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’ INTRODUCTION

Acrylate typemonomers showmore complex behavior in their
polymerization mechanistic and kinetic features than other vinyl
monomers such as styrene. Deviations from ideal behavior with
respect to polymerization kinetics have previously been reported
in the literature, with monomer reaction orders ranging from 1.4
to 1.8.1 n-BA can undergo chain transfer to monomer and/or
polymer. The former restricts the molar mass, and the latter
results in branched polymer structures. Chain transfer to poly-
mer can occur either intermolecularly or intramolecularly.1

Intermolecular chain transfer involves transfer of a radical
reactive site from a chain-end position of a growing polymer
chain to a midchain position of another polymer chain by
hydrogen abstraction.

Intramolecular chain transfer (so-called backbiting) occurs by
hydrogen abstraction from a unit in proximity (the antepenulti-
mate unit) of the propagating radical, via the formation of an
intermediate six-membered ring structure (Scheme 1).2 Intra-
molecular chain transfer is governed by the rate coefficient of
backbiting (kbb). It should, however, be noted that intramole-
cular chain transfer can occur at any position along the polymer
backbone with slightly different governing rate coefficients.
However, the most probable and more favored position is on
the third unit from the chain-end radical.2 Thus, kbb can be
assumed within good approximation as the only rate coefficient
of intramolecular chain transfer. The result of the chain transfer
to polymer process is the transformation of secondary propagat-
ing radicals (SPRs) into tertiary midchain radicals (MCRs).
Intramolecular chain transfer has been reported as the main

cause for the branched structure of poly(n-BA) prepared via
nitroxide-mediated polymerization in bulk and miniemulsion
polymerization.3

The MCRs exhibit a higher level of stability relative to the
SPRs and as a result tend to add monomer at a rate an order of
magnitude lower than the rate at which monomer is added to the
SPRs.4,5 Thus, due to the chain transfer process and the possible
reaction pathways the MCRs can undergo (Scheme 2), the result
is a system with two distinct coexisting transient radical species.
The reaction pathways (Scheme 2) that will determine the fate of
MCRs include (i) addition of monomer to the MCR (which will
transform the MCRs to SPRs with a short branch chain) at a rate
determined by kp

t , (ii) β-fragmentation, which will result in the
formation of an SPR and a chain bearing a 1,1-disubstituted
alkene end group at a rate determined by the rate coefficient of β-
fragmentation (kβ), and (iii) termination with either an SPR or
another MCR at rates governed by kt

t and kt
tt, respectively.4,6�8

Nikitin and Hutchinson4,9,10 derived analytical expressions to
describe rate parameters in the polymerization of acrylate type
monomers. These expressions are based on the assumption that
β-fragmentation of the MCRs is a negligible process. The β-
fragmentation process can be safely assumed negligible at low to
moderate polymerization temperatures. However, at high po-
lymerization temperature (Tg 110 �C), β-fragmentation can no
longer be considered negligible; thus, great care should be
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ABSTRACT: This paper presents results on the independence of the rate of
polymerization of n-butyl acrylate (n-BA) toward initial concentration of the
alkoxyamine initiator. The alkoxyamine, 2-methyl-2-[N-tert-butyl-N-(1-diethox-
yphosphoryl-2,2-dimethylpropyl)aminooxy]propionic acid (MAMA-DEPN),
was used to initiate and mediate the polymerization of n-BA in the temperature
range 90�120 �C. In situ 1H NMR spectroscopy was used to follow the
consumption of the monomer and monitor other related reactions. Intra- and
intermolecular chain transfer processes are well-known phenomena in the
polymerization of n-BA that result in the transformation of secondary propagat-
ing radicals (SPRs) into tertiary midchain radicals (MCRs). At high polymer-
ization temperature (T g 110 �C), the MCRs undergo β-fragmentation. The
concentrations of the products of the β-fragmentation process (in the form of
chains bearing 1,1-disubstituted alkene end group) were measured as a function
of polymerization time. The independence of rate of polymerization of n-BA initiated byMAMA-DEPN can be explained in terms of
thermal autoinitiation in the case where free [DEPN]0 is no larger than 1 mol % relative to [MAMA-DEPN]0.
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exercised in the use of such expressions. Koo et al.11 reported the
existence of β-fragmentation products at polymerization tem-
peratures below 100 �C. Roos et al.12 and Ahmad et al.13 have
shown the existence of branched structures in high and lowmolar
mass poly(n-BA), respectively. The extent of branching can be
related to the degree to which propagation of theMCR occurs, in
addition to the branches formed from termination reactions of
the SPR and MCR.

In the present work, 1H NMR spectroscopy was used as a tool
to probe the kinetics of n-BA polymerization. Recently, in situ
1H NMR spectroscopy has proven to be a very useful and
powerful technique in investigations of controlled/living radical
polymerization.14 Conversion vs time plots for n-BA polymeriza-
tions initiated by 2-methyl-2-[N-tert-butyl-N-(1-diethoxypho-
sphoryl-2,2-dimethylpropyl)aminooxy]propionic acid (MAMA-
DEPN, also known as BlocBuilder, Figure 1) were found in this
work to be independent of the initial alkoxyamine concentration
within the range of initiator concentration studied. Why would

the rate of polymerization of n-BA not increase with increasing
concentration of the alkoxyamine initiator? To our knowledge,
there has been no report in the literature addressing this question.
Concentration profiles of the products of the β-fragmentation
process (chains bearing unsaturated 1,1-disubstituted alkene end
groups, i.e., macromers) are constructed at varying polymeriza-
tion temperatures.

Scheme 1. Intramolecular Chain Transfer to Polymer via the 1,5-Hydrogen Shift from the Antepenultimate Unit Resulting in the
Transformation of a Secondary Propagating Radical (SPR) into a Midchain Radical (MCR) at a Rate Determined by the Rate
Coefficient of Backbiting (kbb) with “-Bu” Representing the n-Butyl Group

Scheme 2. Formation of Midchain Radicals (MCRs) from Secondary Propagating Radicals (SPRs) via Backbiting and the
Subsequent Transformation of the MCR to SPR via β-Fragmentation and Monomer Addition

Figure 1. Structures of the alkoxyamine initiator (MAMA-DEPN) and
the corresponding free nitroxide (DEPN).
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In this work no SEC data are included, since it is well accepted
based on data in the literature15�17 that the polymerization of n-
BA using MAMA-DEPN follows the path of controlled/living
radical polymerization, with a linear evolution of molecular
weight with monomer conversion. It is also well-known that
living radical polymerization processes that are allowed to
proceed to very high conversion tend to lose their living
character. Polymerization to high conversion in this particular
case is important in the accumulation of the macromers as a
function of both time and monomer conversion.

’EXPERIMENTAL SECTION

Materials. The alkoxyamine MAMA-DEPN was synthesized
following methods described in the literature.18�21 n-BA (Plascon
Research Center, University of Stellenbosch) was washed repeatedly
with aqueous 10% NaOH and distilled deionized water to remove
inhibitors, dried for several hours with anhydrous MgSO4, and then
distilled under vacuum and stored at low temperatures. Deuterated
dimethyl sulfoxide (DMSO-d6, Cambridge Isotope Laboratories,
99%) and dimethylformamide (DMF, Sigma-Aldrich) were used as
received.
DEPN-Mediated Polymerization of n-BA Followed via

in Situ 1H NMR. A typical polymerization was conducted as follows:
302.1 mg of DMSO-d6 (3.867 mmol), 30.7 mg of MAMA-DEPN
(0.08048 mmol), 203.5 mg of n-BA (1.588 mmol), and 20 μL of
DMF (internal reference) were thoroughly mixed and introduced into
a J-Young type NMR tube. The sample was degassed by three free-
ze�pump�thaw cycles and backfilled with nitrogen gas. The ratio of the
initial alkoxyamine concentration to the initial monomer concentration
was high to limit the theoretical molecular weight below 5000 gmol�1 in
some experiments, which afforded relative ease of end group detection
by 1H NMR spectroscopy. The 1H NMR spectra were recorded on a
400 MHz Varian Unity Inova spectrometer. The 1H NMR spectra were
acquired with a 3 μs (40�) pulse width and a 4 s acquisition time. The
NMR tube was first inserted into the magnet at 25 �C, the magnet fully
shimmed on the sample, and a spectrum collected to serve as reference at
25 �C. This was followed by removal of the sample from themagnet after
which the cavity of the magnet was heated to 120 �C and allowed to
stabilize before reintroducing the sample into the cavity of the magnet.
After the reinsertion of the sample, additional shimming was performed
to acquire optimum conditions. The first spectrum was acquired 3�5
min after the reinsertion, followed by periodic spectra acquisition
every 2 min for 60 min. The phase correction was performed auto-
matically while baseline correction and integration of the spectra were
carried out manually using ACD Laboratories 10.0 1D 1H NMR
processor. Concentration profiles were constructed relative to the
reference (DMF).

The three monomer peaks in region “B” in Figure 2 were used to
follow the concentration of the monomer during the polymerization of
n-BA, and these peaks were integrated against the �CHO proton peak
of DMF (reference) at ca. 7.95 ppm (labeled A in Figure 2). The
enlarged region “B” of Figure 2, illustrating the monomeric protons
responsible for the observed signals, is shown in Figure 3. The
concentration of DMF remained constant throughout the entire po-
lymerization time.With the concentration of all startingmaterials known
(particularly the reference material), the actual concentration of all
species during the polymerization could easily be deduced.

The fractional monomer conversion was calculated from the initial
concentration of the monomer [M]0 and the monomer concentration
[M]t at time “t” during the polymerization according to the expression
conversion = ([M]0 � [M]t)/[M]0, assuming that all monomer
consumed is converted to polymer.

’RESULTS AND DISCUSSION

The evolution of the conversion index with time in the
polymerization of n-BA at different initial concentration of the
alkoxyamine initiator is illustrated in Figure 4. An apparent
independence of the rate of polymerization toward the initial
concentration of the alkoxyamine is observed.

The independence of the rate of polymerization on the initial
alkoxyamine concentration in the case of styrene has been exten-
sively studied and is well reported in the literature.22�27 In the case
of styrene it is generally accepted that the apparent independence of
the rate of polymerization as a function of initial concentration of
the initiator can be explained by the significant thermal autoinitia-
tion of styrene. Could the same explanation be applicable in the
case of n-BA polymerization with MAMA-DEPN? If indeed
thermal autoinitiation plays a role in the observed phenomenon,
a possible route of proving this would involve conducting the
polymerization at lower temperatures, resulting in a system
with minimal contribution from thermal autoinitiation. Thus,

Figure 2. 1H NMR spectra (δ in the range 1�8.5 ppm) at different times
during the polymerization of n-BA at 120 �C initiated by MAMA-DEPN in
DMSO-d6. The region labeled “B” are peaks due to the vinyl protons of the
n-BAmonomer, and the peak labeled “A” is due to the�CHOproton of the
reference,DMF. Spectra frombottom to top aremeasuredbetween t=8min
and t = 64 min, with a time interval of 4 min between consecutive spectra.

Figure 3. The enlarged version of the part labeled “B” in Figure 2 indicates
the spectral region of the vinyl protons of the n-BA monomer, during the
polymerization at 120 �C initiated by MAMA-DEPN in DMSO-d6.
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low-temperature experiments would allow for the effect due to the
initial concentration of the alkoxyamine to be more pronounced in
the kinetic profiles. The evolution of monomer conversion as a
function of time for the polymerization of n-BA conducted at
100 �C (Figure 5) showed no apparent dependence on initial
concentration of the alkoxyamine.

The consistency of the apparent independence of the rate of
polymerization on alkoxyamine concentration within the tem-
perature range studied does not provide conclusive evidence. It
does not link the phenomenon unequivocally to thermal auto-
initiation as in the case of styrene. With the observed indepen-
dence of rate on initiator concentration, it was important to
further quantitatively assess the possible contribution of thermal
autoinitiation to the observed phenomenon. When neat n-BA
was degassed and immersed in an oil bath at 120 �C, the system
gelled within minutes, with similar results observed at 100 �C.
However, in the presence of TEMPO (0.02 mol %) without
initiator, no polymer formed even after 48 h at 100 �C. The
C�ON bond between the n-BA derived radical and TEMPO
would be expected to be stable enough to allow complete

consumption of TEMPO by thermally initiated monomer
derived radicals. The system would then be expected to behave
as in the case of neat n-BA after all or most of the TEMPO
has been consumed. On the basis of simulation results, it was
expected that for the lowest concentration of TEMPO employed
enough transient radical would be generated to fully consume
TEMPO. Contrary to the expected results, in the entire TEMPO
to n-BA mole ratios (0.02�1.5 mol % TEMPO relative to
n-BA) studied no polymer formed. In situ 1H NMR experi-
ments were then conducted to follow in real time the rate of
monomer consumption in the presence of DEPN without
initiator at 120 �C

The experimental setup was similar to previously described
in situ 1H NMR homopolymerization of n-BA, with MAMA-
DEPN replaced with DEPN. Evolution of the monomer conver-
sion with polymerization time is shown in Figure 6, and only after
ca. 2.5 h does significant monomer consumption occur.

To quantify the thermal autoinitiation of n-BA, Scheme 3 is
considered. At early reaction times, reactions 4 and 5 from
Scheme 3 can be considered negligible. Because of the large
excess of free DEPN at these early reaction times, the thermally
generated monomeric radicals (reaction 1) will react mainly
according to reactions 2 and 3. In this time regime where

Figure 5. Conversion vs time plots for n-BA polymerization initiated
with different initial alkoxyamine concentrations in DMSO-d6 at 100 �C.

Figure 6. Evolution of n-BA conversion with time for thermally
initiated polymerization in DMSO-d6 in the presence of 5.30 � 10�2

mol L�1 free DEPN at 120 �C.

Scheme 3. Reaction Equations for Thermally Initiated n-BA
(M) Polymerization in the Presence of Free Nitroxide (Y),
Illustrating Thermal Initiation Step (1), Reversible Deacti-
vation and Activation Steps (2 and 3), Propagation Step (4),
and Termination Step (5)

Figure 4. Conversion index plot for n-BA polymerization initiated with
different initial alkoxyamine concentrations in DMSO-d6 at 120 �C.
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propagation and termination reactions are negligible, the rate of
consumption of the monomer can be defined by eq 1, which
upon integration yields eq 2.

d½M�=dt ¼ �kthrm½M�2 ð1Þ

1
½M� �

1
½M�0

¼ kthrmt ð2Þ

A plot of the left-hand side of eq 2 with time yields a straight
line (Figure 7) where the slope can be related to the rate
coefficient of thermal autoinitiation in the case where propagation
and termination reactions are negligible. Deviation from linearity
signifies the occurrence of propagation and termination reactions.
It should be noted that with longer polymerization times the
decomposition of DEPN might play a role in the kinetics of the
polymerization, but it is not expected to be significant in the
analysis of thermal autoinitiation of n-BA. The data obtained via
in situ 1H NMR will be subject to scatter due to the minute
difference in monomer concentration being measured; thus, care

should be exercised in the treatment of data. The rate coeffi-
cient of thermal autoinitiation (kthrm = 3.5 � 10�7 L mol�1 s�1

[R2 = 0.87]) extracted from Figure 7 is in reasonable agreement
with kthrm = 1.578 � 10�7 L mol�1 s�1 determined from the
Arrhenius parameters reported by Rantow et al.8 at 120 �C.

The rate coefficient of thermal autoinitiation determined in
this work at 120 �C is approximately an order of magnitude less
than that of styrene.28 To link together the observed experi-
mental results (thermal autoinitiation and rate independence),
simulation of n-BA polymerization was considered.

Modeling of high-temperature n-BA polymerization has pro-
ven to be quite a task due to the complicatedmechanistic features
of the system. Effects of thermal autoinitiation, equilibrium
involving MCRs, and [DEPN]0 (generated by decomposition
at ambient temperatures) on the polymerization kinetics were
investigated via modeling of the system using Predici software
package. The simulations were carried out using Predici software
package (version 6.72.3) in the moment mode. Residual orien-
tated parameter estimation (PE, with automatic projection)
studies with the Predici software package were then carried out
to estimate the optimum values of kc

t and kd
t for which the model

would fit the experimental data. The optimum values for the rate
coefficients returned from the PE study are shown in Table 1.

The model implemented in the Predici software package for
the n-BA polymerization is illustrated in Scheme 4, with all rate
coefficients shown in Table 1. Because of the well-established
chain transfer to polymer, the coexistence of two distinct types of
transient radicals results in a system in which two equilibrium
reactions should be considered.

The rate coefficients (kc
t and kd

t ) describing the reversible
deactivation�activation reaction between the nitroxide and
the MCR were estimated via the parameter estimation tool of
the Predici software package. The rate coefficients describing the
NMP equilibrium for the n-BA/DEPN system reported in
the literature were assumed to hold true in the description of
the equilibrium involving the SPR. This assumption is not
particularly true, as the equilibrium constant reported in the
literature for this system is in actual fact a composite value within
which the description of the two equilibria processes are em-
bedded. The rate coefficient of first monomer addition (kp,1) for
the addition of n-BA to the 2-carboxyprop-2-yl radical is not
known. This rate coefficient is however believed to be close to

Figure 7. Plot of the negative inverse monomer consumption (9) with
time in the linear range with the solid line as the linear fit to the data with
a slope = kthrm = 3.5� 10�7 L mol�1 s�1 and R2 = 0.87. [n-BA]0 = 3.12
mol L�1 and [DEPN]0 = 4.52� 10�2 mol L�1 at 120 �CwithDMSO-d6
as the solvent.

Table 1. Rate Coefficients Used in the Kinetic Modeling of n-BA Using the Predici Simulation Package

A Ea (kJ mol�1) value at 120 �C refs

kact 2.4 � 1014 s�1 112.3 0.289 s�1 29

kdeact 5.0 � 106 L mol�1 s�1 16

kp,1 4.0 � 106 L mol�1 s�1 19.8 9.36 � 103 L mol�1 s�1 30

kp 2.31 � 107 L mol�1 s�1 18.1 9.10 � 104 L mol�1 s�1 31

kc 2.80 � 107 L mol�1 s�1 16, 32

kd 1.55 � 10�3 s�1 16

kt 7.34 � 107 L mol�1 s�1 16

kbb 3.50 � 107 L mol�1 s�1 29.3 4.48 � 103 L mol�1 s�1 8

kp
t 1.52 � 106 L mol�1 s�1 28.9 2.20 � 102 L mol�1 s�1 4

kβ 8.60 � 1010 L mol�1 s�1 71.5 2.72 � 101 s�1 1

kc
t 1 � 106 L mol�1 s�1 this work

kd
t 5.32 � 10�2 s�1 this work

kt
t 3.90 � 107 L mol�1 s�1 10

kt
tt 2.80 � 106 L mol�1 s�1 10

kthrm 3.54 � 10�7 L mol�1 s�1 this work
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that of addition of n-BA to 2-(alkoxy)carboxyprop-2-yl radical
utilized in the model.16

Model vs experimental conversion index plots for n-BA
polymerization at different initial concentration of the alkoxya-
mine are illustrated in Figure 8.

Deviation from linearity of the simulated plots in Figure 8 is
due to the changing ratio of theMCR to SPR, which evolves with
polymerization time. From Figure 8, it is apparent that, as in the
case of styrene, thermal autoinitiation is the responsible factor for

the observed phenomenon of rate independence. When thermal
autoinitiation step is deactivated in the model, an increase in rate
of polymerization is observed with increasing initial concentra-
tion of the alkoxyamine. Another matter of interest is the
presence of free DEPN at the onset of polymerization and its
effect on the kinetics. Alkoxyamines with high activation rate
coefficients such as MAMA-DEPN are prone to spontaneous
decomposition at ambient temperatures. The result of the
decomposition is the presence of free DEPN at the onset of
the reaction. As a result, the system is no longer a unimolecular
NMP system. The effect of such free DEPN on the reaction
kinetics is illustrated by Figure 9 (simulations).

In the presence of 1 mol % DEPN relative to [MAMA-
DEPN]0, the effect of the inclusion and exclusion of thermal
autoinitiation step on reaction kinetics is summarized in Figure 9.
The dependence of rate of polymerization on initiator concen-
tration is observed with the exclusion of thermal autoinitiation
(Figure 9, solid lines).

An assessment of the discrepancy of simulation data from
experimental data could be used to estimate the concentration of
initial free DEPN generated from spontaneous decomposition of
MAMA-DEPN in this system. In absence of thermal autoinitia-
tion step in the model, the experimentally obtained final con-
version could not be obtained theoretically, highlighting the
importance of such a reaction step. On the basis of the experi-
mentally achieved overall concentration of the 1,1-alkene species
and the monomer conversion, it can be argued in conjunction
with simulation results that no more than 1 mol % free DEPN
relative to [MAMA-DEPN]0 is present at onset of polymeriza-
tion in the system. This can be explained by the fact that, for
simulations with greater than 1 mol % initial free DEPN, the
achieved final monomer conversion and concentration of the 1,1-
alkene species are well below those experimentally obtained.

Therefore, for such concentrations of free DEPN (<1 mol %),
the independence of rate of polymerization has to rely largely on
the thermal autoinitiation of n-BA (Figure 9). When the thermal
autoinitiation step in the kineticmodel is deactivated, with 1mol%
freeDEPNpresent at polymerizationonset, the rate of polymerization

Figure 8. Simulated conversion index plots of n-BA polymerization at
different initial concentration of the alkoxyamine (MAMA-DEPN) vs
experimental data (O, 0, and � in the legend). Simulated conversion
index plots are illustrated by dashed lines (thermal autoinitiation
excluded) and solid lines (thermal autoinitiation included) for [n-BA]0 =
3.0 mol L�1. The line colors red, green, blue, and black correspond to
0.05, 0.10, 0.15, and 0.20 mol L�1 of MAMA-DEPN, respectively.

Figure 9. Simulated conversion index plots for n-BA in the presence of
1 mol % free DEPN relative to MAMA-DEPN added with thermal
autoinitiation step taken into account (solid lines) and 1 mol % free
DEPN relative to MAMA-DEPN added without thermal autoinitiation
(dashed lines) for [n-BA]0 = 3.0 mol L�1. The colors red, blue, and
green correspond to 0.10, 0.15, and 0.20 mol L�1 of MAMA-DEPN,
respectively.

Scheme 4. Nitroxide-Mediated n-BA Polymerization Model
Implemented into Predici
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is observed to increase with increasing concentration of the
alkoxyamine (Figure 9).

The validity of the constructed polymerization model was
further assessed by comparison of experimental data and simu-
lated data for thermally initiated n-BA polymerization at 120 �C
in the presence of free DEPN. Evolution of conversion as a
function of time for a system with no radical initiator is illustrated
in Figure 10. The sole mode of radical formation is by thermal
autoinitiation of n-BA. Good agreement between the model and
experimental data is observed, which further corroborates the
model and the rate parameters used.

In addition to the regeneration of the SPR, β-fragmentation in
n-BA polymerization also results in chains bearing the 1,1-
disubstituted alkene end group (macromers). According to the
work of Chiefari33 on the synthesis of macromonomers via chain
transfer to polymer, the 1,1-disubstituted alkene end group can
be identified in a 1H NMR spectrum by a signal at δ∼ 5.5 ppm.
A signal at δ ∼ 5.5 ppm assigned to one of the protons of the

1,1-disubstituted alkene end group resulting from the β-fragmen-
tation of the MCR, was observed to increase with polymerization
time at 120 �C (Figure 11). The second peak expected at δ ∼
6.1 ppm (due to the second vinyl proton of the 1,1-disubstituted
alkene end group) could not be observed due to overlap with the
signal of the monomer proton labeled 2H in Figure 3.

The n-BA polymerizations initiated by MAMA-DEPN were
also carried out at 90, 100, and 110 �C. A proton signal at δ ∼
5.5 ppm was not observed at 90 and 100 �C, implying that the
concentration of macromers was below the detection limit of the
NMR spectrometer. However at 110 �C, the signal at δ ∼
5.5 ppm was observed at high monomer conversion (Figure 12).
At 110 �C, it can be postulated that these macromers accumulate
with polymerization time and only at higher monomer conver-
sion is the concentration of the species above the detection limit
of the NMR instrument at experimental conditions.

Thus, Figures 11 and 12 indicate the existence ofmacromers at
120 and 110 �C, respectively. The absence of 1H NMR evidence
of such species atTe 100 �C is somewhat in contradiction with a
few earlier studies in the literature11,34,35 have reported the
presence of macromers at temperatures lower than 100 �C.
Evolution of the concentration of the macromers with polymer-
ization time at 120 �C is illustrated in Figure 13. The concentra-
tion profile depicts that the overall rate of accumulation of the
alkene bearing species is constant. The most likely explanation
for the observed phenomenon is a constant rate of β-fragmenta-
tion. Alternatively, but less likely, the constant rate of accumula-
tion of the macromers might be the result of a balance of two
processes, namely the generation of the species and their
incorporation in the growing polymer chain.36,37 The implication
of the latter process would be that, in addition to the formerly
mentioned modes of generation of the MCRs, the incorporation
of the macromers would also result in the formation of MCRs.

The concentration profiles of the macromers as a function of
monomer conversion showed no dependence on the initial
concentration of the alkoxyamine (Figure 14). This means that
there is a constant rate of β-fragmentation, independent of initial
alkoxyamine concentration. This observation is in agreement
with the constant rate of polymerization as observed in Figure 4.

Figure 10. Simulated and experimental evolution of monomer conver-
sion in thermally initiated n-BA polymerization in the presence of free
DEPN. [n-BA]0 = 3.09 mol L�1 and [DEPN]0 = 0.053 mol L�1.

Figure 11. 1H NMR spectra at the indicated reaction times illustrating
the increasing intensity of the peak at around δ∼ 5.5 ppm that is due to
an increasing concentration of 1,1-disubstituted alkene end groups as a
result of β-fragmentation of the MCRs in the polymerization of n-BA at
120 �Cwith [MAMA-DEPN]0 = 0.156 mol L�1, [n-BA]0 = 3.0 mol L�1,
and DMSO-d6 = 65% v/v.

Figure 12. 1HNMR spectrum taken after 2 h of polymerization of n-BA
at 110 �C with [MAMA-DEPN]0 = 0.1494 mol L�1, [n-BA]0 = 3.0 mol
L�1, and DMSO-d6 = 65% v/v. The inset shows the expanded region in
the range 6.0 > δ (ppm) > 5.0 with the marked peak, labeled A, assigned
to one of the protons of the 1,1-disubstituted alkene end group resulting
from the β-fragmentation of the MCRs.
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If the process of the incorporation of the 1,1-alkene species in the
growing polymer is assumed negligible, the differential describing
the concentration of the macromers with time can be expressed
by eq 3, which upon integration yields eq 4.

d½1; 1-alkene�
dt

¼ kβ½Q � ð3Þ

½1; 1-alkene� ¼ kβ½Q �t ð4Þ
The linear evolution with time of the species bearing the 1,1-

alkene end group as a result of β-fragmentation observed in
Figure 13 is in agreement with the first-order dependence
predicted by eq 4. The linear evolution can be used to approx-
imate whether the incorporation of the macromers in the
growing polymer is negligible or not. In the case where the
incorporation of the macromers is significant, a deviation from
linearity of the profile in Figure 13 would occur. The gradient of

the linear plot in Figure 13 can be related to the concentration of
the midchain radicals in the system with the knowledge of the β-
fragmentation rate coefficient.

The constant rate of polymerization can be explained based on
similar total concentration of transient radical irrespective of the
initial concentration of the initiator as a result of thermal
autoinitiation. On the other hand, this will lead to a constant
concentration of MCRs and hence (at a fixed temperature) to a
constant increase in the concentration of the macromers. Thus,
the observed independence of the concentration of the macro-
mers on the initial concentration of the alkoxyamine is a
consequence of the similar rate of polymerization as observed
in Figure 4.

’CONCLUSION

The unimolecular nitroxide-mediated homopolymerization of
n-BA using the alkoxyamine MAMA-DEPN has shown that the
rate of polymerization is independent of the initial concentration
of the alkoxyamine (within the concentration range studied).
This phenomenon of the rate independence on initiator con-
centration has been explained in terms of the pronounced
thermal autoinitiation in the polymerization of styrene. However,
in the case of n-BA, where thermal initiation is not expected to be
that significant, the issue of the rate independence has not been
addressed in depth in the literature to date, to the best of our
knowledge. The nature of the complexity of the system with two
distinct coexisting transient radicals has complicated matters in
the complete quest of understanding the kinetics and mechan-
istic features of acrylate type polymerization systems. The rate
coefficient of thermal initiation of n-BA was determined as 3.5�
10�7 L mol�1 s�1, which is in good agreement with previously
reported values. Through simulations, the effect of free DEPN on
reaction kinetics with respect to the rate of polymerization was
assessed. It can be concluded that at concentrations of 1 mol %
free DEPN or less (relative to [MAMA-DEPN]0) the indepen-
dence of rate of polymerization of n-BA can be explained in terms
of thermal autoinitiation. The concentration of chains bearing
the 1,1-disubstituted alkene end was observed to increase linearly
with time. It also showed no dependence on the initial concen-
tration of the alkoxyamine, in agreement with the similar rates of
polymerization observed.
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