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A previously derived kinetic model for the nitroxide-mediated radical polymerization (NMRP) of styrene has been modified by considering
diffusion-controlled (DC) effects on the bimolecular radical termination, monomer propagation, dormant polymer activation, and polymer

radical deactivation reactions. Free-volume theory was used to incorporate the DC-effects into the model. It was found that DC-termination
enhances the living behavior of the system, whereas DC-propagation, DC-activation and DC-deactivation worsen it. Although the inclusion
of overall DC-effects into the kinetic model improved the performance of the model by slightly reducing the deviations obtained from exper-

imental data of polymerization rate and molecular weight in the bimolecular NMRP of styrene with 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO) and dibenzoyl peroxide (BPO), it does not seem to justify adding the extra four free-volume parameters. In the case of the semi-
batch addition of azo-bis-iso-butyronitrile (AIBN) (several single shots at definite time intervals) in the NMRP of styrene, recently reported
in the literature, it was found that DC effects are more significant, but it was observed that there was a strong dependence of polymerization

rate on the frequency of addition of the shots of initiator (a maximum on polymerization rate being observed at a given frequency of addition
of the shots), which could not be adequately explained in terms of DC-effects.

Keywords: living radical polymerization; controlled radical polymerization; polystyrene; mathematical modeling; diffusion-controlled

effects; TEMPO

1 Introduction

Nitroxide-mediated radical polymerization (NMRP) is one of
the most advanced areas of controlled/living radical
polymerization (CLRP). Well-defined block and graft copoly-
mers, gradient and periodic copolymers, stars, combs,
polymer networks, end-functional polymers and many other
materials can be synthesized using CLRP technology (1).
These materials find uses as coatings, adhesives, surfactants,
dispersants, lubricants, gels, additives and thermoplastic

elastomers, as well as in many electronic and biomedical
applications (1). Stabilizers synthesized by NMRP are
already being produced at the industrial scale (2–4).

The literature on the polymer chemistry of NMRP,
centered on the design and synthesis of more effective con-
trollers, has been reviewed by Hawker (5), and the kinetics
of living radical polymerization, including NMRP, has been
reviewed by the Fukuda group (6, 7). The kinetic/mechanis-
tic understanding of NMRP, considering the quasi-steady
state (QSS) of living radicals and the quasi-equilibrium
(QSE) of persistent radicals, is at a very advanced stage
(6–15). When side reactions not considered in the standard
reaction mechanism of NMRP or polymerization conditions
outside the theoretical bounds imposed by the QSS
approach are taken into account, it is more convenient to
use complete mathematical models, based on detailed
reaction mechanisms (including the specific side reactions)
and solved without the QSS or QSE assumptions,
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such as the ones proposed by Zhang and Ray (16) and Bonilla
et al. (17).

Diffusion-controlled (DC) effects have been considered in
the modeling of CLRP by some authors in order to explain
some deviations with respect to polymerization rate and mol-
ecular weight development. In the case of NMRP, empirical
correlations, only for gel-effect, have been used (16, 18, 19).
DC effects on the propagation, activation and deactivation, as
well as termination reactions have been modeled using free-
volume theory in the cases of INIFERTER polymerization
(20), atom-transfer radical polymerization (ATRP) (21), and
reversible addition-fragmentation transfer polymerization
(RAFT) (22, 23). It has been proposed that DC-effects in the
propagation, termination, activation and deactivation reactions
can explain the acceleration in polymerization rate when AIBN
is added in a semi-batch fashion (equally-spaced discrete shots
of initiator) in the NMRP of styrene (24). However, in the
previous study, very few simulations and limited discussion
on the topic were offered.

In this contribution, the detailed kinetic model for NMRP
proposed by Bonilla et al. (17) is modified to include DC-
effects in all the reactions involving polymer molecules (bimo-
lecular radical termination, monomer propagation, dormant
polymer activation and polymer radical deactivation), using
the free-volume theory. Parameter sensitivity analyses on the
effect of the free-volume parameters on polymerization rate
and molecular weight development are offered. The model pre-
dictions are compared against experimental data of bimolecu-
lar NMRP of styrene using TEMPO and BPO, and bimolecular
NMRP of styrene using TEMPO and AIBN, with the semi-
batch addition of the initiator (24).

2 Experimental

The experimental data for the bimolecular NMRP of styrene
using TEMPO and BPO at a molar ratio of [TEMPO]/
[BPO] ¼ 1.1 and T ¼ 1208C, used in the first case study of
this paper, were generated in our group (25, 26).

The experimental data for the bimolecular NMRP of
styrene using TEMPO and AIBN (added in a semi-batch
fashion) at a molar ratio of [TEMPO]/[BPO] ¼ 1.1 and
T ¼ 1208C, used in the second case study addressed in this
paper, were taken from Dı́az-Camacho et al. (24).

3 Modeling

The polymerization mechanism and kinetic model used in this
paper are the same as those proposed by Bonilla et al. (17).
The polymerization mechanism is shown in Table 1. All the
kinetic rate constants used in the calculations presented in
this study are listed in Table 2. With the exception of the
initiator efficiency, f, and the kinetic rate constant of the
enhancement reaction, kh3, which were used as fitting
parameters in some situations, all the remaining kinetic rate
constants were fixed and taken from the literature.

The model equations for the batch case were solved with
a self developed Fortran code (27). The Prediciw commer-
cial software was also used to simulate the different
polymerization conditions studied in the paper, including
all the simulations related to the semi-batch addition of
AIBN. The profiles produced with our Fortran code for the
batch case overlapped with the profiles produced with
Prediciw.

Diffusion controlled effects on the propagation, bimolecu-
lar radical termination, dormant polymer activation, and
polymer radical deactivation reactions were modeled using
the free-volume theory (20–22, 24, 32). The expressions
used for the conversion-dependent kinetic rate constants of
these reactions are summarized in Table 3. vf in the equations
of Table 3 is the fractional free-volume, whereas vf0 is the
fractional free volume at initial conditions. The free volume
parameters, bt, bp, ba, and bd are “overlap” factors for the ter-
mination, propagation, activation, and deactivation reactions,
respectively. These overlap factors account for the fact that
the same free-volume is available to several molecules.
They also account for molecule separation, once the mol-
ecules are in close proximity, but have not yet reacted (32).
T and Tgi are reaction temperature and glass transition temp-
erature of component i, respectively; and ai is the expansion
coefficient for species i. Vi and Vt are volume of species i and
total system volume, respectively.

Table 1. Polymerization Mechanism (17)

Description Step

Chemical initiation I �����!
kd

2R†
in

Mayo dimerization
MþM �����!

kdim

D
Thermal initiation

Mþ D �����!
kth

D† þM†

First propagation (primary

radicals)
R†

in þM �����!
ki

R†
1

First propagation
(monomeric radicals)

M† þM �����!
ki

R†
1

First propagation (dimeric

radicals)
D† þM �����!

ki
R†

1

Propagation
R†

r þM �����!
ki

R†
rþ1

Dormant living exchange

(monomeric alkoxyamine) M† þ NO†
x
�����!

kda

 �����
ka

MNOx

Dormant living exchange
(polymeric alkoxyamine) R†

r þ NO†
x
�����!

kda

 �����
ka

RrNOx

Alkoxyamine decomposition
MNOx �����!

kdecomp

Mþ HNOx

Rate enhancement reaction
Dþ NO†

x �����!
kh3

D† þ HNOx

Termination by combination
R†

r þ R†
s �����!

ktc

Prþs

Termination by
disproportionation

R†
r þ R†

s �����!
ktd

Pr þ Ps

Transfer to monomer
R†

r þM �����!
kfm

Pr þM†

Transfer to dimer
R†

r þ D �����!
kfD

Pr þ D†
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4 Results and Discussion

The bimolecular NMRP of styrene at 1208C using TEMPO and
BPO at a molar ratio TEMPO/BPO of 1.1 was used as a refer-
ence case in the first part of this study. Parameter sensitivity
analyses on the effects of the free-volume parameters
(DC-effects) on polymerization rate and molecular weight
development, as well as comparison of model predictions
(with and without DC-effects) against experimental data gener-
ated in our own group (25, 26) are presented in subsection 4.1.

In the second part, the NMRP of styrene at 1208C using
TEMPO and AIBN (added in a semi-batch fashion), in a
range of TEMPO/AIBN ratios between 0.87 and 1.8 is
studied. A much more detailed simulation study than the
one reported in Dı́az-Camacho et al. (24), is presented in
the second part of our study (subsection 4.2). A comparison
of model predictions against selected experimental data
from Dı́az-Camacho et al. (24) is also offered in that
subsection.

Table 2. Kinetic parameters used in the model

Parameter Units Value or function Reference

ki (BPO) s21
1:7� 1015 exp �

30000

RT

� �
; 6:94� 1013 exp �

29229

RT

� �
(16) (Figs. 1–5) (28) (“alternate” in
Fig. 5)

kdi (AIBN) s21

2:89� 1015 exp �
31122

RT

� �
(28)

f (BPO) 0.55 (0.1) 16 (see discussion about the “alternate”
profiles of Fig. 5)

f (AIBN) 0.461

kdim L mol21 s21 188:97 exp �
16185:1

RT

� �
(27)

ki L mol21 s21 6:359� 1012 exp �
36598:55

RT

� �
(27)

kp0 L mol21 s21 2050 (29)

ktc0 L mol21 s21 3.34 � 108 (30)

kf M L mol21 s21 0 Neglected

kf D L mol21 s21 0.0 Neglected

kda L mol21 s21 4.7905 � 107 Assuming the same equilibrium
constant (K) at 1258C of ref. 8

ka s21 3� 1013 exp �
29634

RT

� �
(31)

kdecomp s21 5:7� 1014 exp �
36639:6

RT

� �
(16)

kh3 L mol21 s21 0.001 (0.01) (17, 27)

Table 3. Mathematical expressions for diffusion-controlled (DC) effects

Reaction or variable Mathematical expression Comments

Monomer propagation kp ¼ k0
p exp �bp

1
vf
� 1

vf0

� �h i

Bimolecular termination ktjn ¼ k0
tj exp �bt

1
vf
� 1

vf0

� �h i
; j ¼ c; d “c” stands for combination, and “d”

for disproportionation

Dormant polymer activation ka ¼ k0
a exp �ba

1
vf
� 1

vf0

� �h i

Living polymer deactivation kda ¼ k0
da exp �bd

1
vf
� 1

vf0

� �h i

Fractional free volume vf ¼
P# of components

i¼1 ½0:025þ aiðT� TgiÞ�
Vi

Vt
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4.1 Batch NMRP of Styrene at 12088888C Using TEMPO and

BPO

Figure 1 shows the effect of DC-termination (“gel effect”) on
polymerization rate (Figure 1a), number average molecular
weight (Figure 1b) and polydispersity index (PDI)
(Figure 1c), considering that all the other reactions involving

polymer molecules are not diffusion-controlled, namely,
bp ¼ ba ¼ bd ¼ 0. The cases of non-existent (bt ¼ 0) to
very strong gel effect (bt ¼ 2) were considered. It is
observed that although the polymerization rate is very sensi-
tive to the magnitude of the termination free-volume par-
ameter (bt), the number average molecular weight, Mn, is
virtually unaffected by DC termination (only a slight
increase on Mn as bt increases is observed). In the case of
PDI, the expected behavior of DC-termination improving
the living behavior of the system (PDI tending to a value of
one) (20, 21) is observed when weak or moderate DC-
effects are considered (profiles 1 to 4 in Figure 1c), but
when strong or very strong “auto-acceleration effect” situ-
ations are into place (profiles 5 and 6), then PDI increases sig-
nificantly. For a conventional free-radical polymerization of
styrene, bt ¼ 0.45 (moderate gel effect), but in the case of
ATRP of styrene a much higher value (bt ¼ 2.12) has been
reported (21). These values contrast with the value
(bt ¼ 0.15) reported for INIFERTER polymerization of
styrene (20). However, it was acknowledged in references
(20) and (21) that the experimental data used to estimate bt

in the cases of INIFERTER and ATRP were scarce and did
not include data in the high conversion region, where DC
effects are known to be especially important.

The case of isolated “glassy effect” (DC propagation,
neglecting DC effects of the other reactions) is shown in
Figure 2. As observed for other CLRP processes (20, 21), an
increase on bp produced a marked reduction on polymerization
rate (Figure 2a), a noticeable reduction on Mn (Figure 2b), and
a tendency towards very high PDI values (Figure 2c). This
result is expected since reducing the rate of chain growth
without altering the rates of chain termination, activation and
deactivation reactions, would promote having polymer mol-
ecules with a broad chain length distribution.

Figure 3 shows the case when the deactivation of polymer
radicals is considered to be diffusion-controlled, assuming
that the other reactions are not diffusion-controlled (i.e.,
bt ¼ bp ¼ ba ¼ 0). It is observed that increasing the value of
bd significantly increases the polymerization rate (Figure 3a),
and some increase in Mn (Figure 3b) and PDI (Figure 3c) is
observed at monomer conversions higher than 70%.

In the case of diffusion-controlled activation of dormant
polymer molecules (neglecting DC effects on the other reac-
tions), increasing ba causes a slight reduction in both
polymerization rate (Figure 4a) and Mn (Figure 4b). PDI
increases moderately when ba is increased from 0 to 0.5,
but when ba ¼ 1, PDI increases sharply from about 50%
monomer conversion, reaching a maximum of PDI approxi-
mately equal to 4 at about 95% monomer conversion.

In the previous discussion (Figures 1 to 4), the four reac-
tions that could become diffusion-controlled (bimolecular ter-
mination, monomer propagation, living polymer deactivation
and dormant polymer activation) were analyzed indepen-
dently of one another, but the fact is that if DC effects are
present, they would affect the four reactions simultaneously.
The case where moderate DC effects are assumed on all

Fig. 1. Effect of diffusion-controlled termination (“gel effect”) on

(a) monomer conversion vs. time (polymerization rate), (b) number
average molecular weight vs. conversion, and (c) PDI vs. conversion,
for the NMRP of styrene at 1208C, using TEMPO and BPO at a

molar ratio of TEMPO/BPO ¼ 1.1 (bp ¼ ba ¼ bd ¼ 0).
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four reactions (bt ¼ 0.45, bp ¼ 0.1, bd ¼ 0.1 and ba ¼ 0.01)
is shown in Figure 5. The values of bt and bp are typical of
styrene standard free radical polymerization (32), whereas
bd and ba were given values based on previous studies on
the effects of DC reactions on ATRP (21) and INIFERTER
(20) polymerizations of styrene. It is observed in Figure 5a

that assuming DC effects on all four reactions causes the
polymerization rate to increase significantly, but the profile
obtained considering DC-effects deviates from the exper-
imental course (25, 26) even more than the profile obtained
without DC effects, which was already slightly above the
experimental data at intermediate and high conversions.

Fig. 2. Effect of diffusion-controlled propagation (“glassy effect”)

on (a) monomer conversion vs. time (polymerization rate), (b) number
average molecular weight vs. conversion, and (c) PDI vs. conversion,
for the NMRP of styrene at 1208C, using TEMPO and BPO at a molar

ratio of TEMPO/BPO ¼ 1.1 (bt ¼ ba ¼ bd ¼ 0).

Fig. 3. Effect of diffusion-controlled deactivation on (a) monomer

conversion vs. time (polymerization rate), (b) number average
molecular weight vs. conversion, and (c) PDI vs. conversion, for
the NMRP of styrene at 1208C, using TEMPO and BPO at a

molar ratio of TEMPO/BPO ¼ 1.1 (bt ¼ bp ¼ ba ¼ 0).
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Although the inclusion of DC-effects caused the predicted
profile of Mn vs. conversion to increase slightly (Figure 5b),
the improvement was almost negligible, and both profiles
(with and without DC effects) significantly underestimate
the evolution of Mn with monomer conversion. In the case

of PDI, the inclusion of DC reactions did not significantly
change the predicted profile. A slight reduction in PDI at
high conversions was obtained when DC effects were
taken into account, but both profiles fit the experimental
data equally well, and their difference in performance at

Fig. 5. Effect of combined, moderate, diffusion-controlled effects

on (a) monomer conversion vs. time (polymerization rate), (b) num-
ber average molecular weight vs. conversion, and (c) PDI vs. con-
version, for the NMRP of styrene at 1208C, using TEMPO and

BPO at a molar ratio of TEMPO/BPO ¼ 1.1 (bt ¼ 0.45,
bp ¼ 0.1, ba ¼ 0.01 and bd ¼ 0.1). Experimental data from refer-
ences (25) and (26), run numbers as in reference (26).

Fig. 4. Effect of diffusion-controlled activation on (a) monomer
conversion vs. time (polymerization rate), (b) number average
molecular weight vs. conversion, and (c) PDI vs. conversion, for

the NMRP of styrene at 1208C, using TEMPO and BPO at a
molar ratio of TEMPO/BPO ¼ 1.1 (bt ¼ bp ¼ bd ¼ 0).
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high conversion is well within the experimental error
uncertainty, as evident from the repeats (runs 6, 8 and 9
on Figure 5c) carried out in our experimental studies
(25, 26).

Discussion about the “alternate” profiles shown in
Figure 5(a,b,c) will be provided in subsection 4.3.

Thus far, it seems as if the inclusion of DC effects on the
reactions involving polymer molecules in the NMRP of
styrene at 1208C, despite corroborating the trends observed
in other CLRP polymerizations (20–22) and providing
sensible results, was not effective in terms of improving the
predictive power of the model developed by Bonilla et al.
(17). One possible explanation for that is that our simulations
were carried out using the polymerization conditions and
kinetic parameters of a styrene polymerization at 1208C.
The polymerization temperature is higher than the glass
transition temperature (Tg) of polystyrene, and diffusion-
controlled effects, particularly the glassy effect, are known
to be negligible at those conditions. In the cases of
INIFERTER, ATRP and RAFT polymerizations of styrene,
DC effects have been found to be more important because
those polymerizations are usually carried out at temperatures
lower than the Tg of polystyrene.

However, the apparently large effect on polymerization rate
during the semi-batch addition of AIBN in the NMRP of
styrene at 1208C using TEMPO as controller, also modeled
(in a preliminary way) by our group (24), could only be
explained in terms of the presence of DC effects on the four
reactions considered in this paper. The need to understand
why DC effects can be important when a different initiator is
added in a semi-batch fashion, even though the monomer, con-
troller and polymerization temperature are the same as in this
subsection, motivated the second part of our study.

4.2 Semi-batch NMRP of Styrene at 12088888C Using TEMPO

and AIBN

The semi-batch addition of AIBN in the NMRP of styrene
studied by Dı́az-Camacho et al. (24) was modeled using the
“Reactors” option of the Prediciw “Workshop”, which
implied creating a user defined file with the times and
volumetric amounts of the feed stream, and providing the
corresponding concentration of AIBN in the feed (it was
assumed that only AIBN was present in the feed shots,
namely, the presence of toluene was neglected).

Figure 6 shows the simulated profiles of ln([M]0/[M]) vs.
time. The case where diffusion controlled effects are neg-
lected is shown in Figure 6a. It can be observed that increas-
ing the time between additions (t), causes a small increase on
polymerization rate, much smaller than the one observed
experimentally, and certainly no maximum on polymeriz-
ation rate at t ¼ 60 min was predicted, as the experimental
data shown in Figure 1 of Dı́az-Camacho et al. (24)
suggest. Contrary to what had been reported in a preliminary
simulation study (24), we did not obtain the maximum on
polymerization rate at t ¼ 60 minutes even when DC

effects were included in the calculations (Figure 6b),
although the differences in polymerization rate are certainly
much more pronounced when DC effects are included than
when not. As observed in Figure 6a, the polymerization rate
when t ¼ 60 minutes is the fastest from about 6 to 8 h of
polymerization time, but when the fourth shot of initiator is
added at precisely 8 h, the case with t ¼ 120 min becomes
the fastest one from there on.

Upon careful inspection of the results reported by Dı́az-
Camacho et al. (24), we found that the profile corresponding
to t ¼ 120 min of Figure 3 of reference (24) (the simulated
profiles of Figure 6b in the present study) was mistakenly
plotted directly as conversion vs. time, without transforming
the data to logarithmic conversion, a situation which coinci-
dentally showed the observed experimental trend. The
correct profile is shown in Figure 6b of this study. It is not
clear if there was a systematic error in the measurement of

Fig. 6. Comparison of simulated and experimental data of

logarithmic conversion vs. time for the NMRP of styrene at
1208C using TEMPO and AIBN, with semi-batch addition of
AIBN: (a) simulations without considering DC-effects, and (b)
simulations considering DC-effects (the case with t ¼ 0, without

DC-effects, is shown as reference). Free-volume parameters:
bt ¼ 0.45, bp ¼ 0.1, ba ¼ 0.01, and bd ¼ 0.1.
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conversion vs. time in the study carried out by Dı́az-Camacho
et al. (24), which might have caused most of the data to lie
below the predicted profiles, or if another phenomenon not
captured by the model is occurring when the initiator is
added in a semi-batch fashion. Regardless of that, the fact
that a much higher polymerization rate than that obtained
when BPO is used was observed experimentally in at least
one case (t ¼ 60 min), which agreed with our model predic-
tions, is an indication that high polymerization rates are
possible when BPO is replaced by AIBN, an observation
which deserved further study.

Figure 7 shows a comparison of model predictions
(considering DC effects) and experimental data of Mn

vs. conversion (Figure 7a) and PDI vs. conversion
(Figure 7b) for the cases with t ¼ 30 and 60 min.
Although the times (conversions) of addition of AIBN
are clearly visible in all the profiles, of both Mn and
PDI vs. conversion, it is observed that there is an
almost negligible effect of the value of t on the mean
value (Mn) and spread (PDI) of the molecular weight

distribution. The profiles without DC effects practically
overlapped with the ones presented in Figure 7. What
seems remarkable about these simulations is that the
agreement with the experimental data is good (except
for one value of Mn for t ¼ 30 min at approximately
64% of monomer conversion, which seems to be an
outlier). This seemed strange at first, considering that in
our previous simulations for the polymerization of
styrene with TEMPO and BPO, we could not get good
predictions of Mn vs. conversion (our simulated profiles
always lie below the experimental data in that polymeriz-
ation system). It may be possible that our values of kd or
f for BPO could be slightly high, although they were
taken from the literature. This issue will be analyzed in
more detail in the next subsection.

Figure 8a (left axis) shows the AIBN concentration
profiles for the cases t ¼ 0, 30, 60 and 120 min. It is
clearly observed that the initial AIBN (initial concentration
of 0.009 M when t ¼ 0 min and 0.006 M for the other
cases) is completely consumed in less than 15 min and the

Fig. 8. Semi-batch addition of AIBN in NMRP of styrene
at 1208C: (a) initiator concentration and monomer conversion
profiles for the reference case (t ¼ 0), and three addition

regimes (t ¼ 30, 60, and 120 min), and (b) evolution in time of
the DC kinetic rate constants (ktc, kp, kd and ka) for t ¼ 60 and
120 min.

Fig. 7. Effect of time interval of addition (t) of AIBN and com-
parison against experimental data (24) in the NMRP of styrene at

1208C: (a) Mn vs. conversion, and (b) PDI vs. conversion.
[AIBN]0 ¼ 0.006 mol L21.

Roa-Luna et al.200

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



concentration is increased abruptly every t minutes by the
shots of AIBN added. In the same plot, (Figure 8a), the cor-
responding profiles of conversion vs. time are shown (right
axis). It is observed that although the polymerization rate is
increased with every addition of AIBN, the overall profiles
look very much alike, since the overall amount of AIBN
used in all the cases analyzed is the same (the overall concen-
tration of AIBN being 0.009 M once all the shots have been
added). Figure 8b shows the evolution with time of the
kinetic rate constants that were modeled as diffusion control-
led. The decrease of the kinetic rate constants is of course
proportional to the free-volume parameters used to model
the DC effects. Once again, it is observed that although the
shots of AIBN have some effect on the profiles, the overall
shape of the profiles does not change significantly.

4.3 A Note on the Importance of Parameter Estimation in

Multi-Parameter Nonlinear Models

In our previous analysis of Figure 5 (NMRP of styrene at
1208C using TEMPO and BPO), it was found that the predic-
tions of conversion vs. time (Figure 5a) and PDI vs. conver-
sion (Figure 5c) agreed satisfactorily with our experimental
data (25, 26). However, Mn was significantly underestimated,
an aspect that was initially thought to be caused by not con-
sidering diffusion-controlled effects (which we proved
earlier in this paper not to be the case), or to possible side
reactions not considered in the model which could deactivate
the polymer radicals. However, the facts that the predictions
of Mn vs. conversion for the system using AIBN (Figure 7a)
were very good, and that the only difference between the two
systems was the initiator being used, led us to believe that our
estimates of kd and f, both taken from reference (16), could be
inaccurate.

Since the value for kd reported in Zhang and Ray (16) was
not referred to any specific source, and considering that differ-
ences of up to two orders of magnitude have been reported in
the literature, we decided to use an Arrhenius expression for
the “alternate” profile shown in Figure 5, reported by a
supplier of chemical initiators (28). There is an order of mag-
nitude difference at 1208C between the values estimated with
the two correlations (both of them reported in Table 2). Once
kd had been assigned a new value, it was then decided to try to
fit the predicted Mn vs. conversion profile to the experimental
data by changing the value of f. It should be emphasized that
it has been proposed in the literature that f in NMRP is lower
than in conventional free radical polymerization (16), due to
the presence of the stable free radicals. An excellent fit was
obtained with a value of f ¼ 0.1, but the calculated profile
of conversion vs. time (not shown in Figure 5) would signifi-
cantly deviate from the experimental data due to a very large
induction time predicted with the model. That effect was
compensated by increasing by one order of magnitude
(from 0.001 to 0.01 L mol21 s21), the value of the kinetic
rate constant of the “rate enhancement” reaction, kh3.
As a matter of fact, a value of kh3 ¼ 0.001 L mol21 s21

was used by Bonilla et al. (17) and a value of kh3 ¼
0.01 L mol21 s21 was used by Belicanta-Ximenes et al.
(27), but that difference did not significantly change the
original profiles reported in this paper (Figures 1 to 4) with
the parameters for BPO from Zhang and Ray (16).

However, since the new calculations (not shown) showed a
significant induction period, an increase of one order of mag-
nitude in the value of kh3 would significantly reduce that
induction period, a behavior also observed by Roa-Luna
et al. (26). The new predicted profiles of conversion vs.
time (Figure 5a), Mn vs. conversion (Figure 5b) and PDI
vs. conversion (Figure 5c) obtained by using f ¼ 0.1
and kh3 ¼ 0.01 are identified in Figure 5 as “alternate” simu-
lations. It is clearly observed that the agreement of molecular
weight development with the new values of f and kh3 is much
better, but the predicted profile of conversion vs. time under-
estimates the polymerization rate in the low conversion
region and overestimates it in the upper conversion region,
although the overall agreement in this case is still relatively
satisfactory.

This exercise of improving the agreement between simu-
lated profiles and experimental data shows the importance
of carrying out adequate parameter estimation procedures,
an issue often de-emphasized or even ignored by several
research groups. Guidelines about more adequate ways to
perform parameter estimation studies have been proposed
by Polic et al. (33).

5 Conclusions

The NMRP of styrene with TEMPO and either BPO (batch)
or AIBN (added in a semi-batch fashion) at 1208C was
modeled considering diffusion-controlled effects on all the
reactions with polymer molecules (bimolecular radical ter-
mination, monomer propagation, dormant polymer acti-
vation or living polymer deactivation), building on a
previously developed kinetic model (17). The expected
trends observed in previous studies carried out by our
group for other CLRP processes (20, 21) were basically
the same (DC-termination enhancing the living behavior
of the system, while DC-effects on the other reactions
worsen it). However, considering that the effects of DC-ter-
mination are compensated for by the effects of DC-propa-
gation, DC-activation and DC-deactivation, and that the
polymerization temperature used in NMRP polymerizations
is relatively high (usually higher that the Tg of the
polymer), the overall effect is that DC effects in NMRP
are very weak.

Although it was found that considering DC effects in our
model for NMRP of styrene using TEMPO and AIBN
added intermittently (semi-batch) cannot explain the
strong dependence of polymerization rate on the frequency
of addition of the shots (t), as it was believed in a prelimi-
nary simulation report (24), the fact that quite high
polymerization rates can be obtained when styrene is
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polymerized at 1208C using TEMPO and AIBN calls for
further scrutiny of the effect of using different initiators
in the TEMPO-mediated polymerization of styrene. Some
groups have already started the exploration of this issue
of studying the effect of the rate of radical generation on
polymerization rate and molecular weight development
NMRP (34, 35).

6 Nomenclature

[] Denotes concentration, mol L21

D Dimer
D† Dimeric free radical
I Initiator
f Initiator efficiency
ka Dormant polymer activation kinetic rate

constant, s21

kd Kinetic rate constant for initiation
decomposition, s21

kda Polymer radical deactivation kinetic rate
constant, L mol21 s21

kdecomp Kinetic rate constant for the alcoxyamine
decomposition reaction, s21

kdim Kinetic rate constant for the dimerization
reaction, L mol21 s21

kfD Transfer to dimer kinetic rate constant,
L mol21 s21

kfm Transfer to monomer kinetic rate constant,
L mol21 s21

kh3 Kinetic rate constant for the rate enhancement
reaction, L mol21 s21

ki Kinetic rate constant for first propagation
reaction, L mol21 s21

kp Propagation kinetic rate constant,
L mol21 s21

ktc Termination by combination kinetic rate
constant, L mol21 s21

kth Kinetic rate constant for thermal initiation,
L mol21 s21

HNOx Hydroxyl amine
M Monomer
M† Monomeric free radical
MNOx Monomeric alcoxyamine
NO†

x Nitroxyl stable free radical
Pr Dead polymer molecule of size r
R†

in Primary free radical from initiator
decomposition

R†
r Polymer free radical of size r

RrNOx Dormant polymer molecule of size r
T Temperature, K
Tg Glass transition temperature, K (or 8C)
vf Fractional free volume
Vi Volume of species i, L
Vt System volume, L

6.1 Greek Letters

ai Volumetric expansion coefficient, K21

ba Free volume parameter for the activation
reaction

bd Free volume parameter for the deactivation
reaction

bp Free volume parameter for the propagation
reaction

bt Free volume parameter for the termination
reaction
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