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Abstract

Chain transfer to monomer during nitroxide-mediated radical polymerization of styrene has been investigated for 2,2,6,6-tetramethylpiper-
idinyl-1-oxy (TEMPO) and N-tert-butyl-N-(1-diethylphosphono-2,2-dimethylpropyl) nitroxide (SG1) mediated polymerizations at 125 and
110 �C, respectively. A novel technique employing a fluorescence-labelled polystyreneeTEMPO macroinitiator enabled separate detection of
the total chain distribution and the distribution of chains containing the original macroinitiator, thus directly confirming the presence of chains
not containing macroinitiator. Chain transfer to monomer results in a low molecular weight tail, which can be very much pronounced, in par-
ticular in the number distributions. Quantitative analysis of the total number of chains in both the TEMPO and the SG1 systems, correcting for
the contribution of thermal initiation of styrene, yielded chain transfer to monomer constants in agreement with the literature.
� 2006 Published by Elsevier Ltd.
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1. Introduction

Controlled/living radical polymerization (CLRP) enables
synthesis of polymers with narrow molecular weight dis-
tributions (MWDs), predetermined molecular weights and var-
ious complex architectures [1,2]. The three most well-known
CLRP techniques are nitroxide-mediated polymerization
(NMP) [3], atom transfer radical polymerization (ATRP) [4],
and reversible addition-fragmentation chain transfer (RAFT)
polymerization [5]. In order to improve current CLRP systems
and to develop new more efficient systems, it is important
not only to understand the chemistry of the activationedeacti-
vation mechanism involving propagating radicals, but also any
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side reactions which may compromise the efficiency of the
process.

A number of side reactions occur in NMP systems, the rela-
tive significance of which depends on the particular system.
These include termination between propagating radicals [2],
alkoxyamine decomposition to yield terminally unsaturated
polymer and hydroxylamine [6e10], hydrogen transfer be-
tween a propagating radical and hydroxylamine [10,11], and
nitroxide decomposition [12,13]. Strictly speaking, termina-
tion is not a side reaction because a certain level of termination
is a requirement for the persistent radical effect to be operative
(the fundamental reason the system is controlled/living in
the first place) [14], but excessive termination is obviously
not desirable. However, generally speaking, all of the above
processes have adverse effects on the polymerization process.
A side reaction, which has perhaps received less attention, is
chain transfer to monomer. Chain transfer to monomer results
in: (i) irreversible deactivation of a propagating radical, and
(ii) generation of a new chain by initiation by a monomeric
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radical (in the case of styrene (S), it has been proposed
that chain transfer to monomer may in fact be to the Dielse
Alder adduct formed by the reaction of two S units [15,16]),
both of which are detrimental to a CLRP process. Thus, chain
transfer to monomer affects both the ‘‘livingness’’ (the fraction
of chains being ‘‘dormant’’ species, capable of undergoing
chain extension) and the control (the narrowness of the
MWD) of the polymerization.

According to simulations by Greszta and Matyjaszewski
of 2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO)-mediated
radical polymerization of S at 120 �C, transfer to monomer
leads to a relatively small but significant increase in polydis-
persity (Mw/Mn) [17]. The number of dead chains formed by
chain transfer to monomer was higher than by termination,
but most dead chains were formed by alkoxyamine decompo-
sition. Cunningham and co-workers carried out simulations of
the TEMPO/S system in miniemulsion at 135 �C (not includ-
ing compartmentalization effects [18]) [19], and also found
that alkoxyamine decomposition is the main reaction leading
to dead polymer, with similar levels of dead chains due to
termination and transfer to monomer. Kruse et al. [20] con-
cluded by use of simulations that chain transfer to monomer
influenced the kinetics of the di-tert-butyl nitroxide/S system
at 87 �C. Recent experimental and theoretical work on RAFT
polymerization of 1,1-disubstituted monomers (itaconates)
have indicated that chain transfer to monomer is important in
these systems, causing the number-average molecular weight
(Mn) to gradually deviate downwards from the theoretical
Mn (Mn,th), and broadening of the MWDs [21].

This work was prompted by the recent discovery of very sig-
nificant generation of new chains of low molecular weight in
the dispersion NMP of S in supercritical carbon dioxide [22].
The present investigation deals with a quantitative experimental
investigation into the rate of generation of new chains during
NMP of S using both TEMPO at 125 �C and N-tert-butyl-
N-(1-diethylphosphono-2,2-dimethylpropyl) nitroxide (SG1)
at 110 �C (Scheme 1). Generation of new chains is confirmed
using a novel technique employing a fluorescence-labelled
alkoxyamine macroinitiator. It is shown that the results are
quantitatively consistent with chain transfer to monomer by
direct estimation of the chain transfer constant from the
experimental data.
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Scheme 1. Nitroxides and fluorescence monomer.
2. Experimental section

2.1. Materials

Styrene (S) and reagent grade toluene were purified by dis-
tillation under reduced pressure. Reagent grade 2,20-azobis(iso-
butyronitrile) (AIBN; Wako) was purified by recrystallization.
Benzoyl peroxide (BPO) was purified by recrystallization
using chloroform/methanol. Methanol and THF were used as
received. N-tert-N-Butyl-N-[1-diethylphosphono-(2,2-dimethyl-
propyl)] nitroxide (SG1) was synthesized according to the
literature [23]. The SG1 purity was measured by 1H NMR by
reacting the radical with pentafluorophenylhydrazine, yielding
97% purity. TEMPO (Aldrich) and 1-pyrenylmethyl methacry-
late (Polysciences Inc.) were used as received.

2.2. PolystyreneeTEMPO (PSeT) macroinitiator
synthesis

A PSeT macroinitiator labelled with a small amount of the
fluorescence (FL) monomer 1-pyrenylmethyl methacrylate
(Scheme 1) was prepared by charging S (15.0 g, 0.144 mol),
BPO (33.8 mg, 1.4� 10�4 mol), TEMPO (27.4 mg, 1.75�
10�4 mol) and 1-pyrenylmethyl methacrylate (14.9 mg, 4.96�
10�5 mol) in a glass tube, followed by degassing with several
N2 cycles, sealing off under vacuum and heating at 125 �C for
4.25 h in an oil bath. The polymerization mixture was diluted
with toluene and subsequently the polymer was precipitated in
excess methanol, and reprecipitated several times using tolu-
ene/methanol. The obtained polymer was subsequently dis-
solved in toluene followed by filtration to remove unreacted
FL monomer, and finally precipitated in methanol and dried
in a high vacuum oven. It is crucial that the obtained PSeT
is not contaminated with unreacted FL monomer, which would
invalidate the subsequent FL-detector based MWD analysis.
The absence of unreacted FL monomer was confirmed by
GPC using FL-detection. Conversion¼ 46%, Mn¼ 32,400,
and Mw/Mn¼ 1.30.

2.3. Polymerizations

The PSeT initiated polymerizations were carried out by
heating S (3.14 g, 30.2 mmol) containing dissolved PSeT
(0.75 g, 2.31� 10�5 mol) in sealed glass ampoules at 125 �C
in a temperature controlled oil bath. After the prescribed
time the polymerization was quenched by immersing the am-
poule into an ice-water bath. The polymerization mixture was
dissolved/diluted in toluene, and poured into an excess of
methanol to precipitate the formed polymer. Conversion was
measured by gravimetry after filtration and drying. A small
amount of the toluene solution was mixed with an appropriate
amount of THF for GPC analysis.

The SG1-mediated polymerizations were carried out as
follows: degassed toluene (2.43 g) solutions of S (2 g,
1.92� 10�2 mol), AIBN (4.9 mg, 2.99� 10�5 mol) and SG1
(29.4 mg, 9.93� 10�5 mol) were heated in sealed glass
ampoules at 110 �C, after which the samples were quenched
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and precipitated in methanol. Conversion was measured by
gravimetry as above. In these polymerizations, the GPCs
correspond to the precipitated polymer.

The unusually large excess of SG1 (100% relative to the
amount of alkoxyamine species formed in situ based on an
AIBN initiator efficiency ( f) of 0.82 [24]) was employed
because these polymerizations were originally only intended
for comparison with the corresponding dispersion polymeriza-
tions in supercritical carbon dioxide [22], in which case such
an excess of SG1 was required.

2.4. Molecular weights

Molecular weights were measured by gel permeation chro-
matography (GPC) using two S/divinylbenzene gel columns
(TOSOH Corporation, TSK gel GMHHR-H 7.8 mm i.d.�
30 cm) with THF as an eluent at a flow rate of 1.0 mL/min
employing refractive index (RI) and fluorescence (FL) detec-
tion (TOSOH). The columns were calibrated with six linear
PS samples (1.05� 103e5.48� 106, Mw/Mn¼ 1.01e1.15).

The Mn,th values were calculated as follows: Mn;th ¼
ða½S�0MSÞ=½PSeT�0 þMnðPSeTÞ (PSeT polymerizations)
and Mn;th ¼ ða½S�0MSÞ=2f ½AIBN�0 (SG1 polymerizations),
where a is S conversion, MS and Mn (PSeT) are the molecular
weights of S and PSeT macroinitiator, respectively, and
f¼ 0.82 [24]. Due to the significant excess of SG1 employed,
Mn,th was calculated based on the number of radicals generated
from AIBN (as opposed to the number of SG1).

2.5. Fluorescence analyses

The RI-detector response is proportional to polymer mass,
whereas the FL-detector response is proportional to the con-
centration of FL units. The RI-detector response per polymer
chain is proportional to chain length, whereas the FL-detector
response per chain is proportional to the number of FL units
per chain. Consequently, great care is necessary when compar-
ing MWDs derived from RI- and FL-detection, and it is only
under certain circumstances that direct comparison is possible.

The PSeT macroinitiator contained 0.063 mol% FL units
(estimated from the S conversion and the FL monomer conver-
sion from the FL-detector GPC elution trace of the polymeri-
zation mixture), which translate to approx. 20% of the PSeT
chains containing one FL unit (based on Mn¼ 32,400), and a
much lower fraction containing more than one FL unit. It is
not a requirement that all chains should contain an FL unit,
because the overall number of chains in the system is so high
that the 20% labelled chains constitute a statistically represen-
tative sample of the full distribution. The MWD of the PSeT
obtained using FL-detection was essentially identical to that
using RI-detection, which indicates that the probability of any
given chain containing an FL unit is proportional to its chain
length (as opposed to the number of FL units incorporated
being proportional to chain length, which would be the case
if a sufficiently high amount of FL monomer was used).

Polymerization of S (in the absence of FL monomer) was
carried out using the FL-labelled PSeT macroinitiator. Thus,
if we consider a PSeT macroinitiator that contains an FL
unit, the polymer formed is of the structure PSFLePSeT,
where the macroinitiator PS segment contains FL, but the
extended PS segment does not. Due to the different response
characteristics of the RI- and FL-detector, direct comparison
of the raw RI and FL GPC elution traces is of limited meaning.
As an approximation, it was assumed that the chain length of
PSFL was proportional to the total chain length of the polymer
(PSFLePSeT) (i.e. considering individual chains in the distri-
bution). If this assumption is reasonable, then the FL response
is equivalent to the RI response, i.e. the detector response per
chain is proportional to the total chain length for both RI and
FL, and thus the FL data can be treated in the same way as the
RI data to obtain w(log M) vs. log M (the GPC distribution)
and P(M ) vs. M (the number distribution). Careful analysis
of the data revealed that this assumption was indeed reason-
able, as evidenced by the P(M) vs. M distributions derived
from RI- and FL-detection, respectively, being close to identi-
cal in the high MW region (see Section 3).

3. Results and discussion

3.1. PSeT system

Fig. 1 shows a first-order plot of the bulk NMP of S using
the fluorescence-labelled PSeT macroinitiator at 125 �C. The
straight line indicates that the number of propagating radicals
remains approx. constant. The PSeT macroinitiator molecular
weight (MW) was deliberately chosen to be high (Mn¼
32,400, Mw/Mn¼ 1.30) as this would make chain transfer to
monomer easier to detect as a low MW tail. The MWDs
shifted to higher MWs with increasing conversion (Fig. 2a),

0.0

0.5

1.0

1.5

2.0

0 10 20 30 40 50
Time (h)

ln
[S

] 0
/[S

]

Fig. 1. First-order plots for PSeT (fluorescence-labelled; [PSeT]0¼ 5.6 mM;

Mn¼ 32,400; Mw/Mn¼ 1.30) initiated bulk polymerization of S at 125 �C (:)

and AIBN/SG1 ([AIBN]0¼ 5.97 mM; [SG1]¼ 19.8 mM) initiated solution

(toluene; [S]0¼ 3.84 M) polymerization of S at 110 �C (-).
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but low MW tailing was apparent, especially as conversion
increased. This tailing is much more clearly exposed by plot-
ting the corresponding number distributions (P(M ); Fig. 2b)
[25]. In a P(M ) plot, the y-values are proportional to the num-
ber of chains. The more common representation of MWDs is
the so-called GPC distribution (w(log M ); Fig. 2a), according
to which the y-values are proportional to nM2, where n is the
number of chains and M is the molecular weight [25]. The
GPC distributions (Fig. 2a) would be considered monomodal,
but it is apparent that if one considers the number distribu-
tions, they are not. There is a very significant number of
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Fig. 2. PSeT initiated bulk polymerization of S at 125 �C (see Fig. 1 for

details). The GPC distributions (w(log M )) have been normalized to peak height

(a). The number distributions P(M ) (36% not shown for clarity) are based on

weight distributions normalized with respect to polymer mass, i.e. direct

comparison is possible (b).
chains present in the low MW tail. The lowest MW in the
tail (1000<MW< 10,000) remained constant despite the
conversion reaching 61%, and the absolute number of chains
in this region increased with conversion (the sharp peak at
MW z 5000). Mn increased with conversion (Fig. 3a), but
gradually deviated downwards from Mn,th. The Mw/Mn values
increased from 1.30 (macroinitiator) to 1.63 at 61% conver-
sion (Fig. 3b).

Proper normalization of weight distributions (where the
y-values are proportional to nM [25]) plotted vs. M, followed
by transformation to P(M) vs. M and subsequent integration,
yields the total number of chains (Ntot). The weight distribu-
tions were normalized by adjusting the areas of the weight
(¼ w(log M)/M ) vs. M plots to be proportional to the polymer
mass in the respective system, thereby enabling further quan-
titative analysis [25]. The values of Ntot increased linearly with
conversion, and the increase was as significant as 52% at 61%
conversion for the PSeT experiment (Fig. 4).

The shape of P(M) vs. M and Ntot is very sensitive to base-
line errors in the low MW region of the GPC elution curve.
This is illustrated in Fig. 5, which depicts the raw elution
curve for the 13% conversion sample with the baseline drawn
in three different ways, and the resulting P(M ) vs. M plots.
Analysis based on baseline ‘‘b’’, which is clearly drawn incor-
rectly but yet represents a ‘‘realistic scenario’’, results in loss
of approx. half of the low MW peak. Fig. 5 also illustrates that
the low MW peak is certainly real e in order for the peak to
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disappear, the baseline has to be drawn according to ‘‘a’’,
which is clearly incorrect. The effect of GPC sample concen-
tration was also investigated (0.2 and 5 wt% in THF); no sig-
nificant effects on the size and shape of the low MW tail were
detected.

3.2. MWD analysis using fluorescence detection

The use of fluorescence detection has previously been em-
ployed in NMP to evaluate the fraction of chains containing
an alkoxyamine moiety [26]. In the present study, the PSeT
macroinitiator contained a small amount of the FL monomer
1-pyrenylmethyl methacrylate (Scheme 1). This approach
makes it possible to distinguish between chains initiated by
PSeT and chains initiated by other mechanisms, such as chain
transfer to a low MW species or thermal initiation. Chains not
initiated by PSeT do not contain any FL units and are thus
‘‘invisible’’ to the FL-detector, whereas the RI-detector
‘‘sees’’ all chains.

The number distributions based on RI- and FL-detection
are displayed in Fig. 6. The distributions have been normalized
such that the RI and FL distributions coincide for high MWs.
It is evident that there is a very significant number of chains
present that do not contain the original PSeT macroinitiator,
as they are ‘‘invisible’’ to the FL-detector. The number frac-
tion of chains without FL unit (i.e. the number fraction of
chains not containing the original PSeT macroinitiator e see
Section 2) decreases with increasing MW, and the contribu-
tion of such chains to the overall distribution is negligible at
high MW. Moreover, the number fraction of such chains
increased with conversion. These data are consistent with
continuous generation of new chains throughout the poly-
merization, which results in the low MW tailing in the GPC
MWDs (Fig. 2a) and the low MW peak in the P(M) vs. M plots
(Fig. 2b).
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polymerizations of S (see Fig. 1 for details).
3.3. AIBN/SG1 system

Fig. 1 shows a first-order plot of the SG1-mediated solution
polymerization of S at 110 �C. The corresponding MWDs are
displayed in Fig. 7. The MWDs shifted to higher MWs with
increasing conversion (Fig. 7a), but a low MW tail is clearly
present, especially at high conversion. This feature is as ex-
pected even more pronounced in the P(M) plots (Fig. 7b).
The minor differences where the lower portion of the P(M)
vs. M cuts the x-axis are not of any significance with regards
to the polymerization kinetics. The polymers were precipitated
in methanol from a toluene solution, and low MW oligomers
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would be lost due to non-negligible solubility in methanol.
The exact pattern of loss depends on the toluene/methanol
ratio, etc., and may thus differ from experiment to experiment.

The slope of the Mn vs. conversion plot (Fig. 3a) decreased
with conversion, and Mw/Mn increased gradually from 1.08 at
12% to 1.26 at 81% conversion (Fig. 3b). The number of
chains increased close to linearly with conversion (Fig. 4).

3.4. Chain transfer to monomer

It is proposed that the low MW peaks in both the PSeT
(Figs. 2 and 6) and the AIBN/SG1 systems (Fig. 7) are mainly
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 caused by the generation of new chains by chain transfer to
monomer. Generation of monomeric radicals would occur
continuously throughout the polymerization, giving rise to a
population of very short chains that is present regardless of
conversion as seen in Figs. 2b, 6 and 7b. These new radicals
will have the same probability of undergoing growth in a
controlled/living manner as radicals generated by thermal dis-
sociation of alkoxyamine species, and consequently the distri-
bution of new chains also shifts to higher MW with increasing
conversion (Fig. 6). This continuous generation of new chains
results in a gradual increase in Mw/Mn with increasing conver-
sion (Fig. 3b), as well as Mn<Mn,th (Fig. 3a). Similar trends in
Mn and Mw/Mn have been observed experimentally for RAFT
polymerization of 1,1-disubstituted monomers (itaconates),
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and simulations indicated that chain transfer to monomer was a
contributing factor [21]. The effect of chain transfer to
monomer is stronger in the PSeT system (125 �C) than in
the AIBN/SG1 system (110 �C) because: (i) Mn,th(PSeT)>
Mn,th(AIBN/SG1). Higher Mn,th means fewer initial chains,
and thus a greater number fraction of new chains due to
chain transfer to monomer. Moreover, the low MW tail
becomes more apparent in the MWD when the MW of the
main peak is higher; (ii) the chain transfer constant, Ctr,M

(¼ktr,M/kp, where ktr,M and kp are the rate coefficients for
chain transfer to monomer and propagation, respectively),
increases with temperature; Etr,M¼ 56.7 kJ mol�1 (see below),
Ep¼ 32.5 kJ mol�1 [27].

Based on the assumption that Ctr,M remains constant
throughout the polymerization [28], the concentration of new
chains generated by chain transfer to monomer ([chaintr,M])
is proportional to the fractional monomer conversion (a)
according to:

½chaintr;M� ¼ a½M�0Ctr;M ð1Þ

where [M]0 is the initial monomer concentration. Eq. (1) pre-
dicts that the number of new chains (and Ntot) should increase
linearly with conversion if chain transfer to monomer is the
main source of new radicals, consistent with the experimental
data (Fig. 4).

In an NMP system where the only source of new chains is
chain transfer to monomer, the following expression describes
the number fraction of chains derived from chain transfer to
monomer (Xtr,M):

Xtr;M ¼
a½M�0Ctr;M

a½M�0Ctr;M þ ½PT�0
ð2Þ

where [PT]0 denotes the initial alkoxyamine concentration.
Rearrangement yields:

1

Xtr;M

¼ 1þ ½PT�0
½M�0Ctr;M

1

a
ð3Þ

According to Eq. (3), a plot of 1/Xtr,M vs. 1/a yields a straight
line with slope [PT]0/([M]0Ctr,M). In a real S NMP system,
thermal initiation and termination (mainly by combination)
also occur, and both of these events alter the total number of
chains. Before plotting the experimental data according to
Eq. (3), the data were corrected for the contribution of thermal
initiation. The total number of chains (Ntot) is expressed as:

Ntot ¼ N0þNtr;MþNthermal ð4Þ

where N0 is the initial number of chains, and Ntr,M and Nthermal

are the numbers of chains generated by chain transfer to
monomer and thermal initiation, respectively. Xtr,M (as defined
by Eq. (2)) is thus given by:

Xtr;M ¼ ðNtot�N0�NthermalÞ=ðNtot �NthermalÞ ð5Þ

The value of Ntot was obtained by integration of the
properly normalized number distributions (i.e. the number
distributions corresponding to the properly normalized weight
vs. M distributions, see Section 3.1). In the PSeT initiated
polymerization, the increase in the number of chains at the
first data point can be evaluated relative to the point at t¼ 0
(i.e. the unreacted macroinitiator). In the AIBN/SG1 system,
there is no polymer at t¼ 0, and therefore zero conversion
is redefined to correspond to the first data point at a¼
12.1%, and the conversions at all subsequent data points are
adjusted accordingly (e.g., a¼ 27.7% becomes (27.7� 12.1)/
(100� 12.1)¼ 17.7%). The value of [M]0 in Eq. (3) thus cor-
responds to a¼ 12.1% ([M]0¼ 3.38 M). [PT]0 in Eq. (3) was
obtained from 2f[AIBN]0 ( f¼ 0.82 [24]), and by assuming
that the rate of increase in number of chains relative to conver-
sion (linear, as shown in Fig. 4) was the same between a¼ 0
and 12.1% as for a> 12.1%, resulting in [PT]0¼ 1.84 mM.
Nthermal was computed from Ri,th¼ ki,th[M]3 (ki,th¼ 4.26�
10�11 and 1.67� 10�10 M�2 s�1 at 110 and 125 �C, respec-
tively, [29]) by numerical integration of ki,th[M]3 with respect
to time using the experimentally obtained time-dependences
of [M] (Fig. 1). The contributions of chains from thermal ini-
tiation ((Nthermal/Ntot)� 100%) were 6.0% (PSeT; 61% conv.)
and 1.5% (AIBN/SG1; 81% conv.). The number fraction of
chains that undergoes termination in a CLRP system is in gen-
eral low (in particular in the presence of a vast excess of nitro-
xide as in the AIBN/SG1 system), and no attempt was made to
correct for the effect of this on Ntot. It cannot be excluded that
a small fraction of new chains may be derived from chain
transfer to impurities or by other unknown mechanisms; how-
ever, this fraction is deemed to be insignificant in comparison
with the number of chains originating from chain transfer to
monomer and thermal initiation.

Fig. 8 shows plots of 1/Xtr,M vs. 1/a for the systems PSeT
and AIBN/SG1. Straight lines according to Eq. (3) were fitted
to both data sets using least-squares fitting, resulting in
Ctr,M¼ 4.83� 10�4 and 6.89� 10�4 for the PSeT system at
125 �C and the AIBN/SG1 system at 110 �C, respectively,
which in turn gives ktr,M¼ 1.12 (125 �C) and 1.09 M�1s�1

(110 �C) based on the IUPAC-recommended values of kp for
S [27]. The entire data set of chain transfer to monomer con-
stants for S in the Polymer Handbook [30] was recalculated to
ktr,M based on the IUPAC-recommended kp Arrhenius param-
eters for S [27]. The resulting ktr,M values are displayed in
Fig. 9 in the form of an Arrhenius plot covering the tem-
perature range 0e132 �C. A best fit results in Etr,M¼
56.7 kJ mol�1 and Atr,M¼ 2.0� 107 M�1 s�1. The ktr,M values
obtained in the present study by use of Eq. (3) have been
included in Fig. 9 (filled circles), illustrating good agreement
with the Polymer Handbook data.

3.5. Other sources of small radicals

It has been shown that significant generation of new chains
occurs in the present systems, and it is proposed that this is
mainly caused by chain transfer to monomer. However, there
are other conceivable sources of small radicals, the most obvi-
ous being thermal (‘‘spontaneous’’) initiation of S [29]. Based
on the rate of generation of thermal radicals being equal
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to ki,th[M]3 and the dependence of [M] on time in Fig. 1 for
the PSeT initiated polymerization, ki,th¼ 1.62� 10�9 M�2s�1

is required to account for all new chains generated at 61%
conversion. This is approx. one order of magnitude greater
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Fig. 8. Plots of 1/Xtr,M vs. 1/a according to Eq. (3) for PSeT (a; 125 �C) and

AIBN/SG1 (b; 110 �C) initiated polymerizations of S (see Fig. 1 for details).

The lines are best fits according to Eq. (3), resulting in Ctr,M as indicated.

-10

-8

-6

-4

-2

0

2

2.2 2.6 3.0 3.4 3.8

1/T x 103

ln
 k

tr,
M

 (M
-1

s-1
)

Fig. 9. Arrhenius plot of the rate coefficient for chain transfer to monomer in S

radical polymerization (ktr,M) as obtained from the chain transfer constants

(Ctr,M) in the Polymer Handbook and the IUPAC-recommended kp Arrhenius

parameters for styrene [27]. The filled circles correspond to the Ctr,M values

obtained by fitting according to Eq. (3) (Fig. 8).
than the literature value at 125 �C (ki,th¼ 1.67� 10�10

M�2 s�1) [29].
The nitroxide SG1 decomposes at high temperature with a

half-life of 15 h at 120 �C [12]. This decomposition has been
reported to be accompanied by radical generation and sub-
sequent initiation [24]. A large excess of SG1 (100% relative
to the amount of alkoxyamine species formed in situ based on
fAIBN¼ 0.82) was employed in the present study, and assum-
ing that SG1 decomposition only occurs when SG1 is in the
dissociated state, it is plausible the large excess of SG1
employed would lead to an increased rate of generation of
new chains via this mechanism. However, the use of only
10% excess SG1 resulted in very similar low MW broadening,
revealing that this mode of generation of new chains is not
important within the current context [22].

4. Conclusions

Very significant generation of new chains throughout the
polymerization has been detected during NMP of S using
both TEMPO at 125 �C and SG1 at 110 �C. These new chains,
which are kinetically indistinguishable from chains originally
generated by thermal dissociation of polymeric alkoxyamines,
mainly grow in a controlled/living manner, and thus their
distribution shifts to higher MW with increasing conversion,
although a significant number fraction remains at very low
MWs due to the continuous generation of new chains. Use
of a fluorescence-labelled PSeT macroinitiator enabled sepa-
rate detection of the total chain distribution and the dis-
tribution of chains containing the original macroinitiator,
directly confirming the presence of chains not containing the
macroinitiator.

It is proposed that the main origin of these new chains is
chain transfer to S. The total number of chains increased lin-
early with conversion, consistent with chain transfer to S.
Analysis of the total number of chains (based on the assump-
tion that all new chains were caused by chain transfer to S, and
correcting for thermal initiation) yielded chain transfer con-
stants in good agreement with the Polymer Handbook [30].
These results, in addition to being of importance with regards
to the fundamentals of CLRP, have implications concerning
investigations of livingness in S-based NMP systems by
chain-extension experiments (which are based on negligible
generation of new chains during chain extension).
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