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Abstract

The kinetics of the radical polymerization of 3-[tris(trimethylsilyloxy)silyl]propyl methacrylate was studied in benzene and dioxane/
hexane solutions at different conditions of temperature, monomer and initiator concentrations by using ultraviolet and electron paramagnetic
resonance spectroscopic techniques. The values of the ratios between the propagation rate constant and the square root of the termination rate
constant (kp/k[”z) were determined by UV spectroscopy by measuring the changes of absorbance with time at several wavelengths in the range
275-285 nm, where appropriate changes in absorbance were observed. The values of kp/k[” ?_in the temperature interval 50-70°C, lie in the
range 0.40-0.53 1"mol ~"%s~"2. Measurements of the radical concentrations, the efficiency factor of the initiator and of the absolute rate
constants k, and k, were carried out using electron paramagnetic resonance techniques. The values of k, are in the range 500-
10001 mol ' s™! in the temperature interval 50—70°C, in fair agreement with those extrapolated from results obtained by pulsed-laser/
size-exclusion chromatography at lower temperatures. © 2001 Elsevier Science Ltd. All rights reserved.

Keywords: Radical polymerization; Unsaturated monomers containing silicon; Kinetic constants

1. Introduction

The determination of propagation and termination rate
constants in the radical polymerization of unsaturated mono-
mers is an important research field in polymer science. Acrylic
and methacrylic polymers constitute one of the most important
polymer families due to the high possibility that the ester
residue presents to synthesize monomers with a varied set of
chemical structures. Among the diversity of applications of the
polymethacrylates, their use as raw materials for the prepara-
tion of contact lenses stands out [1]. By copolymerization of
hydrophilic methacrylic monomers, such as hydroxyalkyl
methacrylates, with a monomer of high content in silicon,
materials with high permeability to oxygen are obtained. 3-
[tris(trimethylsilyloxy)silyl]Jpropyl methacrylate (TRIS) is a
monomer that, given its high content in silicon, shows these
characteristics [2—4] and therefore the study of kinetic para-
meters that govern its radical polymerization is of interest.

Very recently, Muratore et al. [4] have determined the
propagation rate constants of TRIS by pulsed-laser polymer-
isation/size-exclusion chromatography (PLP/SEC). Elec-
tron paramagnetic resonance spectroscopy (EPR) is also
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an important tool to study kinetics of radical polymerization
because the propagating free radicals concentration can be
directly determined in real time. Usually the EPR experi-
mental values of the propagation rate constants k, are in
poor agreement with those obtained from PLP/SEC [5,6],
making it very important to derive values independent of the
measurement method. The main shortcomings in the study
of radical polymerizations by EPR spectroscopy arise from
the very low radical concentrations (<1076 mol 171) that
give rise to low quality EPR signals. The integration of
these not well-defined signals sometimes precludes an accu-
rate determination of the radicals’ concentrations [7].

In this work, we study by EPR and Ultraviolet spectro-
scopy the radical polymerization of TRIS to determine the
propagation (k,) and termination (k,) rate constants, and to
compare the results with those obtained by others [4] by
PLP/SEC technique.

2. Experimental

2.1. Polymerization reactions and characterization of the
polymer

The polymerization reactions of TRIS were carried out at
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Fig. 1. ®C NMR spectrum of poly{3-[tris(trimethylsilyloxy)silyl]propyl
methacrylate} (PTRIS).

temperatures between 50 and 70°C, in benzene and dioxane/
hexane solutions with monomer concentrations in the range
of 1 mol 1" up to bulk polymerization. 2,2’-Azobisisobu-
tyronitrile (AIBN) was used as initiator at different concen-
trations between 0.05 and 0.15 mol 1. The polymer was
isolated from the reaction medium by several precipitations
in acetone and, finally, dried in high vacuum at room
temperature for three days. The characterization of the poly-
mer was made by 'H and >C NMR spectroscopy, using a
Varian XL 300 spectrometer and deuterated chloroform as
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Fig. 2. Changes in the absorbance with the time at 281 nm for the
radical polymerization of 3-[tris(trimethylsilyloxy)silyl]propyl methacrylate
(TRIS). The continuous lines correspond to the simulated values according
to Eq. (1).

solvent. The "*C spectrum of poly{3-[tris(trimethylsilylox-
y)silyl]propyl methacrylate} (PTRIS) with the correspond-
ing assignment of the resonance signals is shown in Fig. 1.
The splitting into well-resolved peaks in the resonance of
quaternary carbons of the main chain, the o« CH3 and the
C=O0 carbon of the polymer is observed. Three resonance
signals appear for each carbon, except for the C=O that
presents greater sensitivity to the stereochemical configura-
tion. Following classical assignment in other methacrylic
polymers [8], the resonance signals were attributed to differ-
ent tactic triads and pentads (in the case of the carbonylic
carbon), from which the molar fractions of different config-
urations were calculated. An average molar fraction of
syndiotactic dyads of 0.80 =0.03 was obtained for
PTRIS, and its comparison with the values of the triads
and pentads units indicate Bernoullian stereochemical
control [9]. The predominance of syndiotactic sequences
over isotactic is similar to that found for other methacrylic
polymers [10].

The glass transition temperature () of PTRIS was deter-
mined with a Perkin—Elmer DSCS calorimeter at a heating
rate of 10°C/min. The value of T,, taken at the onset of the
separation of the endotherm from the baseline was about
0°C, much lower than the usual values corresponding to
other polymethacrylates.

2.2. Radical concentrations measurements

The concentrations of the radical species in the polymer-
ization reactions were determined by electron paramagnetic
resonance. EPR spectra were recorded in 3 mm diameter
EPR tubes using a Bruker ESP 300 spectrometer. The condi-
tions to register the spectra were microwave frequency,
9.5 GHz; modulation frequency, 100 kHz; modulation
amplitude, 3 G; conversion time, 40 ms; time constant,
655 ms; sweep time, 42 s; power, 6.32 mW; receiver gain
3 X 105; scan number, 5.

3. Results and discussion
3.1. Kinetics of polymerization by UV spectroscopy

The kinetics of polymerization were followed by measur-
ing the variation of the monomer concentrations by UV
spectroscopy, using a Varian Cary3-Bio UV-Visible spec-
trophotometer with temperature controlled at *=0.05°C.
Values of the absorbances in the region between 275-—
285 nm were chosen as characteristic absorption wave-
lengths corresponding to the monomer. In this region, the
initiator absorbance is not noticeable. Previous to the
experiments, the fulfilment of the Lambert—Beer law was
proved in the range of monomer and polymer concentrations
at the wavelengths used.

The analysis of the experimental data obtained by UV
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Table 1

Experimental values at several temperatures of the ratio kp/k[” 2, propagation
(k,) and termination rate constants (k;) in the polymerization of TRIS
[M]=1moll™! (the values of kp/k[”2 were calculated by considering
f=0.6. The data are average values of at least five experiments)

T (°C) k/k"” k, Imol's™" kx 10° (1lmol '™
70 0.52 1025 3.80
65 0.49 857 2.98
60 0.46, 776 2.74
55 0.43; 639 2.14
50 0.404 585 2.06

spectroscopy was made by using the equation [11]:

A= Aq + (Ag — Awexp{ — 2k, 2flo/kika) "1

— exp(—kqt/2)1}, ey

where kg, k;, and k, are the rate constants for initiator decom-
position, propagation and termination reactions, respec-
tively, [M] the instantaneous concentration of monomer,
[Z,] the initial concentration of initiator, and f is the effi-
ciency of the initiator. A,, A and A, are, respectively, the
absorbances of the monomer at the wavelength considered
at the start of the reaction, at time ¢ and at infinite time.
Computer simulation of the experimental data of absor-
bance according to Eq. (1) permits the determination of
A, and ﬂcp/ktl/z. The values of k4 for the calculations at
each temperature of interest were taken from the literature
[12—15]. The good fit of the simulations to the experimental
results, shown in the examples of Fig. 2, indicates that the

T T 1
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Fig. 3. EPR spectrum of the propagating radicals corresponding to poly-
merization of 3-[tris(trimethylsilyloxy)silyl]propyl methacrylate at 60°C in
benzene solution ([M,] = 1 mol 171, [AIBN] = 0.1 mol 1 "!) The simulation
of the spectrum is plotted in dash line.

polymerizations are well described by normal kinetics up to
very high conversions at the low monomer concentration
levels used in the experiments. The experimental polymer-
ization rate parameter kp/kt” % obtained in the polymerization
of TRIS at different temperatures are shown in the second
column of Table 1.

These values certainly characterize the reactivity of a
monomer, but it is obvious that a more complete analysis
requires the determination of the absolute values of k, and k;
because the higher (lower) reactivity of a monomer in
comparison to others may be due to higher (lower) k, or
lower (higher) k. The absolute rate constants of these poly-
merizations were measured in order to establish the true
influence of the chemical structure on the propagation and
termination reactions.

3.2. Propagation and termination rate constants

There are several reliable methods to measure the propa-
gation rate constants in free radical polymerization, from the
traditional rotating sector [16—22] to the modern pulsed-
laser  polymerisation/size-exclusion  chromatography
[5,23-28]. Values of k, and k can also be obtained by
measuring the stationary concentration of free radicals by
EPR spectroscopy [29,30] that, under certain conditions, is
also appropriate to obtain reliable values of the kinetic
constants. We have used this technique to study the poly-
merization of TRIS. In Fig. 3, the EPR spectrum of the
propagating radicals corresponding to the 1 M polymeriza-
tion of TRIS with 0.1 M initiator at 60°C in benzene solution
is shown. It can be seen that a typical 13-lines spectrum
characteristic of the methacrylic radicals was obtained,
with a very good resolution of the resonance signals.
Using different reaction conditions and reaction times, simi-
lar spectra were observed, without changes in their appear-
ance even at very high conversions, except as it will be seen
below for the bulk polymerization. This behaviour shows
that there are no changes in the nature of the propagating
species during the reaction for low monomer concentra-
tions. The nature of the propagating species in the polymer-
ization of methacrylic monomers, especially methyl
methacrylate, has been intensively studied for decades.
Tonge et al. [31] showed recently that the EPR spectra of
poly(methyl methacrylate) radicals observed under different
polymerization conditions can be rationalized by consider-
ing only a single free radical even in the case in which the
spectrum changes from 13 lines to a 9 lines pattern. In this
last case, the spectrum can be adequately simulated by
considering two rotamers species of the same radical with
two different hyperfine coupling constants for the methylene
protons corresponding to each rotamer and one coupling
constant for the methyl protons. The normal 13-lines at
low conversions requires for the simulation only two hyper-
fine couplings for the methylene protons of the radical and
one for the corresponding methyl protons. It is possible to
simulate the spectra corresponding to our radicals by taking
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Fig. 4. Variation of the EPR spectrum in the polymerization of 3-[tris(tri-
methylsilyloxy)silyl]propyl methacrylate at 60°C as a function of the
initiator concentration.
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Fig. 5. Variation with temperature of the EPR spectrum in the polymeriza-
tion of 3-[tris(trimethylsilyloxy)silyl]propyl methacrylate.
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Fig. 6. Changes in the spectrum pattern depending on the conversion for the
bulk polymerization of 3-[tris(trimethylsilyloxy)silyl]propyl methacrylate
at 70°C.

into account these considerations and the results of the
simulation are also shown in Fig. 3. The best hyperfine
couplings necessary to the simulation were 22.45 for the
methyl protons and 14.1 and 8.6 G for each proton of the
methylene group, values very similar to those indicated by
Tonge et al. [31] for the radicals corresponding to the poly-
merization of methyl methacrylate at low conversions.

The influence of the concentration of initiator on the
polymer radical concentration is shown in Fig. 4, where
the increase in the intensity of the spectral signals is clearly
observed. The double integral corresponding to the different
spectra represented against the squared root of the concen-
trations of initiator give a straight line, indicating that the
polymerizations follow the normal kinetic mechanism of
radical polymerizations at relatively high AIBN concentra-
tions. On the other hand, the influence of temperature on the
radical concentration is shown in Fig. 5, where it can be seen
the intensity increase of the spectral signals with tempera-
ture. This behaviour is due to a more important contribution
to the formation of free radicals by the increase in k4 than
that of destruction as consequence of the corresponding
increase in k;.

In the bulk EPR experiments at high conversions, the 9-
lines spectrum is scarcely observed during the reaction and
only at the end of the polymerization the change of 13 to 9
lines is clearly detected (Fig. 6). This indicates that the
mobility of the radicals is slightly affected by the changes
occurring in the viscosity of the medium during the poly-
merization, in contrast to that occurs in the polymerization
of MMA where the change from 13 to 9 lines in the EPR
spectra of the polymerization system [30,31] is observed at
relatively low conversions. This fact proves the non-
existence of the Norrish-Trommsdorf [32,33] effect in the
polymerization of TRIS, which we had already supposed in
view of UV spectroscopy measurements.
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Fig. 7. Time dependence of the radical concentrations for the bulk poly-
merization of 3-[tris(trimethylsilyloxy)silyl]propyl methacrylate at 70°C
([AIBN] = 0.077 mol 17").

The double integration of the signals corresponding to
different spectra taken at several reaction times and
their comparison with the EPR spectrum of 2,2,6,6-
tetramethyl-4-hydroxylpiperidine-1-oxyl (TEMPOL),
used as standard, permits to obtain the radical concen-
trations. As shown in Fig. 7, the changes with time of
the stationary radical concentration are negligible, indi-
cating that the possible effects of viscosity on the rate
constants are not appreciable, at least at the initiator
concentrations used in our experiments.

The values of k, may be directly obtained from the
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Fig. 8. Arrhenius plot of the k, values in the polymerization of 3-[tris(tri-
methylsilyloxy)silyl]propyl methacrylate. Our results (A) are compared
with those obtained by Muratore [4] with different calibration standards
(M standard PTRIS; @standard PMMA).

equation

d[M]
——— =k, [R][M], 2
o = klRIM) )
where [R] is the radical concentration. Integration of this

equation yields

[My]

1 =
"M

k[ 1R a. 3)
0

By taking into account that the steady state radical
concentration remains practically constant with time, the
value of k, is easily obtained from the slope of the straight
line corresponding to the integrated equation. The values
thus determined at different temperatures are shown in
column 3 of Table 1. No significant differences were
found in the values of the propagation and termination
rate constants obtained with monomer concentrations
about 1 moll 'and changing the initiator concentration
from 0.05 to 0.15 mol 1”". The errors involved in the deter-
mination of k, were about 15%. On the other hand, these
values of k, in dilute solution are slightly below than those
obtained in bulk, although these deviations are within the
experimental accuracy.

The radical disappearance rate is given by the expression
- B oot - kIRP @)

dr

In the stationary state, the left-hand side of this equation
is zero. Therefore, in order to calculate the absolute values
of the termination rate constants it is necessary to determine
the true value of the efficiency factor, f. Values of f can be
determined by trapping of the radicals by means of a stable
radical such as TEMPOL, and measuring its time concen-
tration decay. However, we have found some problems in
the determination of f with this method, because straight
lines are not obtained in the graphs of the concentration of
TEMPOL vs. time. Therefore, at this moment we prefer to
consider for f an approximate value of 0.6, as it is habitually
observed in the polymerizations of similar monomers. The
values thus calculated for k, are shown in the last column of
Table 1.

It is well known that there are usually significant differ-
ences in the magnitude of the reported values of k,, depend-
ing on the measuring technique and it is very important to
arrive to an adequate concordance among the values of the
polymerization parameters. The EPR spectroscopic tech-
niques have been reported to give results three times
lower than those determined by pulsed-laser polymerization
[5,6] and it is normally accepted that an adequate compar-
ison between experimental values is only possible if the
same measuring technique is used. However, this does not
seem to be the case for TRIS. In Fig. 8, the temperature
dependence of k, for the polymerization of TRIS is
shown. Here the values of k, determined by Muratore et
al. [4], at temperatures between 25 and 50°C, are also
included. As can be seen, the values of k, obtained with
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both techniques (PLP/SEC and EPR) for the bulk polymer-
ization of TRIS seem to be in fair agreement in the tempera-
ture interval from 25 to 75°C. This non-habitual agreement
is presumably due to the good resolution of the EPR spectra
of the poly{3-[tris(trimethylsilyloxy)silyl]propyl meth-
acrylate} radicals that permit their adequate double
integration. Nevertheless it is noteworthy to indicate that
also large errors may occur with PLP/SEC procedures
[34] depending on the calibration methods as Muratore
et al. [4] have indicated and shown in Fig. 8.

The values of the Arrhenius parameters were found to be
9.2% 10°1 mol ' s™' for A and 26.1 kJ mol ' for the activa-
tion energy E, in relatively fair agreement with those
reported for the polymerization of several methacrylates
[34], including the reported results of Muratore et al. [4]
for the polymerization of TRIS. Therefore, we consider
that the results of EPR shown in this work seem to indicate
that it is possible to obtain similar k, values in radical poly-
merization using different measuring techniques.
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