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ABSTRACT
A kinetic model for the redox-initiated radical telomerization of vinyl acetate activated by microwave
irradiation is presented. Four approaches based on the “microwave” or “thermal” effects were used to
study the cases under microwave irradiation. One of the models assumes microwave-induced generation
of radicals from monomer. The second model considers higher reaction temperatures than those reported
in the experiments. The third model assumes that microwave radiation affects specifically catalyst-
involved reactions. The fourth model is a combination of the second and third ones. The kinetic model
captures well the effect of initiator, catalyst and solvent contents, as well as absence or presence of
microwave irradiation, on polymerization rate and molecular weight development. Limiting monomer
conversions and fairly constant values of number average molecular weight and molar mass dispersity
were predicted by the model, which agrees with experimental observations.
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1. Introduction

Microwave-assisted synthesis (MAS) relies on the application
of microwave irradiation (MI) as the energy source driving
chemical reactions. Polar reagents are adequate for MAS since
they are good microwave-absorbing materials, compared to
non-polar ones.[1–2] Some of the main advantages of MAS
include: volumetric heating, selective heating of strongly micro-
wave-absorbing reagents in heterogeneous mixtures and super-
heating of solvents at normal pressure.[3] The advantages of
MAS have favored the production of (bio)polymer materials by
step-growth, chain-growth, ring-opening and metathesis poly-
merizations.[4–9]

The use of MI as a heating source in reversible deactiva-
tion radical polymerization (RDRP, also known as con-
trolled radical polymerization, CRP) is of particular interest.
Well-defined and low dispersity polymers can be obtained
by using RDRP.[10–16] However, a drawback of RDRP is
that increasing the degree of livingness implies lowering
polymerization rate. The usefulness of MI in RDRP has
been proven in atom transfer radical polymerization
(ATRP),[17–21] nitroxide-mediated radical polymerization
(NMRP),[22] and reversible addition-fragmentation radical
polymerization (RAFT).[23–25] The obtained experimental
results in such cases show that: (i) higher polymerization
rates under MI conditions, compared to conventional heat-
ing (CH), are indeed possible; (ii) controlled growth during
polymerization, thus obtaining low dispersity polymers, was
observed; and (iii) the polymerizations were claimed to

proceed under isothermal conditions, as monitored by an
infrared sensor (IRS). In contrast, only slight to moderate
improvement in either RDRP[16–29] or conventional free
radical polymerization (FRP)[30] under MI conditions has
been observed in some cases. It has been suggested that the
spectacular rates of polymerization observed in microwave
ovens are caused by superheating of the reaction mixture.
This is likely due to underestimation of the actual internal
temperature by IRS. In order to make fair comparisons,
accurate measurement of temperature within the microwave
oven is necessary. Polymerization studies carried out using
both IRS and optic fiber probes (OF) have shown the
importance of employing appropriate temperature monitor-
ing devices.[31,32]

There is a debate in the literature on the effect of MI on
polymerization kinetics; namely, if there is a true “microwave
effect” (ME, a chemical modification of the reaction mecha-
nism or a specific reaction with an unusually high kinetic rate
constant), or if the actual effect is only thermal (TE, non-con-
stant temperature profiles in the reaction mixture caused by
MI).[26–30]

The modeling of free radical polymerizations under MI
includes approaches based on ME or TE. One of the
approaches considering ME is the microwave-induced gen-
eration of free radicals from monomer, which has been
implemented in modeling studies of emulsion polymeriza-
tion,[33–34] NMRP,[35] ATRP,[36] and RAFT.[37,38] Zetterlund
et al.[38] used three approaches, one based on TE and two
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on ME, to study the kinetics of the microwave-assisted
RAFT polymerization of styrene (Sty) with cyanoisopropyl
dithiobenzoate and AIBN. In their first approach, the poly-
merization was assumed to proceed at higher reaction tem-
peratures than those recorded experimentally (TE). In the
second approach, higher reaction rates for the propagation
and addition steps were considered (ME). Finally, in their
third approach, they assumed that free radicals from mono-
mer were produced from MI (ME). The second approach
agreed better with their experimental data. The propagation
and addition kinetic rate constants under MI were one
order of magnitude higher than those under CH.[38] On the
other hand, step temperature profiles have been considered
in the MI ATRP of Sty and MMA, where there is a sudden
change in the rate of polymerization.[36]

In the case of MI RAFT polymerization of vinyl acetate
(VAc), using ethylxanthogenacetic acid (EXGA) as a RAFT
agent, Roy et al.[39] observed that the rate of polymerization
was seven times faster in the case of MI, compared to CH, while
the measured molecular weights matched the theoretical values
in both cases.

Recently, Olvera-Mancilla et al.[40] studied the Ru(II) cata-
lyzed polymerization of vinyl acetate in the presence of ATRP
initiators, under CH and MI. They evaluated the performance
of four Ru(II) catalysts. Low conversions were attained in all
cases. The highest conversions were obtained with CCl4, which
acted as both initiator and chain transfer agent, leading to non-
controlled polymerization and therefore, to the formation of
telomers.

In this contribution, we study the kinetic behavior of the
redox-initiated radical (RIR-) telomerization of vinyl acetate
under CH and MI using modeling tools. The effect of MI was
captured by using three different modeling approaches, two
based on ME and one on TE.

2. Experimental

Most of the experimental data used to test our models were
reported in Olvera-Mancilla et al.[40] However, a few extra
experiments on RIR-telomerization of VAc under CH were car-
ried out for completeness and assessment of experimental
error.

2.1. Materials

Reagent RuCl3.nH2O was purchased from Strem and used
without any purification. Vinyl acetate monomer (VAc, >

99%, Aldrich) was passed through a neutral alumina column,
distilled under reduced pressure, and stored under nitrogen.
Sodium hidroxide (NaOH, 97%), potassium hexafluorophos-
phate (KPF6, 99%), acetonitrile (MeCN, HPLC grade, 99.9%),
dichloromethane (CH2Cl2, HPLC grade, 99.9%), N,N-dime-
thylbenzylamine ligand (C6H4-2-CH2NMe2, 99%), aluminum
isopropoxide (Al(Oi-Pr)3, 99.9%), anhydrous anisole (99%),
dimethyl sulfoxide (DMSO, HPLC grade, 99%), N,N’-dimethyl-
formamide (DMF, HPLC grade, 99.9%), tetrahydrofuran (THF,
HPLC grade, 99.9%), and carbon tetrachloride initiator (CCl4,
99.9%) were purchased from Aldrich and used as received.

2.2. General procedure for synthesis of ruthenium
complexes

Complex [Ru(h6-C6H6)(C6H4-2-CH2NMe2)(MeCN)]PF6 (1)
was prepared as reported in the literature.[41,42]

2.3. Polymerization of vinyl acetate under conventional
heating

VAc polymerizations were carried out in solution (anisole/VAc;
30/70 v/v), under nitrogen atmosphere, in sealed glass tubes. A
typical reaction using an initial molar ratio of [M]/[YZ]/[C] D
200/1/1 proceeded as follows: ruthenium complex 1 (C,
100 mg, 0.2 mmol) was added to a 25 mL Schlenk flask and
degassed by vacuum/nitrogen cycles (three times). Then, ani-
sole (1.7 ml, 15.1 mmol), n-decane (150 ml), VAc (M, 4 mL,
43.2 mmol) and CCl4 initiator (YZ, 21.2 ml, 0.2 mmol) were
introduced into the flask, using a syringe, keeping a constant
flow of nitrogen. The mixture was stirred for 10 min at room
temperature until homogeneity was reached. At that point, 5
aliquots (1.1 mL each) of solution were injected into baked
glass tubes and sealed under nitrogen. The tubes were
immersed in an oil bath previously heated at 70�C. The poly-
merization was stopped at the desired time.

2.4. Polymer characterization

Number average molecular weight (Mn) and dispersity (Ɖ) of
the polymer samples were determined using a gel permeation
chromatographer (GPC), Waters 2695 ALLIANCE Separation
Module, equipped with two HSP gel columns in series (HR
MBL molecular weight range from 5 £ 102 to 7 £ 105 and MB-
B from 1 £ 103 to 4 £ 106) and a RI Waters 2414 detector.
THF was used as eluent at 35�C with a flow rate of 0.5 mL/min.
Standards of linear polystyrene were used for calibration. Poly-
mer samples were injected into the GPC without any purifica-
tion, but some samples were purified by passing the reaction
mixture through an Al2O3 column using THF as eluent. GPC
curves of the purified pVAc and the samples without purifica-
tion obtained in the same experiments were very similar.
Monomer conversion was determined from the concentration
of residual monomer, measured by gas chromatography (GC)
using a Shimadzu GC-2010 gas chromatograph equipped with
one capillary column RESTEK stabilwax (30 m, 0.53 mm ID,
and 0.5 mmdf), with n-decane as an internal standard in each
polymerization. Analysis conditions: injector temperature,
220�C; temperature program: 4 min at 40�C, heating rate of
15�C/min until 220�C was reached, then 2 min at 220�C. IR
spectra were recorded on a Nicolet-Magna 750 FT-IR instru-
ment in KBr pellets. 1H NMR spectra were obtained on Bruker
Avance 400 MHz and Varian 300 MHz spectrometers.

3. Modeling

3.1. Polymerization scheme

The polymerization scheme used in this study, as implemented
in the Predici� software of CiT, is shown in Table 1. The reac-
tions that make up the reaction mechanism are called “steps”
as in the Predici� literature.[43] Step 1 represents reversible
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metal-catalyzed initiation. Steps 2 to 7 account for radical telo-
merization, as described by Boutevin.[44]

As explained above, three modeling approaches were used to
account for MI telomerization of VAc. These approaches are
described below.

Model A. Microwave-induced generation of free radicals
from monomer

In this model, the microwave effect is accounted for by consid-
ering the hypothetical generation of free radicals from mono-
mer (Step 8 in Table 1). The corresponding kinetic rate
constant, k0ir , is estimated for each case.

Model B. Increased reaction temperature
The temperature of the reacting mixture, Tf , is considered to be
higher than the one measured experimentally. IRS devices mea-
sure temperatures on the surface of the reactor, leading to
underestimation of the actual temperature.[26,29,30,45] In Pre-
dici�, it is possible to predefine temperature profiles as a func-
tion of time.[36]

Model C. Microwave-enhanced activation-deactivation
In this model, only catalyst-involved reactions are affected by
MI. Kinetic rate constants k0b, k0a and k0a2 are estimated for the
microwave-assisted cases (Steps 1, 4 and 5 of Table 1).
Molecular weight development was followed in terms of num-
ber-average molecular weight, Mn , and dispersity of molecular
weight, Ɖ.

3.2. Diffusion-Controlled (DC) effects

Diffusion-controlled effects were modeled using equilibrium
free-volume theory.[46] Kinetic rate constants were corrected
for DC-effects according to Equation 1, where ki is an effective
kinetic rate constant, and k0i is the corresponding intrinsic

kinetic rate constant for iD a; a2; b; trYZ; p; tc; td and ir,
namely, the different reactions involving polymer molecules,
which may become diffusion-controlled.

ki D k0i exp ¡ bi
1
Vf

¡ 1
Vf 0

� �� �
[1]

Vf and Vf 0 in Equation (1) are fractional free volume at time t
and at time zero, respectively, and are calculated using Equa-
tion (2). bi are free-volume parameters.

Vf D 0:025C
Xof components

kD 1

ak T ¡Tgk
� �

’k [2]

Tgk is the glass transition temperature of component k, ak is
expansion coefficient for species k, and ’k is the fractional vol-
ume of component k.[46]

4. Results and discussion

Thirteen RIR-Telomerization cases were studied in the present
work; eleven of them correspond to systems under CH and the
other two to MI. Initial conditions for all cases are summarized
in Table 2. The effects of solvent type and concentration, as
well as initiator concentration on polymerization rate and
molecular weight development (Mn and Ð versus conversion)
were studied for the cases under CH. Models A, B, C and a
combination of Models B and C (Model D) were used to ana-
lyze the cases under MI.

Table 1. Polymerization scheme for the RIR-telomerization of VAc as implemented in Predici� .

Reaction Step Name of step in Predici Kinetic constant Step #

Initiation YZCC$Y�CZC Reversible reaction ka , kb 1
First propagation Y�CM! P(1) (Anionic) Initiation step kp 2
Propagation P(s)CM!P(sC1) Propagation kp 3
Dormant-living exchange (Activation) PZ(s)CC! P(s)CZC Change ka2 4
Dormant-living exchange (Deactivation) P(s)CZC! PZ(s)CC Change kb 5
Transfer to initiator P(s)C YZ!PZ(s)C Y� Change ktrYZ 6
Termination P(s) C P(r)! D(sCr) Termination by combination and

disproportionation
ktc , ktd 7

P(s) C P(r)! D(s)CD(r)
Microwave-promoted generation of radicals M! 2M� Elemental kir 8

Table 2. Initial conditions for the RIR-telomerizations of VAc.

Case Temperature (�C) (M)/(YZ)/(C) S/M (v/v) Solvent Microwave Power (W) Reference

1 50 233/1/1 5/5 Ethyl acetate 0 [47]

2 70 200/0.5/1 3/7 Anisole 0 This work
3 70 200/1/1 3/7 Anisole 0 This work
4 70 200/2/1 3/7 Anisole 0 This work
5 70 200/4/1 3/7 Anisole 0 This work
6 70 200/1/1 5/5 Anisole 0 [40]

7 70 200/2/1 5/5 Anisole 0 [40]

8 70 200/2/1 3/7 Anisole 0 This work
9 70 200/1/1 5/5 DMSO 0 [40]

10 70 200/2/1 5/5 DMSO 0 [40]

11 70 100/1/1 5/5 DMSO 0 [40]

12 70 200/1/1 5/5 DMSO 100 [40]

13 70 200/1/1 5/5 DMSO 500 [40]
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4.1. RIR-Telomerization of VAc by CH

The model for redox-initiated radical telomerization of VAc was
first validated with experimental data for VAc in ethyl acetate
(EtOAc), anisole and dimethyl sulfoxide (DMSO), carried out
by CH. The kinetic rate constants and physicochemical parame-
ters used in the simulations are listed in Table 3. Free volume
parameters for the propagation and termination reactions, bp

and bt , respectively, were estimated from the bulk polymeriza-
tion of VAc using AIBN at 70 �C[42]; ba, bb and ba2 were
assumed to take the values used in the ATRP of styrene using
ethyl 2-bromopropionate (EBP), copper bromide (CuBr), and
N,N,N0,N0,N00-pentamethyldiethylenetriamine (PMDETA).[36]

4.1.1. Redox-initiated radical telomerization of VAc in EtOAc
at 50 �C by CH
Case 1 deals with the RIRT of VAc using iron oxyacetate
Fe(OAc)2 / PMDETA (N,N,N0,N00,N00- pentamethyl diethylene
triamine) and CCl4, at 50 �C, in EtOAc.[47] Three kinetic
rate constants, namely, k0b, k0a and k0a2 were fitted to the avail-
able experimental data. Parameters are reported in Table 4.
Figure 1 shows the calculated and experimental profiles of
(a) ln M0 6 Mð Þ versus t(h), (b) Mn versus conversion, and
(c) Ɖ versus conversion. It is observed in Figure 1 that the
agreement between experimental and calculated profiles is very
good. The expected main features of RIR-telomerizations are

captured by the model, namely: (a) existence of limiting con-
versions, (b) relatively constant Mn versus conversion profiles,
and c) Ð D 2 throughout the reaction.

4.1.2. Redox-initiated radical telomerization of VAc in
anisole by CH at 70 �C
Cases 2 to 8 correspond to polymerization of VAc at 70 �C with
(Ru(h6-C6H6)(C6H4-2-H2NMe2)(MeCN))PF6, (1) and CCl4.
Cases 2–5 and 8 correspond to RIR-telomerizations with M/S
D 3/7 (v/v). The polymers were synthesized following the
experimental procedure described by Olvera-Mancilla et al.[40]

Cases 6 and 7, on the other hand, correspond to RIR-telomeri-
zations with M/S D 5/5 (v/v).[40] Case 3 was used to estimate
kinetic rate constants k0b, k0a and k0a2 (see Table 4). The calcu-
lated profiles of (a) ln M0 6 Mð Þ versus time, (b) Mn versus
conversion and (c) Ɖ versus conversion for Cases 2 to 5 are
shown in Figure 2. The corresponding profiles for Cases 6 and
7 are shown in Figure 3.

The effect of initiator initial concentration is addressed in
Cases 2 to 5. The initial concentration of initiator increases
from Case 2 to 5. As expected, the highest polymerization rate
of is observed with Case 5, whereas that the lowest one is
obtained with Case 2 (see Figure 2a). Mn decreases as initiator
concentration is increased, as observed in Figure 2b, and Ð is
slightly decreased as initiator concentration is increased
(Figure 2c). Similar results were obtained for Cases 6 and 7. It

Table 3. Physical and kinetic parameters used in the simulations.

Parameter Units Value Reference or remark

k0p L mol¡1 s¡1 1.47£ 107exp(¡2490/T) [48]

k0t L mol¡1 s¡1 2.7 £ 1010exp(¡1400/T) [49]

CYZ D kp
ktrYZ

Dimensionless 1 [50]

Tgm, Tgp , Tgs
�C ¡150, 30, ¡160 This work,[51] this work

am , ap, as Dimensionless 1 £ 10¡3,4.8 £ 10¡4, 7 £ 10¡3 [36] (Assumed the same as MMA)
bp , bt Dimensionless 1.02, 3.3 This work
ba , bb , ba2 Dimensionless 0.2,0.5, 0.2 [36]

Ea 6 R, Eb 6 R, Ea2 6 R K 1600,1600, 2100 This work

Table 4. Estimated kinetic rate constants and Tf for Cases 1 to 13.

Case k0b (L mol¡1 s¡1) < k0a (L mol¡1 s¡1) < k0a2 (L mol¡1 s¡1) < k0ir (s
¡1) Tf (�C)

1 2 £ 104 8 £ 10¡3 1 £ 10¡4 — —
2 to 8 1.5 £ 107 4 £ 10¡3 2 £ 10¡4

9–11f: 2 £ 106 6 £ 10¡3 1 £ 10¡4

12-A f: 2 £ 106 6 £ 10¡3 1 £ 10¡4 2 £ 10¡8 —
13-A f: 2 £ 106 6 £ 10¡3 1 £ 10¡4 5 £ 10¡8 —
12-B f: 2 £ 106 6 £ 10¡3 1 £ 10¡4 — 105
13-B f: 2 £ 106 6 £ 10¡3 1 £ 10¡4 — 130
12-C f: 3 £ 107 3 £ 10¡1 3 £ 10¡1 — —
13-C f: 3 £ 106 5 £ 10¡2 5 £ 10¡2 — —
12-D f: 3 £ 107 9 £ 10¡2 9 £ 10¡2 — 90
13-D f: 3 £ 106 7 £ 10¡3 7 £ 10¡3 — 115
9–11 g: 2 £ 106 2 £ 10¡3 1 £ 10¡4

12-A g: 2 £ 106 2 £ 10¡3 1 £ 10¡4 2 £ 10¡8 —
13-A g: 2 £ 106 2 £ 10¡3 1 £ 10¡4 5 £ 10¡8 —
12-B g: 2 £ 106 2 £ 10¡3 1 £ 10¡4 — 120
13-B g: 2 £ 106 2 £ 10¡3 1 £ 10¡4 — 150
12-C g: 3 £ 107 3 £ 10¡1 3 £ 10¡1 — —
13-C g: 3 £ 106 5 £ 10¡2 5 £ 10¡2 — —
12-D g: 3 £ 107 6 £ 10¡2 6 £ 10¡2 — 105
13-D g: 3 £ 106 4 £ 10¡3 4 £ 10¡3 — 135

<Fitted values at initial reaction temperatures of 50 �C for Case 1 and 70 �C for Cases 2 to 13.
f:Fitted values with CYZ D 1.
g:Fitted values with CYZ D 3
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is observed in Figure 2c that experimental Ðs take values
around 1.5 for Cases 2 and 3, and Ð �2 for Cases 4 and 5. This
discrepancy between experimental and calculated values of Ð
for Cases 2 and 3 may be attributed to experimental error. For

instance, Cases 4 and 8 are replicates (see the corresponding
entries in Table 2) whose experimental and calculated ln
M0 6 Mð Þ vs. time,Mn vs. conversion and Ð vs. conversion pro-
files are compared in Figure 4. It is observed in Figure 4c that
Ð�2 for Case 4 and Ð�1.5 for Case 8. The agreement between
calculated and experimental profiles is very good in Case 4, for
conversion and molecular weight development.

Figure 1. Comparison of calculated and experimental profiles for RIR-Telomeriza-
tion of VAc in EtOAc at 50 �C under CH: (a) ln M0 6 Mð Þ versus time, (b) Mn (g
mol¡1) versus conversion and (c) Ɖ versus conversion.

Figure 2. Comparison of calculated and experimental profiles for CH RIR-Telomeri-
zation of VAc in DMSO at 70 �C for Cases 2 to 5: (a) ln M0 6 Mð Þ versus time, (b)
Mn (g mol¡1) versus conversion and (c) Ɖ versus conversion.

JOURNAL OF MACROMOLECULAR SCIENCE, PART A: PURE AND APPLIED CHEMISTRY 235



4.1.3. Redox-initiated radical telomerization of VAc in DMSO
at 70 �C under CH
Cases 9 to 11 in Table 2 represent the redox-initiated radical
telomerization of VAc, using CCl4 and catalyst 1, in DMSO, at

70 �C. Case 9 was used to estimate parameters k0b, k0a and k0a2
(see Table 3). Simulation results for polymerization rate,
expressed as ln M0 6 Mð Þ versus time, and molecular weight
development (Mn and Ð versus conversion) are shown in
Figure 5. Calculated logarithmic conversion agrees well with
experimental data during the early stages of the reaction (see

Figure 3. Comparison of calculated and experimental profiles for CH RIR-Telomeri-
zation of VAc in anisole for Cases 6 and 7: (a) ln M0 6 Mð Þ versus time, (b) Mn (g
mol¡1) versus conversion and (c) Ɖ versus conversion.

Figure 4. Comparison of calculated and experimental profiles for CH RIR-Telomeri-
zation of VAc in anisole for Cases 4 and 8 (replicate): (a) ln M0 6 Mð Þ versus time,
(b)Mn (g mol¡1) versus conversion and (c) Ɖ versus conversion.
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Figure 5a). However, large deviations are observed after 8 hours
of reaction, especially for Cases 10 and 11. It is not clear in
Figure 5b if the experimental profile of Mn versus conversion is
linear or not. Our model calculations clearly show a nonlinear

trend, which may be caused by the dominance of conventional
free radical behavior at the early stages of the polymerization.
Specifically, in Case 9 the profile seems to be linear, but if the
first experimental data point is suppressed (a possible outlier)
the experimental trends would coincide with the calculated
ones. The predicted profiles of Ð versus conversion almost
overlap at a value of Ð�2, whereas the experimental values lie
between 2.2 and 2.5, with the exception of Case 10, which
clearly shows a deviated increasing trend.

Olvera-Mancilla et al.[40] reported that CCl4 consumption
was faster in DMSO than in other solvents (anisole, DMF,
MEK), suggesting that telomerization reactions involving CCl4
(steps 1 & 6 in Table 1) are affected by the solvent.

It was assumed in our simulations that the chain transfer to
CCl4 constant, defined as CYZ D ktrYZ

kp
, is equal to one.[45] The only

kinetic rate constants that had in principle to be estimated in this
case were the ones related to the activation and deactivation steps
(k0a, k

0
b, and k0a2 ). Although values of CYZ�3 were found to

describe the evolution ofMn during the early stages of telomeriza-
tion, overestimation is observed at intermediate and high conver-
sions, as shown in Figure 5. CCl4 in DMSO and anisole
concentration profiles are presented in Figure 6. It is observed that
the consumption of CCl4 is faster in DMSO than in anisole. It is
slightly faster when CYZ D 3, compared to the case with CYZ D 1
during the first hour of reaction, and later it turns out to be faster
when CYZ D 1. This is explained by the fact that the fitted value of
k0a D 6£10¡ 3 CYZ D 1ð Þ> k0a D 2£10¡ 3 CYZ D 3ð Þ, that is, trans-
fer to CCl4 is initially favored (Step 6), but after the consumption
of CCl4 initiation is dominant (Step 1).

4.2. Radical telomerization of VAc in DMSO by MI

Olvera-Mancilla et al.[40] found that MI polymerizations of
VAc were unsuccessful in solvents of low dielectric constants
such as anisole (e D 4.3) and methyl ethyl ketone (MEK, e D
18.5) but proceeded well in highly polar solvents, such as
dimethyl sulfoxide (DMSO, e D 46.7) and N, N-dimethylfor-
mamide (DMF, e D 38), using (Ru(h6-C6H6)(C6H4-2-H2NMe2)
(MeCN))PF6 (1) as catalyst. However, polymerizations were
also unsuccessful when other catalysts, such as (Ru(o-C6H4-2-

Figure 5. Comparison of predicted profiles and experimental data for CH RIR-Telo-
merization of VAc in DMSO at 70 �C for Cases 9 to 11 with CYZ D 1 and CYZ D 3:
(a) ln M0 6 Mð Þ versus time, (b) Mn (g mol¡1) versus conversion, and (c) Ɖ ver-
sus conversion.

Figure 6. Predicted initiator concentration profile for CH RIR-Telomerization of VAc
in Anisole (Case 6), and in DMSO (Case 9), with CYZ D 1 & 3 , at 70 �C.
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py)(MeCN)4)PF6 (2) and (Ru(h6-C6H6)(o-C6H4-2-py)Cl),
[3]

were used.
Models A, B and C (section 2.1) were conceived to study

these systems. Specifically, the MI RIR-telomerization of VAc/1
in DMSO (Cases 12 and 13) is addressed here. Results are com-
pared to the corresponding system under CH (Case 9 of
Table 2).

The calculated profiles of (a) ln M0 6 Mð Þ versus time, (b)
Mn versus conversion and (c) Ð versus conversion are shown
in Figures 7 (for Models A and B) and 8 for Model C. The esti-
mated parameters for each model are presented in Table 4: k0ir
for Model A, Tf for Model B, and k0b, k0a and k0a2 for Model C.

4.2.1. Use of Model A for Cases 12 and 13
The values of k0ir estimated for Cases 12 and 13 (2 £ 10¡8

and 5 £ 10¡8 s¡1, respectively) are comparable in magni-
tude to the corresponding parameter used in the MI ATRP
of methyl methacrylate at 69 �C and 360 W of irradiation
power (k0ir D 2£10¡ 8 s¡1, Simulation 2a in[36]). The agree-
ment between calculated and experimental profiles of ln(M0/
M) versus time is very good for Case 12, but there is signifi-
cant disagreement in Case 13, as observed in Figure 7. The cal-
culated values of Mn for Cases 12 and 13 follow a fairly
constant trend during most of the conversion range, and are
higher than the corresponding values calculated for Case 9.
However, the experimental data ofMn versus conversion devi-
ate significantly from the calculated profiles, particularly in
Case 12. The calculated Ð values were about 2 in all cases,
with very good agreement for Case 12, but significant devia-
tion in the low to intermediate conversion ranges.

4.2.2. Use of Model B for Cases 12 and 13
Reaction temperatures of Tf D 105 �C and Tf D 140 �C were
used with Model B for Cases 12 and 13, respectively. It is inter-
esting to note that these temperatures are lower than the one
used for MI-ATRP of MMA using 360 W of irradiation power
(Tf D 215 �C, Simulation 2c in[36]). Activation energies for the
initiation, activation and deactivation reactions (Steps 1, 4 and
5 in Table 1) were assigned reasonable order of magnitude val-
ues (Table 3). Results are shown in Figure 7. The calculated log-
arithmic conversion versus time profile agrees well with
experimental data. The Mn versus conversion profiles decrease
slightly with conversion and the Ð values are similar in all cases
(Ð�2). Once again, the agreement between predictive profiles
and experimental data for Mn and Ð versus conversion is poor
for Cases 12 and 13.

4.2.3. Use of Model C for Cases 12 and 13
Three kinetic rate constants, k0b, k

0
a, and k0a2 , are involved in

Model C. The estimated values of these parameters for Cases
12 and 13 were the following: k0b D 3£107 L mol¡1 s¡1, k0a D
k0a2 D 3£10¡ 1 L mol¡1 s¡1, and k0b D 3£106 L mol¡1 s¡1, k0a D
k0a2 D 5£10¡ 2 L mol¡1 s¡1, respectively. As observed in
Figure 8, there is fairly good agreement between calculated
and experimental profiles of ln(M0/M) versus time
(Figure 8a). In the case of Mn versus conversion, the agree-
ment is good for Cases 9 and 12, but poor for Case 13 (see
Figure 8b). Unfortunately, the improved behavior in the
description of molecular weight development obtained in this

case, compared to the predictions of Models A and B, was not
observed in the case of Ð versus conversion, where higher
deviations were obtained, particularly for Case 12 (see
Figure 8c).

Figure 7. Comparison of calculated profiles and experimental data of MI RIR-
Telomerization of VAc in DMSO using Models A and B for Cases 12 and 13,
with CYZ D 1: (a) ln M0 6 Mð Þ versus time, (b) Mn (g mol¡1) versus conver-
sion, and (c) Ɖ versus conversion. Case 9 is included in (b) and (c) for comparison
purposes.
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4.2.4. Use of combined models B and C (Model D) for cases
12 and 13
Model D consisted of the combination of Models B and D. For
our calculations using model D, a value of Tf lower than the

one used in Model B was chosen, and then kinetic rate con-
stants k0b, k0a and k0a2 were estimated. The values used for these
four parameters are summarized in Table 4. As observed in
Figure 8, the results obtained did not changed significantly
from the calculations using Model C.

Olvera-Mancilla et al.[40] observed that total consumption of
CCl4 by MI occurred after the first 3 min of reaction, as mea-
sured by GC. In Figure 9, the calculated profiles of initiator
concentration versus time are shown. The fastest initiator con-
sumption occurs with Model C (10 min), followed by Model D
(30 min), for Case 12, whereas that the fastest consumption for
Case 13 also occurs with Model C (40 min), followed this time
by Model B.

Figure 8. Comparison of calculated profiles and experimental data of MI RIR-Telo-
merization of VAc in DMSO using Models C and D for Cases 12 and 13 using
CYZ D 1: (a) ln M0 6 Mð Þ versus time, (b) Mn (g mol¡1) versus conversion, and
(c) Ɖ versus conversion. Case 9 is included in (b) and (c) for comparison purposes.

Figure 9. Calculated profiles of initiator (CCl4) concentration, using Models A to D
for (a) Case 12, and (b) Case 13, using CYZ D 1. Case 9 is shown for comparison
purposes.

Table 5. Mn and Đ as a function of conversion.

Case 12 Case 13 Case 12 Case 13
Model Mn Mn Đ Đ

A Constant Constant � 2 � 2
B Slightly linear decrease Slightly linear decrease � 2 � 2
C Increase linearly Constant Decrease Decrease
D Increase linearly Constant Decrease Decrease
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4.2.5. Main features of Models A to D with CYZ D 1
Models A to D can effectively describe the observed increase in
polymerization rate for Cases 12 and 13. The linear increase of
Mn with conversion is adequately predicted by Model C for

Cases 12 and 13. As a result, low values of Đ are obtained at
moderate and high conversions. The dependence of Mn and Đ
with conversion is summarized in Table 5. The best match with
experimental data ofMn is obtained with Model D for Cases 12

Figure 10. Comparison of calculated profiles and experimental data of MI RIR-
Telomerization of VAc in DMSO using Models A and B for Cases 12 and 13
using CYZ D 3: (a) ln M0 6 Mð Þ versus time, (b) Mn (g mol¡1) versus conver-
sion, and (c) Ɖ versus conversion. Case 9 is included in (b) and (c) for comparison
purposes.

Figure 11. Comparison of calculated profiles and experimental data of MI RIR-
Telomerization of VAc in DMSO using Models C and D for Cases 12 and 13
using CYZ D 3: (a) ln M0 6 Mð Þ versus time, (b) Mn (g mol¡1) versus conver-
sion, and (c) Ɖ versus conversion. Case 9 is included in (b) and (c) for comparison
purposes.
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and 13, while that the description of Đ is well represented by
Models A and B for Case 12 and Model D for Case 13.

4.2.6. Simulations using CYZ D 3
Figures 10 to 12 show the results obtained for polymerization
rate, molecular weight development, and initiator consump-
tion, using Models A, B, C and D, if CCCl4 D 3. In general terms,
slightly better agreement between calculated profiles and exper-
imental data of polymerization rate, less variation between Mn

profiles between Cases 12 and 13, and faster initiator consump-
tion (better agreement with observed experimental results) are
obtained when CCCl4 D 3.

5. Conclusions

A kinetic model for the redox-initiated radical telomerization of
vinyl acetate in which the effect of microwave heating on the
properties of the components of the reaction mixture is ana-
lyzed and compared to conventional heating, was implemented
in the commercial software Predici�. The kinetic model cap-
tures well the effect of initiator (CCl4), catalyst (metal transition
complexes) and solvent (ethyl acetate, anisole and DMSO) con-
tents, as well as the absence (Cases 1 to 11) or presence of

microwave irradiation (Cases 12 and 13), on polymerization
rate, evolution of number-average molecular weight, Mn , and
dispersity of molecular weight, Ɖ. A limiting monomer conver-
sion was observed whereas Mn and Ɖ remained relatively con-
stant throughout the polymerization. Also, it was qualitatively
demonstrated with calculations that the consumption of CCl4
is faster in DMSO than in anisole, as reported previously from
experimental evidence.[40]

Four approaches based on the “microwave” (Models A, C
& D) and/or “thermal” (models B and D) effects were used
to study the cases under microwave irradiation. Model A
assumes microwave-induced generation of radicals from
monomer. Model B considers higher reaction temperatures
than those reported in the experiments. Model C assumes
that microwave radiation affects specifically catalyst-
involved reactions. Finally, Model D is a combination of
Models B and C.

Two cases of telomerization of vinyl acetate irradiated with
100 and 500 W (Cases 12 and 13, respectively) in DMSO were
addressed and contrasted with a blank reference system (Case
9). Calculations of polymerization rate calculated with either of
Models A to D agreed well with the available experimental
data. Different profiles ofMn versus conversion were obtained.
The application of Model C showed a linear increase with con-
version only for Case 12, but this approach underestimated the
values of Đ in the intermediate and high conversion ranges.
The best agreement between experimental and calculated times
for initiator (CCl4) total consumption was obtained with Model
C (3[40] and 12 minutes, respectively).

A chain transfer to CCl4 constant CYZ greater than 3 was
used in the telomerizations carried out in DMSO. The use of
this assumption allowed us to improve the agreement between
experimental and calculated profiles of Mn versus conversion.
However, underestimated profiles were predicted with Models
C and D at conversions higher than 0.3.

Overall, the best results obtained in this paper were obtained
with Models C and D, which suggest that microwave irradia-
tion affects catalyst activities and/or temperature gradients
were produced throughout the reaction.
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Nomenclature

C Catalyst
CYZ Transfer constant to initiator
D(s) Dead polymer molecule of size s
Ea 6 R Activation energy for the activation/initiation reaction
Eb 6 R Activation energy for the deactivation reaction
Ea2 6 R Activation energy for the activation reaction
ka Kinetic rate constant for the initiation/activation reaction

Figure 12. Calculated profiles of initiator concentration, CCl4, using Models A to D
for (a) Case 12, and (b) Case 13, using CYZ D 3. Case 9 is shown for comparison
purposes.
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kb Kinetic rate constant for the deactivation reaction
ka2 Kinetic rate constant for the activation reaction
kir Kinetic rate constant for microwave activation
kp Kinetic rate constant for the propagation reaction
kt Kinetic rate constant for termination by combination

reaction
ktrYZ kinetic rate constant for chain transfer to initiator

reaction
M Monomer
P(s) Free living polymer radical of size s
PZ(s) Telomer (dormant polymer) of size s
Tf Bulk temperature
YZ telogen or initiator
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