d ! alpy g culated
methanol. 2-Cyanoprop-2-yl dithiobenzoate (CPDB) was prepared po_ymt_arlzatlon,Rp, and monomer conversions, were calculate
according to the literature proceddfe. u_sT%gtgral;\Sure \freltluafs for the heat of polymerization of MV¥H,
Typical RAFT Polymerization. MMA monomer (2 mL, 9.34 N ' mot™).

Size Exclusion Chromatography (SEC) Size exclusion chro-
mol/L), AIBN (0.000 67 g, 2.01 mmol/L.), and CPDB (0.004 40 g, matography (SEC) measurements were performed using a Waters

?'93 mmoI/L_) W?re transferrfr? to a rleactlor(lj ve?sel, Qegdastsgg byAIIiance 2690 separations module equipped with an autosampler,
our successive Ireezeump—thaw cycies, and polymerized & column heater, differential refractive index detector, and a photo-

. C. Conversion was tr11eats;yretcitgraV|me:rlcally ?Iy dtrylng tthe tsam_plﬁf diode array (PDA) connected in series. HPLC grade tetrahydrofuran
In a vacuum oven at amoient temperature untit at constant Weight, o< seq as eluent at a flow rate of 1 mL mfinThe columns

:leutshi(e)nrr(l:%ll?ocnl:l]laaiz) V\r'g'ghht Fs'slggt)’u'f'r%g W;Sn?:rtg;?gnne%a?g v?/Zr% consisted of three 7.& 300 mm Waters Styragel GPC columns
graphy : poly connected in series, comprising two linear Ultrastyragel and one

taken from work previously publishéd. S
. i o tyragel HR3 columns. Poly(methyl methacrylate) (PMMA) stan-
Typical Free-Radical Polymerization (FRP) MMA monomer dard ing f 2000000 to 540 q mbl d f
(2 mL, 9.34 mol/L) and AIBN (0.00067 g, 2.01 mmol/L) were cZIrib?atriiggmg rom ° g were used for

transferred to a reaction vessel, degassed by four successive-freeze Computer Simulations. Al kinetic simulations were performed
pump-thaw cycles, and polymerized at 8C. Conversion was . qq\ing differential equations using a program written for the
measu_red gravimetrically by drying the sam_ples inavacuum oven goe oo package MATLAB (version 7.1) on an IBM compatible
at ambient temperature until at constant weight, and the molecular, g s, 3 GB RAM. Intel Xeon processor. The differential
weight distribution was determined by SEC. equations based on Scheme 1 can be found in the Supporting
Typical Differential Scanning Calorimetry (DSC) RAFT Information and were solved using a multistep numerical variable

Polymerization of MMA. Differential scanning calorimetry (DSC)  orger method. The kinetic parameters used for all simulations are
polymerizations were all performed in duplicate. MMA monomer listed in Table 1. unless otherwise stated.

(2 mL, 9.34 mol/L), AIBN (0.000 67 g, 2.01 mmol/L), and CPDB

(0.004 40 g, 9.93 mmol/L) were transferred to a reaction vessel, Model Development

degassed by four successive freepgamp—-thaw cycles, and placed . .

under nitrogen in a glovebag. DSC samples were prepared by 1Nhe complex addition-fragmentation steps for RAFT were

pipetting the solution into gastight DSC pans and recording sample Simplified to the degenerative chain transfer model (Scheme
weight by mass difference. The sample weights in the DSC pans1). This procedure was used as it is computationally less
ranged between 30 and 60 mg. The polymerizations were carrieddemanding than solving for all addition-fragmentation steps and
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Table 1. Kinetic Parameters Used in the Simulations to Model the ficients, ki‘i(x), were introduced into the simulations using the
RAFT-Mediated Bulk Polymerization of Methyl Methacrylate ; ; ;
(MMA) in the Absence and Presence of RAFT Agent, Com?i)?}e model deshcnb?d t:jy equZ Rea?jec'is are.dlre(f:t?]d
Cyanoisoprop-2-yl Dithiobenzoate (CPDB), and Initiated with tore ) or a comprehensive description and derivation of these
Azobis(isobutyronitrile) (AIBN) at 80 °C expressions.
parameter value ref Fori < iger
kyL mol~ts™t 1332 58 i L —o . .
kil 0.01 59 K'=ki, o fori, <ig (2)
kq 1.1x 1074 17
f 0.7 60 LY (—ag) —oy fori. =i 3
kpr/Lmol~ts7t 10k, klt kst X x = IsL (3)
co 140 61 o
e 15.2 14 Fori = iger
r(pre)
0 e
37 JLmol-is e = g (oo O for i, < i
kg(pre/ mo 715 o g(pre}kp kt - kt gel Ix for Ix = lsL (4)
kg(main/LmIOI ls Cbr(main
Ky/L mol s~ Curko i LY (a—agi  (agerou); —Oge P>
kew/L mol1s2 0.024 62 k' = kg T Sigg i T fori, 2 g (5)
[MMA] o/mol L~ 9.34
[RAFT]o/mol L_’ll 0.05 wherek’! represents the termination rate coefficient for two
[Ac',BN] o/mol L 0.0% 1-mers found from the intercept of the slope in the dilute and
T/°C 80 o e . ' ;
_ ' short” chain length regime (for < 100, = 0.65),as is the
#Unless defined otherwise. power law dependent exponent for “short” chains in dilute
Table 2. Kinetic Parameters Used To Model the Conversion and SQIUt'On' oL 'S_th_e power law exponfnt for “Ior:g" c_halns in
Chain Length Dependent Termination Rate Coefficient, dilute solutionjg, is the dilute solution “crossover” chain length
K!'(x), of Methyl Methacrylate (MMA) at 80 °C when power laws for termination change from “short” chains
parameter value ref to “I(.)ng"’ chains, andage! is the power law exponent for
termination in the gel regime. Values for all these parameters
Kt 1.2x 10° 14 : : ; ;
o 0.65 14 are given in Table 2. One of the most important parameters is
isSL 100 14 ige, the characteristic chain length at onset of the gel effect
oL 0.15 14 determined from the RAFT-mediated _polymerizatiérand is
igel [(¥/2.628) V02}/mw 15 used as a main criterion to determikg irrespective of the
gel 1.8+ 0.056 15

conversion. Should a chain be greater thanin the dilute
regime, the model considers it to behave as a slow diffusing
chain in the gel regime, which becomes important in conven-
tional FRP where the radical distribution is broad.

Previously, we showed that eqs—2 were able to fit

is accurate provided that fragmentation of the intermediate radi-
cal is fast and side reactions, such as slow fragmentatiof{SF)
or intermediate radical termination (IRT%®P as well as

impuritieg>care negligible. We have shown this to give reliable experimentak}i(x) data found over a range of CPDB concen-
data?’

. . trations for RAFT-mediated polymerizations of MMA. Three
The model required other parameters: chain length and poly

conversion dependent termination (step 8 in Scheme 1) chaindiStinCt kl’i(x) regimes were observed and accounted for in the
P P ' model: two in the dilute regime, in which the first corresponded

length dependent propagation, and chain length and conversion[0 “short” radical termination and scaled witts = 0.65 and

depelndent addition of.polymenc radicals to dormant RAFT the second corresponded to “long” chain radical termination and
species (steps 6 and 7 in Scheme 1). Two approaches were useg

: . ; . . caled withoy. = 0.15. The third regime was the gel regime
to simulate the “living” radical and conventional free-radical and scaled according tme(x) = 1.8 + 0.056. The onset of
polymerization of MMA: (1) solving the differential equation this third regime was fgund to.correla.lte élosely with the
over the full distribution of chain lengths, which is computa- polymer—polymer overlap concentratiort).15
tionally expensive and could only be used for polymerizations Chain Length Dependent Propagation It. has been found
where the radical, dormant, and dead chains are small (e.g., ; N ;
ranging between 1 and 1600 monomer units), and (2) solving that the propagation rate coefficienky) is chain length

the kinetic steps using the method of mom@wsd calculatin dependent for the addition of the first 10 monomer units, after
. P 9 - . 9 which ko, becomes relatively constafit:*° It has been theoreti-
the chain length dependent rate coefficients by incorporating

. . S . cally predicted thak, is ~10 times greater for a 1-mer than
gltzgizsaimfpog n?('aséirg?[ggonolfor;;ﬁg;%hgg:n;agé’h;;?r dead the “long” chain averagk,. In the simulations, the propagation
d?stribution functiod® for rad?ca?land dead species in con)\//en- rate coefficients for initiator fragments, leaving group radicals,
tional FRPs. Practices such as this, as well as “coarse grain-ang 1t-me_rs K;;.l andfka, S;:hen;e 1) Wet_re al:;%t. tolﬂ‘p. ¢
ing”,3% are commonly used to simplify the calculations associ- etermination o i,}r or Fropagaiing Radicass, 1, 10
ated with modeling full chain length distributions. The use of Dormant Sp_ec_les,J (k). The rate c.:o.elfnments .?f transfer in
the Schulz-Flory distributions in predicting chain length the Preequilibria and main equilibris ) and ko, Were
distributions in conventional FRP is a well-used procedre, ~Ccalculated according to the following expressions (see Support-

Below is a description of how the various chain length M Information for the derivation of eqs 6 and 7):
dependent parameters were incorporated into the simulations. i1
It should be noted that our model used known rate coefficients KL = &1 (6)
from literature, and importantly parameter fitting was not used re) 2
in the simulations. i

Chain Length Dependent Termination (Composite Model). k;, o kla;dd @)
Conversion and chain length dependent termination rate coef- r(main) 2
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Figure 1. Kinetic plots for the RAFT-mediated bulk polymerization of methyl methacrylate (MMA, 9.34 M) in the presence of 2-cyanoprop-2-yl
dithiobenzoate (CPDB), and initiated with azobis(isobutyronitrile) (AIBN) af@0Curves correspond to (a) [CPDB] 100 mM and [AIBN]=
2.54 mM @A) and (b) [CPDB]= 54 mM and [AIBN]= 8.8 mM (O). Solid lines are simulated kinetic plots of the full molecular weight distribution

using the following kinetic parameter€y ., = 15.21 C i =

Chain Length Dependent Rate Coefficient for Radical
Addition to Dormant Species.The addition coefficient between
radical species, and dormant specief,are analogous to the

1408 k, = 1330 L molt s7%, f = 0.7, andky = 1 x 104 s™™.

(e.g., 5, 10, and 20 mM), the full chain length distribution
strategy (model 1) was computationally demanding due to the
very large number of differential equations required to be solved.

bimolecular termination reaction between two propagating Hence, in order to carry out these simulations for RAFT-

radicalsi and j. The chain length dependent addition rate
coefficient, K, was therefore implemented into the simula-

mediated polymerizations (with low PDIs), the method of
moments, approximating a Poisson distribution function for the

tions using the encounter pair model and the conversion andradical chain length distribution (by solving eq 2) and using

chain length dependekij according to

-1

£
Kaaa K K
Hence, eq 8 is calculated from eqs-2 (see Supporting
Information for the derivation of eq 8) and by assumkﬂg,z
Comanfe andk} = k™" (see Table 1). B

Mean Approximation. In most modeling procedurek; is
calculated from the mean &' and K’. Conventionally, the
diffusion mean (DM), geometric mean (GM), and harmonic
mean (HM) approximations have been used to estinkdte

Ko = (8)

our chain length and conversion dependent composite termina-
tion model (see above) strategy, was used to determine values
of k'. Comparisons between models 1 and 2 at the high CPDB
concentrations were in excellent agreement, suggesting our
strategy (model 2) provides an accurate description of the
polymerization kinetics. Therefore, the same methodology was
used for conventional free-radical polymerizations, but a
Schulz-Flory radical distribution functioit was used to
determine the radical distribution.

Results and Discussion
Model 1: Full Chain Length Distribution. RAFT Polym-

However, there is no one universally accepted approach. In fact,erization with High Concentrations of CPDB. Simulations
the nonphysical GM (eq 9) has been widely used and gainedusing model 1 were performed by solving differential equations

much support in the literaturé-#3 Simulations using the DM,

for chains of all lengths between 1 and 1600 monomer units.

GM, and HM models (results not shown here) showed that the This approach is the most accurate way to simulate the
GM gave the best agreement with experiment, particularly at polymerization kinetics but is limited to small chains (up to
intermediate and high conversions. Thus, the GM was used in 1600 monomer units) and narrow MWDs. Figure 1 shows the

all subsequent simulations.
k! = (k)™ (GM) ©)

Modeling Radical Chain Length Distributions in RAFT.
Model 1: Full Chain Length Distribution. Chain length

fit between experiment and simulation using model 1 for the
bulk polymerizations of MMA at the two highest CPDB
concentrations (54 and 100 mM) and initiated with AIBN at
80 °C. There is excellent agreement between the simulations
and experiments for the conversion vs time profiles (Figure 1A).
The simulations could also accurately predict the number-

dependent termination dictates that the average experimentallyaverage chain lengtfi)(and polydispersity (PDI) as a function

observable termination rate coefficierik[] is a weighted
average of all the individual termination rate coefficierikg,
Thus, at any point in time the average observdiilglis a
function of all the individual termination events according to
eq 108 Simulations were therefore performed by solving
differential equations for all values ofandj (see Supporting
Information) for RAFT polymerizations involving high con-
centrations of RAFT agent (e.g., 54 and 100 mM CPDB).

22MMm1
E—

SAGYE

(B (10)

Model 2: Method of Moments—Using Poisson and Schulz
Flory Functions for the Radical Distribution. When modeling
the polymerization kinetics with low concentrations of CPDB

of conversion (Figure 1B,C). The results suggest that model 1,
the compositék[model, and the parameters used above provide
an accurate kinetic description of RAFT-mediated polymeriza-
tions.

Accuracy of the RAFT-CLD-T Method to Determine
ki'(x). As discussed earlier, it is assumed that the averaging of
all termination events in RAFT-based polymerizations results
in kObeing approximately equal t&'(x). The excellent fit
between simulation and experiment in Figure 1 supports this
postulate. However, in any RAFT polymerization there are
always small radicals generated from initiator (AIBN) over the
course of the polymerizations. This may suggest that termination
is not dominated by—i termination events alone but may also
include an appreciable amountiefk termination (wheré could
be small and less than 10 units).

On the basis of the excellent fit of simulations using model
1 with experiment, we used the chain length radical distribution
obtained from simulations at each conversion (Figure 2) to
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k10t @) c ) chain lengths close tbcomprises a small contribution to the
= onversion > overall termination rate.
E« The accuracy of the RAFT-CLD-T method was therefore
.S 8.0x10°+ determined by calculatin@k'ti"Dfor w =0, 10, 20, 30, and 50
% (b) © from eq 13 and using the radical distributions found by
g @ ©) simulation.
S 4.0x10” !
T:? i+u  itu
. > > KIPIP
"0 20 40 60 80 100 ik T
Chain Length [kl‘ [= i+ (13)
Figure 2. Effect of conversion on the radical chain length distribution ( z [P.])?
(CLD) predicted by model 1 (based on the full chain length distribution)

ns=
for a RAFT-mediated bulk polymerization of methyl methacrylate o
(MMA, 9.34 M) in the presence of RAFT agent (CPDB, 50 mM)

initiated with azobis(isobutyronitrile) (AIBN, 10 mM) at 8€. Chain Figure 4 shows thék{i"‘Dprofiles as a function of conver-
length distributions are shown for (a) 1% conversion, (b) 5% conversion, gjon for the various values of. Curve a is the experimental
(c) 10% conversion, (d) 25% conversion, and (e) 45% conversion. . . '

datd® determined using the RAFT-CLD-T method for

calculate the rate of termination only between chains of length the polymerization of MMA in the presence of CPDB (50 mM)
i (R), wherei is defined as the number-average chain length. and initiated with AIBN (10 mM). The simulations show

The radical distributions in Figure 2 broadened with conversion that, regardless of the value of all the & Cprofiles fit the
even though the PDIs were low and similar for all distributions. experimental data. Even when the whole radical distribution

Hence, the question remains as to the influencei-of was used to calculaté[J(curve g), it gave good agreement
termination and whether the assumption ti#aflis equal to between experiment (curve a) and the simulateét(x)
k'(x) up to high conversions is valid in RAFT-mediated (curve b). The small deviation in curve g in the gel regime
polymerizations? using the full radical distribution is most likely due to “shert
The overall rate of terminationR{) for the full radical long” termination at high conversion, leading to a slight

distribution can be calculated using eq 11, and therefore the gverestimation Ofki{i(x)- (The contribution of “shortlong”
contribution ofi—i termination to the overall rate of termination  termination in RAFT-mediated polymerizations will be exam-
can be assessed from the ratioRyR:. Figure 3 clearly shows ined in the next section.) Therefore, the result of averaging the
for a typical RAFT-mediated polymerization of MMA in the  termination events generally leads to values kil being
presence of CPDB and AIBN that the ratio®fR: (atu = 0, approximately equal td¢'(x) up to high conversion. This
wherey is defined as the deviation of monomer units frgm  significant result shows that the RAFT-CLD-T method can be
was close to zero over the full conversion range, suggestingsed to obtain accuratl’ values up to high conversions
thati—i termination is negligible compared to the sum of all - jegpite the strong chain length and conversion dependence in
other termination events. We then wanted to gain insight into {he gel regime. Further, these results support kumodel

the contribution of termination for a distribution of radical chain developed previoust and therefore justify its use latter in this
lengths that have a defined deviation fran{i.e., +«) and article.

centered at. These results will determine whether radicals of , L N

chain lengths close tbcontribute to most of the termination Short —Long” Termination in RAFT Polymerization. The

and therefore test the assumption that termination in RAFT- theory of “short-long” termination has been implemented in

mediated polymerizations is between radicals of chain lengths Kinetic models to describe Eonveqnonal mz and is defined

similar toi. Figure 3 shows the ratio cw'ti,A/Rt asu is varied as termination between a “short propagatmg radlczil (SI%NIfI-

from O to 50, Wherd%i‘u is calculated using eq 12. cantly Ies; than t.he number-avgrage chain leriptind a “long
propagating radical close toThis concept was formed on the

® basis that long polymeric radicals are slow to diffuse and
R= Z Zk{"m[Pn][PWJ (11) therefore more likely to encounter and terminate with the faster
Sli= diffusing “short” radicals, even though the long polymeric
. ) radicals are in much greater concentration. Figure 5 shows the
) i+u i+u k | B N . .
R = z Z KMTP P, ] (12) ratio RY/R, for the rate of shortrllong termination (eq 14).
divided by the overall rate of termination up to the glass regime
for the simulated RAFT-mediated polymerization of MMA at
At a deviation of£10 the graph shows that low values of four different concentrations of AIBN (5, 10, 25, and 50 mM)
bothi and conversions are required to obtain a ratio of one. in the presence of CPDB (50 mM). We define “short” chains
However, as the conversion is increased, the ratio decreased t@f length below 5 and “long” chains as all chains greater than
below 0.1 at 80% conversion due to the broadening of the radical 5 units. This criterion was based on self-diffusion coefficients
distribution with conversion (see Figure 2). The same trend is of PMMA oligomers obtained by Griffiths et &3 in which
observed even if a broad radical distribution is considered (i.e., oligomers greater than-% monomer units fell onto a single
increasing the deviation offrom 10 to 50). Atlow conversions  diffusion curve. The rate of “shortiong” termination,R, is
the ratio ofF{i'“/R( is close to one, but whemwas set equal to  defined as
50, the ratio decreased to close to 0.2 at 80% conversion. At
first glance these results suggest that the RAFT-CLD-T method ©w 5
especially above the gel regime does not allow the accurate |:§'*v': Zgzlk?m[P”'][Pm'] (14)
determination ofk'(x), since the population of radicals with =

n=T—u M=T—u
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Figure 3. 3-Dimensional plots of simulated rates of termination in the living RAFT-mediated polymerization of methyl methacrylate (MMA, 9.34
M) using 50 mM RAFT agent and 10 mM azobis(isobutyronitrile) (AIBN) at°@ Termination rates for radicals encompassed by an absolute

deviation,+u, from the number-average chain lengthdivided by the total rate of terminatiol?t*"/R( are given vs conversion (as well gsand
u. Kinetic parameters(:?,( o) = 15.214 C?r(main) = 1408 k, = 1330 L molt s7%, f = 0.7, andkg = 1 x 10* s % The evolution ofi along the

conversion axis is also shown.

10°

(6).(0),(d)(e).(D)

<k>/L mol s”
=

6

10 T T T T T T
00 01 02 03 04 05 06 07
Conversion

Figure 4. Average termination rate coefficierik[] profiles for curve
a experimental data from ref 15 for the RAFT-mediated bulk polym-
erization of methyl methacrylate (MMA, 9.34 M) in the presence of
RAFT agent (CPDB, 50 mM) and initiated with azobis(isobutyronitirile)
(AIBN, 10 mM) at 80°C. Simulatedkprofiles for groups of radicals
bounded by the absolute deviatiafy, from i, are given for (b =
0 (i.e., k'(¥), (c) u = 10, (d)u = 20, (e)u = 30, and (fu = 50.
Curve g represents termination from the full radical distribution. Kinetic
parametersiCl, ., = 15.214C2 . = 1408k, = 1330 L molt s,

4

r(pre) — tr(main) —
st

f=0.7,andkg =1 x 10~

At conversions less than 10%, “shefbng” termination ac-
counts for~20% of the termination rate, and between 10 and
50% conversion the ratio d®'/R. was close to zero. Above
50% conversion (i.e., well into the gel regime), the ratio
increased to 0.2 (at 80% conversion), suggesting “stortg”
termination is the most likely cause for the deviation in curve

Conversion

Figure 5. 3-Dimensional plot of simulated rates of “sheftbng”
termination,Ff", divided by the overall rate of termination ra, as

a function of both conversion and AIBN initiator concentration for the
RAFT polymerization of methyl methacrylate (MMA, 9.34 M) in the
presence of CPDB (50 mM) and initiated with azobis(isobutyronitrile)
at 80°C. “Short” is defined as chains equal to or less tham 5 6)
and “long” as chains greater than or equal to i6> 6). The
concentration of AIBN was varied from 5, 10, 25, and 50 mM. Kinetic
parametersCy ., = 15.2%:‘ Cﬁl’,(mam) = 14026k, = 1330 L mol? s,

st

f=0.7,andkg =1 x 10~

of CPDB (e.g., 5, 10, and 20 mM) the full chain length
distribution strategy (model 1) was computationally demanding

g (Figure 4) at conversions above 50%. Interestingly, the due to the very large number of differential equations associated
increased AIBN concentration, even at the equivalent concentra-with high molecular weights. Model 2 utilizes the “method of

tion to CPDB, did not influence the rate of “shetbng”

moments” to determine the rate and number-aver®gg 4nd

termination as would be intuitively expected, and thus for our weight-averageNi,) molecular weights for RAFT polymeriza-

system “shortlong” termination can be neglected. Conversely,
it is thought that in conventional FRP “shettbng” termination

is the dominant kinetic event, a point that will be examined in
the latter part of the following section.

Model 2: Method of Moments. Simulations of RAFT
Polymerization with Low Concentrations of CPDB. When
modeling reactions for polymerizations with low concentrations

tions at low CPDB concentrations. In this approach, the
compositek model and eq 9 were used to determine all values
of k. Equation 10 was then solved for all valueskdfusing
a Poisson distribution function for the radical distribution with
the number-average chain lengtht timet.

The comparison between experiment and simulations for three
CPDB concentrations is given in Figure 6. The fit is excellent
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Figure 6. Kinetic plots for RAFT-mediated bulk polymerization of methyl methacrylate (MMA, 9.34 M) in the presence of RAFT agent (CPDB,
50 mM) and initiated with AIBN (10 mM) at 80C. Curves correspond to (a) [CPDB] 4.98 mM and [AIBN]= 1.99 mM (), (b) [CPDB]=
9.93 mM and [AIBN]= 2.01 mM ©), and (c) [CPDB]= 19.9 m and [AIBN]= 2.28 mM (A). Solid lines are simulated kinetic plots using the

following kinetic parametersCy o) = 15.21 CQ oy = 14081 k, = 1330 L molt s, f = 0.7, andky = 1 x 107*s7%,
A B
0.9+ : g 2.5x10°
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Figure 7. Kinetic plots for the conventional free radical polymerization of methyl methacrylate (MMA, 9.34 M) initiated with azobis(isobutyronitrile)
(AIBN) at 80 °C. Curves correspond to (a) [AIBNF 10 mM (A), (b) [AIBN] = 50 mM (©), and (c) [AIBN] = 100 mM (). Solid lines are
simulated kinetic plots by “method of moments” using the following kinetic parametgrs: 1330 L molt s ™%, f = 0.7, andks = 1 x 104 s™%.

for the three conversion profiles (Figure 6A) and shows that  “Short—Long” Termination in Conventional FRP. As

our modified “method of moments” incorporating a Poisson discussed above, it has been thought that “sHortg” termina-
distribution is an acceptable strategy to simulate RAFT-mediated tion in conventional FRP is a dominant process, especially in
polymerizations for distributions with large chain lengths. The the gel regime. We denote “short” as chains that are less than
fit from dilute to gel regimes is pleasing and supports our model 5 monomer units and “long” as all chains greater than 5
development and parameters. The fit with molecular weight data monomer units. Figure 8 shows the ratR?'/Rt up to a

is also excellent (Figure 6B,C), providing additional support conversion of~80% for the conventional free-radical polym-
for this model strategy. However, the true test of our model erization of MMA at three different concentrations of AIBN
strategy is to obtain agreement between simulation and experi-(10, 50, and 100 mM). At conversions below 10%, regardless
mental data from conventional free-radical polymerizations, of the AIBN concentration used, there is little or no contribution
which consists of distributions that are broad (PBI®) and by “short-long” termination to the overall rate of termination.
with a high proportion of long chains>000). Above this conversionR*/R; increased linearly with conver-

Simulations of Conventional Free Radical Polymerization ~ Sion, approaching 0.8 (at80% conversion), suggesting that
Using Model 2 The same methodology as the RAFT-mediated €ven prior to the onset of the gel effect “shoking” termination
polymerizations was used for conventional free-radical poly- is kinetically significant. In the gel regime, the rate of termina-
merizations, but a Schut#lory radical distribution functiot tion is dominated by “shortlong” termination, in agreement
was used instead to determine the radical distribution. Figure 7 With literature?4-52
shows the fit between experimental data and simulations at three  Discussion on the Implications of “Short-Long” Termi-
concentrations of AIBN. The simulations provide an excellent nation. It has long been recognized that the radical chain length
fit to the conversiortime data and provide an excellent distribution (CLD) plays an important role in determining the
description of the transition from the dilute to gel regimes (i.e., kinetics of conventional free-radical polymerizatidhd.he
the gradual transition found as the system reaches the gel onseinodeling used in this work has shown thl(x) determined
conversion). The model slightly overestimates the time at onsetfrom a narrow radical CLD (i.e., based on the RAFT-CLD-T
of the gel effect in each experiment, which we attribute to method) can be used to describe termination in conventional
approximating the radical chain length distribution using a free-radical polymerizations of broad radical CLDs. This is
Schulz-Flory distribution. The molecular weight data can also  significant as it shows a direct relationship between the radical
be fit with simulations (Figure 7B,C). Overall, these results are CLD, the extent of “shortlong” termination, and the overall
significant as they show that th&'(x) data determined via the  termination process. The ratio of “shetbng” termination to
RAFT-CLD-T method together with our composike model the sum of all termination events found from simulated RAFT-
and hybrid method of moments simulations can be easily utilized mediated polymerizations (under “living” conditions), where the
to predict conventional free-radical polymerizations. It is radical distribution is very narrow, shows that “shelking”
envisioned that the same modeling strategy used in this work termination is negligible, and termination occurs between
will allow highly accurate predictions of rates and MWDs for radicals of similar chain lengthi. Consequently, RAFT-
other monomer systems. mediated polymerization allows one to accurately examine the
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Figure 8. 3-Dimensional plot of calculated “sheftong” termination ratesﬁ", divided by the overall rate of termination raf&, are given vs
conversion and the degree of polymerization,,[dBr the conventional free radical polymerization (FRP) of methyl methacrylate (MMA, 9.34 M)
at 80°C. “Short” equali = 5 and “long” equal > 6. Conditions: [AIBN]= 5, 10, and 50 mMRf"/R values were calculated for values of PP
and conversion using the compositenodel and a SchutzFlory radical distribution function (see text). Kinetic parametdgs= 1330 L mof*

s, f=0.7 andkg=1x 104s %

specific effect of—i termination as a function of the conversion Conclusion
and average chain lengths,up to high conversion. This also
allows one to examine the relationship between terminating

polymeric radicals and the polymer matrix since both evolve 80 °C. The modeling strategy used comprised of a composite
together and are the same chain length. In conventional FRPk( model, developed in our previous work, and solving the
)‘Nhere radlcnal CL_DS are br(_)ad_,_ however_, this is not the Case. jyitferential equations for (i) all the chain lengths of all species
Short—long” termination is significant and increases throughout (radical, dormant, and dead) or (ii) the various moments (i.e.
the gel regime. This has important implications on the ability «pethod of moments”) and incorporating either a Poisson
to examine the individual parameters affecting termination (such gistribution for the RAFT-mediated polymerizations or a
as chain length) and thus makes it difficult to discrimination - schulz-Flory distribution for conventional FRPs. We found that
between the various theories that have been proposed on thgur modeling strategy accurately predicted both rate of polym-
basis of physical mechanisms for termination. erization and evolution of the MWD in the RAFT polymeri-

It has been suggested that “sheldng” termination may be zEatlon. Of_MM'? ﬁ,”de_r alrangedof ex'f)enn:jenr:al Cﬁ”d't'ons-
a stand-alone explanation for the origin of the gel effect in EXamination of this simulation atja."s owed that there was a
FRP5455 Our study shows that the gel effect can occur in the negrl‘lglble contnbutlo? of the rate Of;' termlnatlo(r; compared
absence of “shortlong” termination for living/controlled RAFT [0 the overall rate of termination. However, and more impor-
polymerizations. “Shottlong” termination is, however, increas- te"’:/':g'i l‘;’mtzgs'se Ist‘g"‘i’;%thtﬁg’v\?;iggglzox't’;]‘:tzgcﬁggfl 'f(z)r the
ingly important above the gel effect in conventional FRP, in RAFT-CLD Tgmeth?)d to’ determiné’i as%function of a):ldx
agreement with work presented elsewh&ré. We therefore - ) . -

p ” Lo : even in the gel regime. Our modeling strategy was also used to
propose that “shortlong” termination is an important conse- =51 th% ratg ool merizatign andgyMWD o for
guence of the bimolecular termination process, particularly for conventional free-radicgl golymerizations of MMA. “Shert
t_)road radical CLDs, and has p_robably led to aIternfitive theorieslong,, termination was found to be a significant coﬁtributor to
like the free volume theory,_whlch adequately_ describes the onSGtthe termination process in these reactions, even prior to the onset
of the gel effect and reaction rate data at high conversions for

. . - . of the gel effect. In contrast, “sheftong” termination was
5-57 '
conventional FRP?™>" However, in previous work using RAFT absent from RAFT-mediated polymerizations and only gave a

we found that the onset of the gel effect corresponded closely gna1 contribution at very high conversions. This shows that
with the overlap of polymer coils (i.e., when the concentration R AFT-CLD-T method provides direct insight into the termina-
reached a critical overlap concentraticet) for three very —ion process of polymeric radicals of chain length closé to
different polymers [poly(methyl methacrylate), poly(methyl and their interactions with the polymer matrix up to high
acrylate), and poly(vinyl acetatej]We believe that the absence  conversion. We envisage that the same composite modeling
of “short-long” termination in RAFT was the key to uncovering  strategy used in this work can be easily applied to other
this physical relationship. This is probably the reason for the monomers or free radical systems (i.e., ATRP, NMP, degenera-
excellent agreement found in this work between our model and tive chain transfer, and conventional chain transfer polymeri-
the experimental reaction rate and MWD data for both the RAFT zation) and thus allow highly accurate predictions of rates and
polymerization and conventional FRP of MMA, for a wide range  MWDs.

of molecular weight and conversion data. Given the correlation

between the physical effects of chain overlap and the gel onset Acknowledgment. G.J.-H. acknowledges financial support
conversion, we expect similar physical phenomena to control from the Australian Research Council (ARC), Australian
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