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ABSTRACT: The termination rate coefficierk/, for propagating chains of near equal lengttwas evaluated
using the RAFFCLD—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, d.80/e found that the conversion

for the gel onset corresponded to the conversion at which polymer chains begin to overlag)(iand was
found to range from 15 to 30% conversion depending orMhet was further shown that* also corresponded

with the gel onset conversions for vinyl acetate and methyl acrylate. The chain length dependencéhefgel
regime scaled agge(X) = 1.8 + 0.056, suggesting that reptation alone does not play a role in our system. A
composite model was then derived to accurately deséfibfor chain lengths up to 3200 and conversions up to
70%. Thek{' 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 adgti(atelata can be
determined.

Introduction change over from dilute to the gel regime (i.e., the onset of the

The gel effect observed in free-radical polymerization (FRP) ?healme;fg;t)pr!r;sri\::(;lstré?)(r)éﬁlasntgtigﬁsed on empirical data rather

has been intensively investigated since the original observations
by SchultZ2 and Trommsdorf. The onset of the gel effect is i e
observed from the sudden rise in the rate of polymerizatg ( k' = ktl

as a result of an increased propagating radical concentration 3

due to the decreased average termination rate coeffickenit, ~ Equation 1 evaluatek/' using k! (the termination rate
The slow rate for the diffusion of the polymeric radicals to Ccoefficient between two monomeric radicals) and which
terminate with each other has been used to explain this relates the dependence of chain length to termination. This chain
phenomeno## Diffusion is dependent on many factors such length dependence has previously been evaluated using a variety
as solution Viscositﬁlchain |engtH§’ p0|ymer coil dimensioné, of experimental, theoretical and model dependent proceﬂhres.
polymer—solvent interaction8,and intra- and intermolecular Recently, the model independent reversible addition
interactions between polymer chafhis this study, we address ~ fragmentation chain transfer CLD termination (RAFCLD—

an important question: Is the gel onset controlled by physical T) method introduced by Barner-Kowollik and co-workéisas
interactions between the polymer radicals and the polymer allowed the accurate determinationksf (and potentiallyk'!)*3

matrix, and can this be quantified and incorporated into a kinetic values for a variety of polymers over a wide range of chain
termination model? lengths by combining accuraf®, measurements with eqt2

and evaluating the evolution of molecular weigM,, with
conversion,x, according either to the theoretical molecular
weight evolution described by eq!3or through the experi-
mentalM, data.

1)

Most termination models to date have been based on broad
radical chain length distributions, and have determined the
termination coefficientkl) between two radicals of different
chain lengthsj andj, from an average ok’ and kii. The
problem with all these model approaches is that accurate

determination ok andk{ and their dependence on conversion d Ry(t)
(see eq 1 cannot be ac_curately obtained, and t_hus adjysta_ble kp([M] - ft Rp(t) )
parameters are used in the models to provide a fit with 2k 1] 7 — 0
experimental rate and molecular weight data. In addition, the Kt) = dt )
Ry(® 2
2
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where [M}y is the initial monomer concentratioxjs fractional 1.0+
monomer conversion to polymer, [RARTE the initial RAFT
agent concentration, [RAFJ]s RAFT agent concentration at 0.84
X, a is the mode of terminatiora(equals 1 for termination by
combination and 2 for disproportionation), dlis the initial
initiator concentration, [l is initiator concentration at, ky is
the initiator decomposition rate coefficieky,is the propagation
rate coefficient, andis the initiator efficiency. -
The RAFT-CLD—T method has since been applied to a i i

range of monomer systems, including various acryt&téand =0l
vinyl acetate'® In addition, we have recently shown that for 0 2500 5000 7500 10000 12500 15000

methyl methacrylate (MMA) polymerizations in dilute solutions Time (s)

(ie., belz%w thei(i)nset ofthe gel effect) using the RARILD—T 0,10 1 Fractional monomer conversion vs time profiles for the
method:® thek'' data fit a composite model describing “short”  cyanoisoprop-2-y! dithiobenzoate (CPDB) mediated polymerization of
chain length and “long” chain length regimes in agreement with methyl methacrylate (MMA, 9.34 M) at 88C using azobis(isobuty-
earlier studied! The value ofu in the “short” regionos (when 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
= .lOQ’ l.)elow the crossover point from .Short to long CPDB, and 8.83 mM AIBN mediated bulk polymerization of MMA
termination,is.), was equal to 0.65, and for chains greater than (9.34 M) at 80°C.

100, a value of 0.15 forx, was determined. In a further
refinement, Barner-Kowollik and co-workers have used the by drying the samples in a vacuum oven at ambient temperature

Conversion

RAFT—CLD—T method to determin.a‘v‘ for methyl acrylaté until at constant weight, and the molecular weight distribution was
and vinyl acetaf€ up to 80% conversion, in which the gel effect  determined by size exclusion chromatography.
is not as pronounced as for MMA. The' values reported in A Typical Differential Scanning Calorimetry (DSC) RAFT

these studies support the widely accepted view khatales Polymerization of MMA. DSC polymerizations were all performed
according to two major regimes up to 80% conversion; the dilute in duplicate. MMA monomer (2 mL, 9.34 M), AIBN (0.00067 g,
solution and gel regimes, where chain length dependent2.01 mM), and CPDB (0.00440 g, 9.93 mM) were added to a
exponents greater than 1 are common in the gel regime.reaction vessel, degassed by four successive frqazmp-thaw
However, the problem remains that no physical model has yet cycles and transferred into gas_tlght DSC pans in a glove bag under
adequately described the transition between these regimes (i.e.Mr0gen- The sample weights in the DSC pans ranged between 30
the gel onset). Among the many physical representations usedt 19 80 M. (The weight in the DSC pans was measured by mass

X . difference between empty and full.) The polymerizations were
to describe the gel onset, the following two have been the MOSt arried out isothermally at 88C, and the heat of polymerization

widely employed and debated: (1) overlap of the polymer chains measured by comparing the heat flow from the polymerization pan
and the onset of entangleme#tgnd (2) restricted mobility of  and an empty pan on a Perkin-Elmer DSC 7 with a TAC 7/DX
the polymer chains due to a decreased free voRfn&tudies thermal analysis instrument controller. The DSC instrument was
using conventional FRP have attempted to find some distinct calibrated with a standard indium sample of known mass, melting
correlation between the gel onset and these two physical point temperature and associated enthalpy change. The rate of
models?® but none have to date proven successful. polymerization R,) and monomer conversions) (vere calculated

In this work, we use the RAFTCLD—T method for bulk using literature \ialzlées for the heat of polymerization of MMX*H,
MMA polymerizations to explore the physical polymer interac- _5.2'8 kJ mO.T ) . .
tions at the gel onset. MMA was chosen since there is a Size Exclusion Chromatography.Size exclusion chromatog-

. . ) . raphy (SEC) measurements were performed using a Waters Alliance
pronounced polymerization rate increase in the gel regime, and,gqq Separations Module equipped with an autosampler, column

as such is an ideal model system to explore the physical aspect$eater, differential refractive index detector and a photodiode array
of polymer interactions in the gel. The chain length dependent (PDA) connected in series. HPLC grade tetrahydrofuran was used
termination coefficientki, over a wide range of chain lengths as eluent at a flow rate of 1 mL mih The columns consisted of
up to 70% conversion will be evaluated, and will be compared three 7.8x 300 mm Waters Styragel GPC columns connected in
with various models in the literature. We will then provide a series, comprising 2 linear UltraStyragel and one Styragel HR3
semiempirical model based on polymer interactions at the gel columns. Polymethyl methacrylate standards ranging from 2000000
onset to be used in the future to predict “living” and conventional t0 540 g mof* were used for calibration. N
free-radical polymerizations over the full conversion raffye. Calculation Methods. The three-dimensional surface fitting was

We have not determineki in the glass regime because many Performed on experimental lofg vs log i vs x data using the
of the parameters (e gd{g/ ko) thgat are u%ed in eq 2 are noy software package TableCurve 3D. The individual effects of chain
| P idered ' tl ’t q length and conversion on termination at conversions beyond the
onger considered constant. gel effect were subsequently separated by extraction ofkjog

. . profiles at stationary values of eitheror x.22

Experimental Section

Chemicals. Methyl methacrylate (MMA, 99%, Aldrich) was  Results and Discussion

purified ‘bﬁ.gi.ltration‘ through gazsic a'g.mif‘a émzo .m.:esh)Alth The RAFT agent, CPDB, gave reasonable contraVigfaind
remove inhibitors prior to use. 2,2- azobis (isobutyronitrile) ( * polydispersity (PDI) for the living radical polymerization of
99%, DuPont) was purified by recrystallization from methanol. MMA vg i Inf tion” d th id
2-Cyanoprop-2-yl dithiobenzoate (CPDB) was prepared according (s_ee upporting Informa fon”) an [us provides an
appropriate means for evaluating the chain length dependent

to the literature procedur8. R Sy . 20
A Typical Procedure for the RAFT Polymerization of MMA. termination rate coefficierk" for this monomer> The effect

MMA monomer (2 mL, 9.34 mol/L), AIBN (0.00067 g, 2.01 mmol/  ©f increasing the CPDB concentration up to 20 mM on the rate
L), and CPDB (0.00440 g, 9.93 mmol/L) were added to a reaction Of polymerization of MMA in bulk at 80°C is given in Figure
vessel, degassed by four successive frepeenp—thaw cycles, and 1. In all polymerizations, the AIBN concentration was kept
polymerized at 80°C. Conversion was measured gravimetrically constant (see Table 2 for experimental conditions). The conver-
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Table 1. Kinetics Parameters Used for Analysis ok from the

RAFT-Mediated Polymerization of Methyl Methacrylate (MMA) at 837
80 °C in Bulk, Initiated with Azobis(isobutyronitrile) (AIBN) in the g
Presence of Cyanoisoprop-2-yl Dithiobenzoate (CPDB)
= 7.5
T(°C) ky(Lmol™ts™) kg (s79) f AH, (kJ molt) & s -
80 1332° 11x 1041 0709 —52.¢7 g’ >
65 ]
Table 2. Determination of the Conversion k) and M, at the Onset of ® 6s 51
the Gel Effect for the Bulk Polymerization of Methyl Methacrylate =6 -
(MMA) at 80 °C, Initiated with Azobis(isobutyronitrile) (AIBN) in 5.5 §
the Presence of Cyanoisoprop-2-yl Dithiobenzoate (CPDB)
5- 5
[CPDB, [AIBN]o method 1 method 2 .
expt  (mM) (MM)  Xgel-onset Mn,gel-onset Xgel-onset M, gel-onset %
1 0 2.01 arsion
2 2.13 2.01 0.14 73 150 0.275 130300 Con
3 4.98 1.99 0.17 40590 0.29 61 240 Figure 2. Three-dimensional plot of the termination rate coefficients,
4 9.93 2.01 0.20 27 560 0.30 42100 ks, for RAFT-mediated methyl methacrylate (MMA) polymerized in
5 19.9 2.28 0.26 15630 0.37 22 600 bulk and in the presence of cyanoisoprop-2-yl dithiobenzoate (CPDB),
6 54.4 8.83 0.33 7020 0.43 10 310 initiated with AIBN at 80°C. The data was fit with a surface plot

using the TableCurve 3D softwane ¢& 0.99). Drop lines indicate some

sion ) vs time profiles for all polymerizations were similar ~ minor deviation from the surface fit function.
up to 2500 s and approximately 20% conversion. This result
supports the argument that CPDB does not retard or influence
the polymerization ra# through either intermediate radical
terminatiort®>29-32 or slow fragmentatio3-3° and allows for a
quantitative analysis d§/' to be obtained. At times greater than
2500 s (or>20% conversion) there was a dramatic increase in
Ry, characteristic of the onset of the gel effect, which is most &  1E-14
clearly observed for the polymerization without CPDB. The = 1.8
point at whichR, increased is denoted as the gel onggi (nse), 1=
and from Figure 1 it was found that at higher concentrations of ~
CPDB, Xge-onsetincreased to greater conversions and polym- p ‘ \
erization times. kL :

Time-dependent termination rate coefficieni/{t), were HE s o
calculated from accurat®, data according to eq 2 and using M
the parameters given in Table 1. A three-dimensional plot of "

i i ; ; igtva Figure 3. Determination of the gel onset conversiogef-onse) USINg
log k' as a function of both conversion and chain lenigifas the initial change in slope ¢§ (method 1) and the intersection between

constructed and fitted with a surface function (Figure 2). The gjyte and gel regimes (method 2). This data was derived from the
Fourier series polynomial surface function (see “Supporting surface function in Figure 2.

Material” ) gave an excellent fit to the data with a correlation
coefficient close to 1r€ > 0.99). Under dilute conditions (below There has been rigorous debate in definigg onseiin terms
20% conversionk'! was only slightly dependent odfor chain of a physical model. Trommsddr$uggested that the gel onset
lengths obtained between 10 and 1000. The graph showed thatvas the result of large changes in the bulk solution viscosity,
both chain length and conversion influenced; the greater  causing a sudden and significant reduction in diffusion of
the chain length or conversion the lower the valuekof A polymeric radicals. However, after comparison of the polym-
more detailed discussion of the dependencidg bbn conver-  erization kinetics for different acrylates and methacrylates, a
sion and will be given below. The graph also showed that the number of groups concluded that bulk viscosity changes alone
k! topology decreased rapidly after approximately 20% conver- did not provide an adequate explanation for the rate determining
sion for chain lengths of approximately 1000, and approximately factor in terminatiors’-38
50% conversion for chain lengths of approximately 10.
Determination okger-onsetfor each experiment was evaluated
according to two methods. Method 1 used the initial change in

linearity observed in the plot of lo.@’l vslog X, and mgthod 2 However, free volume theory does not account for chain length
evaluatedxger-onset as the conversion at which the dilute and gtocts Around the same time, O'DriscBifo4Iproposed that
gel regions mterse_cted (see Figure 3). Table 2 gives the \{aluesthe gel onset coincided with the formation of chain entangle-
of Xge-onsetdetermined from both methods, and the functions o tc42-45 Following from this concept, Turner et &f5-49

with respect toM, are given in eq 4, parts a and b. These g gqested thatye onseicould be identified with polymer chain

relationships s_how that the conversion for the gel (_)nset overlap €*), a concept that was also proposed by Tulig and
decreased &, increased, suggesting that when targeting higher .o 5051 o example, exponent values determined for

molecular weights in a RAFT polymerization faster rates of o entional FRP include-0.24% ~0.32547 0.2925 and
polymerization will be observed, which is consistent with _q gs253yhich are in general agreement with our observations
previous finding®® and the data presented in Figure 2. (eq 4, parts a and b). Cotton et®4lsuggested that in fat*
—0.399 was not a sharp transition but gradually changed since the radius
Xger-onse(Method 1= 12.0M, (4a) of gyration Ry) was not constant under dilute conditions. They

021 therefore suggested thet falls between an upper (eq 5a) and
Xget-onsefMethod 2= 2.6281, (4b) lower (eq 5b) limit>

X gotocmses [ Method 2) = 2.628- M,

—i.398

X et eomses (Method 1y =12.0- M,
9 x o Method 1)
Xt A Method 2)

Balke and Hamiele¥ proposed free volume to explain the
onset of the gel effect, based on Mita and Kam¥essccessful
description of the “glass” effect using free volume theory.
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M, A 100000 — ,
Cmax = 53 (52) © @ :
Ry Na 80000{ [ "\ '@ i@
| e "
3 M, Eqsh Egsal !
C* in = 7= (5b) 600004 |\ 4
AR N = ik
400004 | \& L]
whereNa is Avogadro’s constant. The radius of gyratidf, \‘\\! %
may be calculated usifg 20000 "-\\ \\\\Q. i
N eim,
C*M.. |2 0 —— e
Rgz — n (6) o.1i(lMHoz2% Moz N0z I | o:s: | :0:6
mw Conversion
B 100000
where mw is the molecular weight of monomeértthe length
between two monomer units, ai@ is the expansion factor. 80000+
This proposal is supported from our work (Figure 3) as shown
from the gradual changeover i over approximately 5% 60000
conversion from dilute to gel regimes. Figure 4A compares the =
theoretical profiles forc*min and c*max (calculated for MMA " 400004
using mw= 100.21 g mot?, /=2 x 1.54 A5® andC» = 759
and the experimentale-onsetcurves determined from methods 20000-
1 and 2 (see eq 4, parts a and b). There is excellent agreement
betweerngel-onsetdetermined by method 1 amimax (eq 5a) as 0 . 5 =S U me

shown in curves a and d, respectively. Excellent agreement was o [[[] oz N 05
also found between the molecular weight power law dependence
of Xgel-onset(Proportional toM,%-3%%—method 1, eq 4a) anck

for MMA (proportional toM, %3"—Table 3)%’

Subsequent analysis of theéi(x) data for methyl acrylaf@
(MA) and vinyl acetat® (VAc) polymerizations also showed
good agreement betweefi (theory) andxge-onsetdetermined
by method 1 (See “Supporting Material” for the figures &r

0.6
Conversion

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 poigt bnse)
determined from methods 1 and 2, agfdhax andc*min determined
from eq 5, parts a and b. (B, vs conversion profiles. Curve a
represents the experimenigli-onsetdetermined by method 1, curve b
the experimentakge-onserdetermined by method 2, curve c thmin

for MA and VAc). Most encouraging was that the form of both  determined using eq Sb, and curve d tgaxdetermined using eq Sa.
Polymerizations were carried out using the following CPDB concentra-

Xget-onset N0 C*max curves for all monomers is similar. tions: (e) 2.13, (f) 4.98, (g) 9.93, (h) 19.9, and (i) 54.4 mM. The solid
TheMy’s determined experimentally for each polymerization lines represenin tmeory UsiNg g 3 anyrarr = 15.22° The shaded

are also given in Figure 4B, which were in excellent agreement area (Figure 4A) represents the limits betw@&gi, and ¢*max

with theory (usingCy rarr = 15.29). 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 effectand can be combined with eq 1 to give

was extended to greater conversions. The data suggests that the

gel effect will be eliminated for short chains ok 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 |t has been claimed that diffusion in the gel regime is through

that for alli > 30 the characteristic increase R associated  yeptation with a dependence iof (Table 3)5%5L59From eq 7,
with the gel effect will be observed. AR, is proportional to age(X) Will approach 2 only at limiting values of coinciding

(&% only a significant decrease ifk[will lead to an with the glass regime. Inconsistencies have also been observed
oggir\gﬂaplﬁmcrease. He?%(z, Zhe &uggggmeélzaggn Ol\flll\,{ll\llvl_l:‘;\\l between reptation and self-diffusion coefficieffté should be
©. )in the presence of 54.4 m and o.6s m noted that this does not mean that reptation does not occur but

at 80°C _resulted in no observabfé, increase (vae f, Figure that the polymeric radicals are additionally controlled by other
1), despite a clear decrease found in fkeprofile (curve e, e
diffusion processes. Unfortunately, attempts to compgs€x)

Figure 6). This last point is also consistent with the use of chain ~. . : .
transfer agents in conventional FRP to control the magnitude with other theoretical models did not prove fruitful (see Table

of autoacceleration by decreasifig,[P8

In the gel regime, the effect &f' as a function of at various Given that no physical model is adequately able to describe
conversions was determined using the surface function obtainedthe gel regime, we developed a semiempirical model to describe
from the fit in Figure 2. Figure 5 shows that althoulgh is kii(x) both in the dilute and gel regimes using a similar
affected by chain length, a more pronounced effect comes from methodology to that recently described by Smith et'alve
the change in conversion. A chain length dependent power law previously found this approach effective in describidg in
exponentpge(X), is determined from the slope in the gel region, the dilute solution regime for MMA? but have in this work
and plotted as a function of conversion (see inset in Figure 5) extended the model to describe termination in the gel regime
with the following linear relationship: up to the glass regime. To descrikié(x) in these two regimes
the following expressions were used along with the parameters
given in Table 4.

kO —(1.8+ 0.056)

(8)

OgefX) = 1.8 + 0.056 ©)
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Table 3. Theoretically Predicted and Experimentally Observed Scaling Laws for Poly(methyl Methacrylate) (PMMA)

quantity prediction ref found ref
bulk viscosity n(®) O MO> 80 y 0 M0-68 81
dilute solutions n(good) M08 80 n OMP, b~ 3.0-7.0 81
concentrated solutions n O M30 82 Ds [0 M~(2:0x+0.664) 83
y 0 M34 80
self diffusion Dg(bulk) 0 M—20 82, 84,85
(reptation) Dy(soln) 0 M~20c=7/4 82, 84, 85
overlap concentration ¢ OM05 86 c* O M087 57
(random caoil) c* OM03% this work
radius of gyration Ry 0 MO9S 55 Ry 0 M0-56 87
(random coil)
correlation length EOMO 50
termination rate coeff k OM™L5 88

(entangled melts)

Dilute Solution Regime, fori < igel Table 4. Parameters_Usgd in the “Composite” Model to Describe
ki'(x) for the Polymerization of Methyl Methacrylate (MMA) at 80
ii 1 ll s 9 °Ca
foriy, <ig, =k,
xSlse K=k ©) parameter value
fori, = ig, k''=k"lg ™ o0 (10) EM éé; 1
S .
. . . isL 100
Gel Regime, fori = ige o 0.15
: : i L1l oge(®—os —0ge(X) X \-voz1
fori, <igy, ki =k igeoe 05, (11) ige . (2.629
; i 1 1L o —osi  OgeX) 0w —0ge(X) ol mw
fori = ig, K'"=k!ig ™ iy, i (12) agel®) age(X) = 1.8 + 0.056 (eq 7)

. . a i
whereis, represents the cross over chain length from short to  ~values were taken from this work and ref 20.

long in dilute solutionps is the chain length dependent power 95-
law exponent for short chains in dilute solutian, is the chain :
length dependent power law exponent for long chains in dilute 9.04
solution? andigel represents the cross over chain length from ~ g5 a=0.65
dilute solution to the gel regime. B {1 = o =0.15
To validate this approach, model predictions were compared —_, 8.0
to experimentally determineki profiles found for a series of g 75
experiments describink'' over a wide range of chain lengths : .
and up to 70% conversion (Figure 6). Agreement between the = 7.0+ [
model and experiment was excellent for the entire conversion = ¢ 5] !
range of 5-70% and for chain lengths of $B000. Initially, 20 . !
the expression foKger-onset (Method 1, eq 4a) was used to  — 6-0‘_ :
describeige in the model and gave excellent agreement with 5.5 N
experimentak{"' profiles. However, subsequent computational s O‘ | A
kinetic simulations (not showf indicated Xyeronset USiNg : T v o T T '
method 2 (eq 4b) was more accurate in lzi(tgting the rates of 10 L5 20 25 30 35 40 45
polymerization and molecular weight data for both conventional Log i

FRP and “living” radical polymerization up to high conversions. ) . o )
A feature of this model is the gradual transition from dilute Figure 6. Comparison between “composite” model and experiment

- - - : for the change ink/'Owith i for bulk polymerizations of methyl
solution to gel regimes through the implementation of conver- methacrylate (MMA) in the presence of cyanoisoprop-2-yl dithioben-

sion dependent functions for botle-onset and agel(X). Our zoate (CPDB) initiated with azobis(isobutyronitrile) (AIBN) at 80.
Solid lines represent composite model. Key: (a) [CPBB2.13 mM

8.5 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]=
8.0 19.9 m and [AIBN]= 2.28 mM; (e) [CPDBJ= 54.4 mM and [AIBN]
_75] = 8.83 mM.
"{j 0] model, therefore, presents an accurate fit of termination rate
g | T — coefficients as a function of both conversion and chain length.
o651 Importantly, one of the main motivations for developing this
i (,_0_:_5":2 composite or semiempirical model strategy is its “universal’
__%f {3 0 nature. This model approach can be readily applied to any
551 4 S monomer provided accuratg(x) data can be accessed and
50— Comersion” " . . parametersel, as, isi, 0, ige, andage(X) evaluated.
1.0 1.5 2.0 2.5 3.0 The elucidation ok profiles as a function of conversion
Logi and chain length allow us to compare the various models

Figure 5. log k; vs logi, profiles extracted from thk'i(x) surface fit prop_oseq in the literature to our experimental da_ta' Most
function determined at (a) 20% conversion, (b) 40% conversion, (c) ermination models have been developed to describe broad
50% conversion, and (d) 70% conversion. radical chain length distributions in conventional FRP, and have
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i

<k"> (L mol’ 57)

(&)

(c)
0.6

02 0.4 08

Conversion
Figure 7. Comparison between various model predictions from
literature and experimental data for the chain length dependent
termination rate coefficientsk'[J vs fraction conversionxj. Curves:
(a) experimentalkCOdetermined from the RAFT-mediated polymer-
ization of methyl methacrylate (MMA) in bulk at 8TC initiated with
azobis(isobutyronitrile) (AIBN); (b) prediction using the Mahabadi and
O’Driscoll approact?®5! (c) prediction using the Russell and Gilbert
approach®7374(d) prediction using the Peklak approaéle) prediction
using the Ross and Laurence approéch.

determinedkii (for termination between two propagating
radicals of different chain lengthsandj) from an average (via
either a geometric, harmonic or diffusion meankdfandkd.
Obviously, as these models cannot directly acdgssor ki
they use adjustable parameters to provide a fit with their rate

and molecular weight data. These include approaches propose(§1

by Mahabadi and O’Driscofi3:40.664 Gilbert and Russefi>~74
and Ross and Lauren@as well as Peklak et af.(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 kitéx) values
predicted by each of these models andkiéx) values extracted
from the surface profile of Figure 2 for the RAFT-mediated
polymerization carried out using 50 mM RAFT agent at’80

It should be noted that some parameters could not be obtained

at 80°C, and therefore we may not have used the optimum
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system. Using th& dependencies for chain length and conver-
sion, we constructed a composite model to accurately describe
kil for chain lengths up to 3200 and conversions up to 70%.
As the RAFT-CLD—T method allows accurat&’’ 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 wikh(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 accuratg’(x) data can be accessed and
parameter&?, as, ist, au, ige, @andoge(x) evaluated.
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