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Abstract

The kinetics of free-radical polymerisation of vingeodecanoate (Wed) and the molecular weight distributions (MWDs) of the
polymers formed in the presence and absence of low molecular weight polyisoprefi€ ang@r a variety of conditions were investigated.

The bulk reaction was successfully modelled using conventional free-radical polymerisation with termination rate coefficients calculated
from diffusion theory. The reaction was strongly retarded by the presence of toluene or low-molecular-weight polyisoprene. This retardation
behaviour was consistent with a mechanism comprising chain transfer of the radical activity to a double bond on the polyisoprene backbone

to form a radical centre of low reactivity, which may subsequently terminate with other propagating radicals (“transfer-induced retardation”).
Analysis of the rate and of the MWDs of the polymer formed yielded an estimation of the rate coefficient for transfer of the radical activity
from the propagating Ked radical to toluene and to polyisoprene. The rate coefficients for transfer to toluene determined by both methods
were similar (7.5 dmfimol ™! s~ from the conversion-time data, and 10.8%mol ! s™* from the molecular weight distribution). The rate
coefficient for transfer to toluene was similar for both vinyl acetate (9.9moi X s™%) and \hed, as expected given the similar radical
reactivity of these monomers. The rate coefficient for transfer to polyisoprene was found by the conversion-time method to be
150 dn? mol ! s™%, suggesting that the polymerisation oh&D in the presence of polyisoprene would be a useful method for inducing
grafts onto the polyisoprene backbone. The rate coefficients and inferred mechanism are similar to those found previousldr a V
polybutadiene system [Macromolecules, 33 (2000) 23832000 Elsevier Science Ltd. All rights reserved.
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1. Introduction of either natural rubber, high molecular weight synthetic
polyisoprene or a model compound of polyisoprene (2,6-
There are currently two methods by which grafting may dimethylocta-2,6-diene). However, the authors could not
be induced in polyalkenylenes such as polyisoprene. Thedistinguish between retardation due to chain transfer and
first is through graft-site initiation [1], where the initiator- retardation due to copolymerisation (i.e. addition across
derived radicals either add across the double bond orthe double bonds of polyisoprene). The chain-transfer
abstract hydrogens from the polyisoprene backbone [2]. mechanism for the observed retardation was tested by Scan-
High levels of grafting withcis-polyisoprene have been lan et al. by polymerising VAc in the presence of a model
found to be induced with benzoyl peroxide [3] and other compound, isopropylbenzene [7]; chain transfer is the only
oxyl radicals [4], whilst azobisisobutyronitrile (AIBN) was  possible reaction in this system. Retardative chain transfer
shown to have little effect [5]. The second method is through was found to occur, where the polyVAc radicals readily
hydrogen abstraction from polyisoprene by polymeric radi- abstract hydrogens from isopropylbenzene, and these inci-
cals [6]. Scanlan et al. [6,7] found that the rate was retarded pient isopropylbenzyl radicals are very unreactive towards
in the polymerisation of vinyl acetate (VAc) in the presence VAc and consequently may act as primary radical termina-
tors for polymeric radicals. This result supports the hypoth-
* Corresponding author. Fax:61-2-9351-8651. esis that retardative chain transfer frequently occurs for the
E-mail addresspilbert@chem.usyd.edu.au (R.G. Gilbert). VAc/polyisoprene system, and therefore will invariably
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0 O CH, presence of polyisoprene, which would arise from the low
CH2=CH—O—8—CH3 CH,=—=CH—O— 5H, reactivity to_vinyl ester monomers o_f allylic radicals formed
Ho by abstraction on polyisoprene, will also be compared to

that found in the presence of toluene, which should exhibit
vinyl Acetate (VAc) vinyl neo-decanoate an analogous retardation through the resulting benzylic radi-
cals. Kinetic analysis will be through both rates and mole-
Fig. 1. Chemical structures of VAc andnéd. Vned is actually a cular weight distributions (MWDs) [15].
mixture of br_anched is_omers_ such as vinyl 2-ethyl-2-propylpentanoate, Mechanistic information from this study has the potential
one of which is shown in the figure. to lead to “designer” latexes by controlling the amount of
grafting and consequently the resulting morphology of the
latex particles in a second-stage (seeded) emulsion poly-latex particles in seeded emulsion polymerisations
merisation. However, their investigations showed that [12,13,16].
although grafting increased under the experimental condi-
tions, the amount was not significant. It was proposed that .
this was because the oil-soluble initiator (AIBN) was not 2- Experimental

accessible to the large amounts of VAc present in the Vned (“Veova” f Shell Chemical ified b
agueous phase. Because the aqueous phase saturation r&gﬁ (‘Veo ﬁ dron|1 he p emlcr?aévd%s purified by
concentration of VAc [9,10] is approximately five times two different methods. In the first metho monomer

greater than that for MMA [11], then inside the latex parti- )[/\r/]as thrc])roughlly mixed tW_'th bafsw ﬁlLi'Jm'r.'a blefofe polurltr;]g
cles there is a lower relative concentration of VAc compared rougd a Ct?,u;nnhgzg aining Ires q at\rs]m alﬁmma' In €
with MMA and consequently there is a lower proportion of second method, was passe rough a column

poly(VAC) radicals availabie to abstract hydrogens from containing basic glumina and then distilled under reduced
polyisoprene. This problem can be overcome [12,13] by pressure. The purity was analysed by GCMS (Hewlett Pack-

using a monomer that is extremely water-insoluble and ard 5989A Mass_Spectrometer, together with a Hewlett
with a similar free-radical chemistry to VAc. One such Packard 5890 Series _” Qa_s Chromatograph) to tes_t _f(_)r the
monomer is vinyheodecanoate (Wed, which is actually presence of residual inhibitor. AIBN was used as initiator
a mixture of branched isomers such as vinyl 2-ethyl-2- n th's work to excllu.d.e any c_ompllcatllonS frgm graft_—
propylpentanoate), Fig. 1, which has a water solubility ing induced by the |n|t|ator.-der|ved 'ra@pals, since [5] '.t
~10%times lower than that of VAc and a chemical structure has_been shown not to induce significant grafting in
that differs only by a GH,9 alkyl group. Indeed, it is likely polyisoprene.

that these two vinyl esters have very similar free-radical
chemistry, as evidenced by the similarity of the frequency

factor and activation energy of the propagation rate coeffi- |, 5 typical bulk polymerisation, monomer was weighed
cient [14]. Vhed should therefore not only promote higher t0 a 50 ml round-bottom flask. Thizeeze—pump—thaw
levels of grafts spread homogeneously throughout the technique was used to remove oxygen from the reaction
natural rubber particles both in homo- and copolymerisa- mixture, and repeated three times to ensure most of the
tions, but shou_ld also [12_,13] decrease the probability of oxygen was removed prior to the polymerisation. AIBN
secondary particle formation. was added into the round-bottom flask under a nitrogen

Previous kinetic studies [15] have suggested that this 5imasphere and allowed to dissolve before being immersed
mechanism should be very effective in inducing grafting into an oil bath at 56C. The amounts of monomer and
onto polybutadiene; the present paper explores the applic-initiator used were such that the final concentrations were
ability of this to polyisoprene. The objectives are: (a) 10 4 45 and 0.01 M, respectively. Conversion-time data were
confirm that \hed has similar grafting kinetics with poly-  measured by withdrawal of samples at fixed intervals for
isoprene to that observed with polybutadiene; (b) to confirm avimetric analysis. In the case of solution polymerisations
Vned has a similar free-radical chemistry to VAC when ot vned in the presence of toluene, a similar experimental
polymerised in the presence of low molecular weight poly- nracedure to that described above was utilised. In some bulk
isoprene (LMPI); and (c) to obtain transfer rate coefficients experiments, the conversion-time data were monitored by
for abstraction of hydrogens from the polyisoprene back- gjjatometry for a more accurate analysis of the rate.
bone by polymeric Yied radicals. The investigations
involve bulk and solution polymerisations of monomers in 2 o preparation of low molecular weight polyisoprene
the presence of low molecular weight synthetic polyiso-
prene (a low molecular weight being necessary because Isoprene monomer (Aldrich) was passed through a
samples of this polymer prepared by free-radical polymer- column containing basic alumina to remove inhibitor.
isation with high molecular weights tend to have very high Isoprene monomer and benzoyl peroxide were transferred
gel fractions and thus will swell with, rather than dissolving into a pressure sealed vessel, containing toluene. The
in, Vnedd monomer). The retardation effect from the concentrations on mixing were 6.52, 0.19 and 3.02 M,

2.1. General procedure for bulk polymerisations
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1.0 . : . . . . . 2.5. GPC characterisation of the low molecular weight
- max =22113 polyisoprene

08} v . o
» My, = 28205 The molecular weight distribution of the LMPI was

characterised using GPC. Fig. 2 shows the GPC trace of

= 06r the synthesised LMPI. A weight-average molecular weight
i of 2.8x10* was obtained, which is sufficiently low for
S o4t homogeneous polymerisations.
2

0.2} o .

2.6. NMR characterisation of the low molecular weight
Vi
0.0 polyisoprene
2 3 4 5 6 ) )
log M NMR analysis was performed on a Bruker instrument at

300 MHz. TheH NMR spectrum of LMPI contains a
Fig. 2. GPC molecular weight distribution of LMPI polymerised from mixture of 30% cis and 70%trans-1,4 repeating units.
isoprene, benzoyl peroxide and toluene 78 The assignments were determined from the literature [17].
The following peaks were identified in tHél NMR spec-
trum: 6 (CDCly) 1.62 ppm, strans CHg; 1.71 ppm, sgcis
respectively. The vessel was degassed, sealed, and placed igHs; 2.04—2.27 ppm, b, C}15.24 ppm, b=CH-. Minor
a water bath at 7&. The polymerisations were allowed to peaks from the initiatortért-butyl hydroperoxide) were also
proceed for 48 h. The polymer from the reaction mixture observed at 0.97 and 1.31 ppm (from theGiroups).
was precipitated by addition to methanol and then dried in a
vacuum oven at £4C for 48 h. The LMPI was characterised

by NMR and GPC. 3. Modelling bulk conversion-time data

2.3. Polymerisation of VneoD with low molecular weight Simulations of the time evolution of conversion for the
polyisoprene bulk free-radical polymerisation of néd (without any
o ) ) LMPI) were carried out as follows, using the diffusion-
The polymerisation of Wied was carried out in the  controlled model for termination of Russell et al. [18,19]
presence (_3f LMPI initiated with AIBN. LMPI was |n|t|ally_ Taking account of the chain-length dependence of the
dissolved in an excess of monomer. The resulting solution oy mination rate coefficient, the polymerisation rate at a

was filtered to remove any undissolved polymer. The total gien weight-fraction of polymer (instantaneous conversion)
solid content of the filtrate was then determined by .54 pe written as:

gravimetric analysis.
Thefreeze—pump-thamethod was used to deoxygenate gjm] d[R]

the polymer solution prior to the polymerisation. After —g— = ~KIMIIR]: == = 2fkyll] = 2AK)IRT;
deoxygenation, 0.01 M AIBN initiator was added under a
nitrogen atmosphere, the solution immersed into an oil bath [I(H)] = [I(t = 0)] ekt 1)

at 50C, and samples were taken at fixed intervals for gravi-

metric analysis to monitor the conversion. wherek, andk, are the rate coefficients for propagation and

_ o initiator dissociation, respectivelfthe initiator efficiency, [I]
2.4. GPC procedure for molecular weight determination and [M] the initiator and monomer concentrations, dqglis
the termination rate coefficiemveraged over all degrees of

Samples were dissolved in tetrahydrofuran (THF), polymerisation

filtered and injected, using a Waters WISP 710B automated
injection system, into a series of four bed columns (B, C, C,

ij
D with size of 300x 7.5 mnf — Polymer Labs) with detec- IZ RRk
tion by a differential refractive index detector (Waters 401). (k) = J72 (2
THF was used as eluent at a flow rate of 1 ml nlinThe (Z Ri)
molecular weight distribution of Wed was determined i

from calibration with a series of narrow poly(styrene) stan-

dards (Mark—Houwink constantK =1.1x10 °dlg? Here R is the concentration of radicals of degree of
a = 0.725), together with the Mark—Houwink constants polymerisatiori, andk{ is the rate coefficient for termination

for Vned in THF [14]: K=7.26x10°dIig™’ and between radicals of degree of polymerisatiandj. TheR

a =0.716. are found by solving the non-linear equations for this
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0.20 Table 2
Concentrations of Wed and LMPI used in bulk polymerisations
o5k Run [Vned] (mol dm™3) [LMPI] (mol dm )
c R 1 3.74 211
9] ot 2 4.22 0.71
‘@ 010
2
c .. . « _— "
8 empirical scaling “law” is obeyed over a range of conditions:
0.05
u(w)0.664 + 2.02w, (6)
0,001 Thew,-dependence dd,q, for Vned diffusing in a solution
o 500 1000 1500 2000 of polymer in its own monomer was taken to be the same as
Time (s) that for butyl methacrylate [20]. This approximation should

not be a problem with regard to the question of seeing if the
Fig. 3. Conversion as a function of time for polymerisations of bulk diffusion-controlled model can predict bulk polymerisation
Vned (50°C, 0.01 M AIBN). Unbroken lines: simulation; other curves:  data, since the simulation results are not strongly sensitive to

experiment. reasonable variations in this quantity, and moreover are sen-
sitive to a number of other input parameters with similar
quantity (in the steady state): uncertainties.
dR o Given the various quantities set out in Egs. (2)—(6), Egs.
T = 0=Ky(R_1 — R)IM] — kym[MIR, — 2R, Z k'R (1) were then solved numerically.
=1
&) 4. Results and discussion

wherek v is the rate coefficient for transfer to monomer. The o
chain-length-dependent rate coefficiddt is found (in a  4-1. Bulk polymerisation
rubbery system such as the present one) using the diffusion

model [18,19]: Bulk experiments of the polymerisation ofnéd were
) ’ carried out at 50C using AIBN as initiator. Fig. 3 shows
ki = 2mp;(D; + D))(rj + 1Ny 4 that for pure bulk Wed, the conversion reached

approximately 15% in 30 min. The conversion-time data
in the bulk experiments suggest retardation in the early

X T stages of the reaction. After this retardation period, the
nation (taken here as the van der Waals radibg)is the  gpserved rate is in accord with that simulated using the

Avogadro constant, ang; is the probability of reaction  giysion-controlled termination model developed by
upon encounter (taken as 1/4 atlow conversion). The diffusion g ,sse|| et al. [18,19] with rate parameters from the literature

HereD; is the diffusion coefficient for diffusion of the radical
end of ani-mer,(r; + r;) is the radius of interaction for termi-

coefficient at a givemy, is written as: (see Table 1). This suggests that the effects of retardation are
Drmon(Wp) not greatly significant for most of the bulk reaction. Such
Di(wp) = Wy S discrepancies as those observed in the conversion-time and
rate data could be accounted for in terms of the uncertainties
whereD0,is the diffusion coefficient of monomer ands an in several of the input parameters, including the rate

exponent. Measurement of diffusion coefficients of a range of cefficient for transfer to the monomer and the

oligomers in a range of rubbery monomer/polymer matrices giffysion coefficient of the monomer at, = 0, to which
by pulsed-field gradient NMR [20] suggests that the following the simulations are particularly sensitive.

Table 1

Literature values for the rate parameters for simulations of bulk polymer-
isation used in this work (the values of the remaining rate parameters are
specified in the text)

4.2. Effect of LMPI

The addition of LMPI (Fig. 4) results in a dramatic retar-
dation of the rate of reaction, well beyond the level of retar-
Parameter Literature value Reference dation observed early in the bulk situation (see Table 2
for concentrations of LMPI and sed used in these

k, (dm*mol™ts™) 5.2x 10° [14] -

k(s 2 16x 10°° 3] experiments).

f 0.7 [33] As discussed in the Section 1, there are two free-radical

Dinor(Wp) Assumed same as [20] mechanisms that could be used to explain such a dramatic
s for butyl methacrylate effect (see Scheme 1, the two mechanisms used to describe

?’?n(rg;n mol s ) ‘(1)_6 [[3148]] the drastic retardation for ned in LMPI). The first is

the copolymerisation addition) mechanism: polymeric




M.J. Monteiro et al. / Polymer 42 (2001) 2403-2411 2407

1. Copolymerisation

VnD ka very low

T LK
\NWnD nDW
nD* \

2. Transfer

: vnD

) \ %
H —~
) . |
g

Scheme 1.

kg very low

Vned radicals add across the backbone double bonds onpolymerisations of Yied in the presence of toluene (Table 3
polyisoprene to form radicals that are unreactive towards thelists the concentrations of toluene anda&¢D used in these
monomer and now act as radical terminators, subsequentlyexperiments). Retardation is seen, although not as drastic as
undergoing termination, grafting or crosslinking reactions. that observed in the case of polyisoprene, and increases with
The second is the chain transfer mechaniatys{ractionor the concentration of toluene.
retardative chain transfgr in which polymeric \hed The MWDs of Vhed polymerised in the presence of
radicals abstract hydrogens from the allylic position on toluene at 5€C at conversions less than 10% are shown in
the polyisoprene backbone. Again these incipient radicals Fig. 6. The entire molecular weight distribution shifts to
are supposed to be unreactive towards the monomer and tdower weights with increasing toluene concentrations, as
act as radical terminators. does the weight-average molecular weigiM,,) (see

A simple method to distinguish between these two mechan- Table 4). Further support for the hypothesis is that toluene
isms is the use of a model compound. Toluene was used in thidfits the classical description as a retardative chain transfer
work to test whether chain transfer was the more likely agent [21]; it both reduces the rate a¥g, of Vned. The
mechanism, since copolymerisation reactions with toluene results strongly support retardative chain transfer for the
are not possible. Fig. 5 shows conversion-time plots for the polymerisation of \hied in the presence of polyisoprene,

15 . . . . . . 60 . : . T
A A 3.17 Mtoluene
o 501 e 6.30 Mtoluene .
o 8 ¢ 7.54 Mtoluene
o8 S
c 104 i o i
=) o
4 . ¢ e
o [ ] e * g T
z - $ e st 13)
o i
S 54 & . 1 R
R .
* * T
3
0 # T T T T T T
0 20 40 60 80 60
time (h) time (h)
Fig. 4. Conversion versus time data for the polymerisationmédD in the Fig. 5. Conversion versus time for polymerisation afe¢D at three differ-

presence of LMPI (5@, 0.01 M AIBN, concentrations in Table 2), with ent toluene concentrations (80 0.01 M AIBN, toluene concentrations in
the concentrations of LMPI being given in Table 4. Table 3).
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Table 3
Concentrations of Wed and toluene used for polymerisations to test chain
or copolymerisation mechanisms

Run [Vned] [Toluene]
(mol dm™3) (mol dm™3)

3 2.95 3.17

4 1.48 6.30

5 0.88 7.54

M.J. Monteiro et al. / Polymer 42 (2001) 2403-2411

Table 4
The effect of toluene concentration on thi, of poly(Vned)

Run  [Vned] [Toluene] My
(mol dm™3) (mol dm™3) (x107%
6 3.97 1.0 14.8
7 3.56 1.88 12.0
8 2.66 3.76 5.7
9 2.22 4.69 4.2

a similar result to that found for VAc [6,7]. This implies that
the polyisoprene radicals formed by the transfer reaction
are very slow to react with Med. That is, the rate of
propagation (reaction 2 in Scheme 2, kinetic description
for retardative chain transfer infiéd in the presence of
toluene. The rate coefficients are as followgs the rate
coefficient for transfer to solvent (S, the rate coefficient
for termination of the propagating radic&f,) with solvent
radicals (9, and(k; the average termination rate coeffi-
cient.) is far greater than that of re-initiation of the incipient
radical formed by transfer (reaction 4). This also implies
that the grafting reactions between the polyisoprene back-
bone and Vied polymeric radicals readily occur to give
short branches.

4.3. Determination of kof VneoD to toluene from
conversion-time data

The results can now be interpreted using the full kinetic
description for retardative chain transfer. The Kkinetic
scheme is shown in Scheme 2. The kinetic analysis of this

retarder concentrations. The equation thus obtained is:

m( [M]o) _ Kkollt
MI )~ keslS]

where [M}, is the initial monomer concentration, [S] the
solvent (toluene) concentration (or the molar concentration
of isoprene monomer units for reactions in the presence of
polyisoprene)k; s the rate coefficient for transfer to solvent
(or isoprene units) and the reaction time. It has been
previously shown by exact numerical solution of the
complete rate equations [15] that the approximations lead-
ing to Eq. (7) are accurate.

Plots of In([M]y/[M]) versus time, as suggested by Eq. (7),
are shown in Fig. 5, and it can be seen that the expected
linearity is obeyed to an acceptable approximation. The
slope from each data set is then plotted versus [toluéne]
(Fig. 7), to calculate a value fdg, s to toluene. The value
thus obtained, using the parameters in Table 2, is
7.5dn mol st

@)

4.4. Determination of kof VneoD to toluene from
molecular weight distributions

scheme has been presented in detail elsewhere [15].

Approximate analytical solutions can be obtained by
making the pseudo-steady-state approximation, a negligible
rate of re-initiation (i.ek, is very low), a negligible rate of
bimolecular termination, and time-independent initiator and

0.25 T T T T T T
0.20 . .
0.154 40% toluene —r'> B
s
20% tol

o 0.104 0% toluene i

o ;o

~ {1 50% toluene —/ -

3 L <+—10.6% toluene
0.05 4
0.00 --meseztiiocwT o N .

T T T T T T
3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5
log M

Fig. 6. The effect of increasing toluene concentration on the MWDs of
poly(Vned).

An alternative method to directly measure tkg to
toluene is from the MWD via the IR(M) method, described
by Clay et al. [22] Herd?(M) is the number distribution of
polymer chains with molecular weigh¥l. The number
distribution is obtained from the GPC distribution
w(log M) using [22,23]

w(log M)
M2
If conversion and the propagating free-radical concentration

are both low, and making assumptions similar to those made
above for the calculations from conversion-time data, one
ktr,M[M] + 2ktr,s[s]

obtains [15]:
i

where R is the propagating radical concentration. It is
implicit in Eq. (9) thatP(M) is the instantaneousiumber
MWD (i.e. the number distribution of polymer formed at
any instant), rather than theumulative distribution as
obtained by taking a sample from the reaction and measur-
ing the MWD using GPC. In principle, the instantaneous
distribution can be obtained by taking samples and closely

PM) = ®)

M
Mo

lim

M—00,P, —

, InPV) = —{ )
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I kg R
> R 1)
. kp .
Pn + M —_— Popr Q)
ktr,S
P + S — > S* + pH 3)
. ka .
S + M —> sM . “)
. . kyp
Pn + S s ®)
Pn‘ + PI;I <k[> Pn-bp (6)
Scheme 2.

spaced conversions and subtracting the cumulative MWD at4.5. Determination of kof VneoD to polyisoprene from
successive conversions [24]; in practice, this requires espe-conversion-time data

cially precise data. However, if data are obtained at low
conversion, then the cumulative distribution is a good
approximation to the instantaneous distribution.

The plots from the MWDs (Fig. 6) were converted to
In P(M) versusM as shown in Fig. 8a. There are extensive
linear regions in which there are significant amounts of
polymer (see Fig. 2). Following Eq. (9), the slopes of
these linear regions are plotted againsh@]/[toluene]
in Fig. 8b, and from the gradient a value of
10.8 dn?mol™*s™* for ks to toluene is obtained. The
values obtained by the two methods are given in Table 5.

The subtraction method [22,24,25] for obtainingPifi)
plots of the newly formed poly(ked), i.e. for finding the
instantaneous molecular weight distribution, cannot be used
in the polyisoprene system. This is because grafting reac-
tions will invariably change the hydrodynamic volume of
polyisoprene and consequently its elution volume (time)
and apparent molecular weight distribution; therefore
subtracting the GPC chromatogram of the pre-existing poly-
isoprene polymer from the blend in order to obtain an MWD
of the newly formed poly(Vied) would lead to gross

The transfer rate coefficients determined by both methodserrors. However, the conversion-time data can be used
are in good agreement, which suggests that the conversionto obtain an approximate value d&p for Vned to

time method is a valid alternative to obtain values Kgg,

given that the above assumptions are satisfied. In addition,

the postulate that the free-radical chemistry afedd and
VAc is very similar is strongly supported by the similarity of
the k; values for \hed and VAc to toluene (Table 5) and
the similar retardation effect observed for both monomers in
the presence of polyisoprene.

6x10°
4x10° 1
@
o
Q -6
O 2x10°
(2]
0 T T T
0.0 0.1 0.2 0.3 0.4
1/[toluene]

Fig. 7. Plots of the slopes from curves in Fig. 5 versus [tolughejsed to
determine the rate coefficient for transfer to toluene.

polyisoprene.

Plots of In([VnedD]—¢/[V nedD],) versus time at 5C are
shown in Fig. 9a. The data can be treated in a similar manner
to that of toluene, giving high correlation coefficients to the
fits by linear regression. Plotting the slope from each data
set versus [polyisoprene units](Fig. 9b) allowed thek p
value of 150 dmimol™*s™* to be obtained. This value is
approximately an order of magnitude greater than that for
toluene, and is similar to the value of 272 8imol *s™
found at the same temperature for the corresponding transfer
reaction of \hed to polybutadiene [15]. It is thought that
abstraction in toluene is mostly from the methyl hydrogens
(i.e. primary carbon centre). It is postulated that the differ-
ence betweerk, to polyisoprene (or polybutadiene) and
toluene is due first to the greater number of hydrogens avail-
able for abstraction on the polyisoprene unit in which more
than half are attached to secondary carbon centres. Second,
stabilisation of the incipient radicals through hyperconjuga-
tion [26] (where the radical stability is in the order of
tertiary> secondary> primary> CH,) has been shown to
lower the activation energy for abstraction by methyl radi-
cals from a primary to a secondary carbon by 7 kJ thoi
the gas phase, and has little or no effect on the frequency
factor (A) for the rate coefficient [27]. This is in accord with
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Table 5

Values fork, to toluene obtained from the conversion versus time data aRg\NB)

Monomer Transfer agent (A) Kir A (dm*mol ts™Y Method Reference
Vned Toluene 7.5 Conv-time This work
Vned Toluene 10.8 IP(M) This work
VAc Toluene 9.9 Mayo [35]
Vned Polyisoprene 151 Conv-time This work

the difference in activation energies of 6.7 kJmol fact be under diffusion control [15], and therefore cannot
between abstraction from toluene and polyisoprene calcu-simply be compared to the “chemically”-controlled reac-
lated from this work at 5 and assuming identicah tions (i.e. reactions with a significant chemical barrier) of
values. Therefore, it is postulated that the majority of hydro- small benzyl radicals to polybutadiene. In addition, the type
gen abstraction by poly(ed) radicals is from the second-  of diffusion control (i.e. “reaction” or “centre-of-mass”
ary carbon centres in polyisoprene. Although this postulate [18,19]) could substantially affect the Arrhenius parameters,
may seem reasonable, there is another postulate [15] thatlepending upon th#l,, (in this case theM,, of LMPI is
can also be used to explain such a difference in transfer rateapproximately 3< 10* and that of the attacking radical. The
coefficients between toluene and polyisoprene. The transferdata presented here are insufficient to make any conclusions
reaction for poly(\hedD) radicals to polyisoprene could in in this respect, as was also the case with analogous studies
on polybutadiene [15].
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' i vh‘f\{\\ /\A £
g
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[toluenel/[VneoD] 0.000 0.005 0.010 0.015

[AIBN]/[polyisoprene]
Fig. 8. (a) INnP(M) versusM of Vned polymerised in the presence of
toluene at 5@C for increasing toluene concentrations. Conversions Fig. 9. (a) In((M}[M]) versus time for polymerisations of ved carried
were all below 10%; (b) plots of the slopes from curves in (a) versus out in the presence of increasing LMPI concentration 4€5@b) plots of
[toluene]/[VhedD], used to determine the rate coefficient for transfer to  the slopes from curves (a) versus [LMPi}o determine the rate coefficient
toluene (Eq. (9)). for transfer to LMPI (Eq. (7)).
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In both cases the incipient radicals formed are further Australian Research Council for both a Large and an
stabilised by resonance from the carbon—carbon doublelnstitutional Grant, and through the establishment and
bonds and benzyl groups for polyisoprene and toluene, support of the Key Centre for Polymer Colloids. The authors
respectively. Stabilisation through resonance, in general, are also glad to acknowledge the support of Atofina (BTTP)
implies that the radicals are less reactive to further addition and of a Targeted Institutional Links grant from the Australian
reactions [26,28]. This effect may be exacerbated by the Department of Education, Training and Youth Affairs (NS).
type of monomer used in the system. For example, the
experimental rate coefficient&,) for benzyl radical addi-
tion towards styrene and VAc at 8D are 3.2x 10° and
41dnfmol s}, respectively [29], supporting the
assumption thak, is very lO\_N' However, the marked dlﬁ_er- [1] Morton M. Science and technology of rubber. New York: Academic
ence between these reactions cannot simply be ascribed t0" * pess, 1978 (chap. 2).
the difference of polarity in their transition states. Based on [2] Allen PW, Ayrey G, Moore CG, Scanlan J. J Polym Sci 1959;36:55.
theevalues from the Q-e scheme [3@]\alues for STY and [3] Merrett FM. Trans Faraday Soc 1954;50:759.

VAc are —0.8 and—0.88, respectively), the nucleophilic ~ [4] Bloomfield GF, Swift PM. J Appl Chem 19555:605. _
benzyl radicals should be more reactive towards VAc. An [5] Allen PW. In: Bateme}n L, editor. Chemistry and physics of rubberlike
. . . substances. London: Maclaren, 1963 (p. 97).
alternative treatment is based on the so-called Revised (g scanjan J. Trans Farad Soc 1954:50:756.
Patterns Scheme [31], which predicts a value of [7] Allen PW, Merrett FM, Scanlan J. Trans Faraday Soc 1955;51:95.
83 dn?mol *s™* for addition of the benzyl radical to  [8] Lehrle RS, Willis SL. Polymer 1997;38:5937.
VAc, based on the experimental value of &2 [9] ngkett BS. BSc (H_ons) thesis, _Uni\_/ersity of Sydne_y, _1974.
103 dm3 mol~ts for styrene. A more complete explana- [10] Gilbert RG. Emglsmn polymerization: a mechanistic approach.
. . . . London: Academic Press, 1995.
tion for such differences may involve an interplay between [11] Ballard MJ, Napper DH, Gilbert RG. J Polym Sci, Polym Chem Ed
delocalisation, entropic, enthalpic and polar effects [29,32]. 1984:22:3225.
[12] Subramaniam N, Monteiro MJ, Taylor JR, Simpson-Gomes A,
Gilbert RG. Macromol Symp 2000;152:43.
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