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The effect of nanoconfinement on the free radical polymerization of ethyl methacrylate (EMA) and n-butyl-
methacrylate (BMA) with di-tert-butyl peroxide (DtBP) initiator is investigated over a wide temperature range
from 80 to 190°C using differential scanning calorimetry. The effective rates are similar for the two bulk
monomers although the BMA reacts approximately 11% faster at 95 °C. For nanoconfined cases, the initial re-
action rate for monomer confined in the pores of controlled pore glass is enhanced, with larger effects observed
in native pores compared to pores in which the native silanol was converted to trimethyl silyl. The onset of
autoacceleration also occurs earlier under nanoconfinement, with decreases in both the conversion and the time
required to reach autoacceleration, xg; and tg, respectively, and larger changes for the native pores. The in-
duction time follows Arrhenius behavior and increases under nanoconfinement. At polymerization temperatures
above 160 °C, depropagation becomes important as the ceiling temperature is approached and seems to be more

pronounced under nanoconfinement than in the bulk.

1. Introduction

Nanoconfinement is known to affect the physical properties of
polymers, including the glass transition temperature [1-3], the molec-
ular weight and the polydispersity of polymers synthesized under
nanoconfinement [4-8], and polymerization reaction kinetics [9-20]. In
the case of nanopore-confined step growth reactions, including phenolic
resins [9], cyanate esters [10-12], isocyanates [13], and epoxies [14],
polymerization kinetics are generally accelerated, except in the case of
solid state reactions [15], with the acceleration attributed either to
catalysis by functional groups on the pore surface or due to monomer
layering at the pore surface in the absence of catalytic effects. On the
other hand, for the nanoconfined free radical polymerization of methyl
methacrylate (MMA) in controlled pore glasses (CPG) recently studied in
our laboratory by differential scanning calorimetry (DSC) [8,16], the
kinetics were found to be accelerated due to two effects: i) an earlier
onset of autoacceleration presumed to arise from decreased chain
diffusivity leading to a decreased rate of termination and ii) an increased
rate of propagation in native pores presumed to result from specific
interactions between the monomer and the silanol groups on the pore
surface. The specific interactions also seem to orient the growing chain
end leading to a significant increase in isotacticity [8]. In addition, the
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enhanced autoacceleration was found to result in an increase in the
number-average and weight-average molecular weight and a decrease in
the polydispersity index (PDI) relative to bulk values [8], consistent with
earlier and more recent work from other groups [4-6,17,18,21].
Mijangos and coworkers [19] also found that MMA polymerization in
anodic aluminum oxide (AAO) templates is accelerated, but in their
case, the acceleration was accompanied by a reduction in molecular
weight compared to bulk conditions. Hence, they attributed their results
to a higher initiator decomposition rate in the early stages of polymer-
ization and increased termination in the latter stages of the reaction; a
similar increase in the rate of termination was invoked to explain a
reduction in polymerization rate by others in a nanoconfined liquid
crystal structure [20]. Notwithstanding these two cases, the expected
decrease in chain diffusivity under nanoconfinement [22] seems to
generally dominate, leading to a decrease in termination rate and
enhanced autoacceleration [16,23], as well as decreases in the rate of
degradation in nanoconfined polystyrene and in poly(methyl methac-
rylate) [21,24].

For free radical polymerization in bulk conditions, depropagation
becomes more important with increasing reaction temperature and
decreasing monomer concentration as the ceiling temperature is
approached [25-27]. With a pulsed-laser technique, Hutchinson and
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coworkers [26] were able to quantify the temperature dependences of
the propagation and depropagation rate constants for several methac-
rylates, including n-butyl-, cyclohexyl-, isobornyl- and 2-hydroxy-
propyl-, n-dodecyl-methacrylate, in both bulk and solution. The
equilibrium conversion of MMA was also observed to decrease with
increasing temperature in our own work, and this effect was found to be
more pronounced under nanoconfinement [28].

The objective of this work is to study the nanoconfined polymeri-
zation of two alkyl methacrylates in controlled pore glasses over a broad
temperature range by DSC in order to understand how nanoconfinement
affects the initial rate of polymerization, autoacceleration, and depro-
pagation. In this work, we choose to study ethyl- and n-butyl-methac-
rylate (EMA and BMA) rather than the methyl methacrylate (MMA) used
in our previous works [8,16,28] because of their higher boiling points,
lower volatility, and lower glass transition temperatures. In addition, a
different initiator, di-tert-butyl peroxide (DtBP), which initiates the re-
action more slowly than the 2,2'-azobis(2-methylpropionitrile) (AIBN),
is used in order to facilitate the measurements at high temperatures.

2. Experimental methodology
2.1. Materials

Ethyl- and n-butyl-methacrylate monomers (Sigma Aldrich, 99%,
containing 10 ppm monomethyl ether hydroquinone as inhibitor) were
purified with a prepacked column (Sigma Aldrich, No. 306312) to
remove the inhibitor, and then the monomers were mixed with 0.5 wt %
di-tert-butyl peroxide (Sigma Aldrich, 98%) initiator at room tempera-
ture to form a homogeneous solution. Solutions were stored in a freezer
at —20°C with desiccant prior to use. Less than 1% conversion accu-
mulated during mixing and after two months of storage according to a
calculation based on the reaction model.

The media used for nanoconfinement is controlled pore glass (CPG,
Millipore) with two pore diameters of 8.1 +0.7 nm and 50 + 1.9 nm.
The specifications of CPG are listed in Table 1. Two different pore sur-
face chemistries were also used, following the procedures from Jackson
and McKenna [29]. The so-called “native” pores are cleaned with nitric
acid (Mallinckrodt Chemicals, 68-70%) at 110 °C, rinsed with nano-
water (Barnstead Nanopure Infinity System, by Thermo Scientific) until
neutral, and then dried under vacuum (737 mm Hg) at 285 °C for 24 h.
The “silanized” pores were obtained by immersing the cleaned CPG in
hexamethydisilazane (Sigma Aldrich, 99.9%) at 55 °C for 20 h, rinsing
well with chloroform, and then drying at 120 °C under vacuum (737 mm
Hg) for 24 h. The silanization does not significantly change the pore size
or pore size distribution of CPG [30]. After the treatment, the native
pores have -SiOH groups on the surface; whereas the silanized pores are
functionalized by trimethylsilyl groups, -Si(CH3)s. The native and
silanized CPGs were stored under desiccant prior to use.

2.2. DSC measurements

A Mettler-Toledo DSC 1 with an ethylene glycol cooling system and
nitrogen purge gas was used to study the reaction kinetics of ethyl- and
butyl-methacrylate free radical polymerizations. Samples were prepared
in 20 pL hermetic pans (PerkinElmer) under a nitrogen blanket. Similar
to previous work [16], pore fullness ranged from 70% to 95% based on
the specific volume of the CPG. The DSC temperature was calibrated

Table 1
Specifications of CPGs, as provided by the manufacturer.

Product Mean pore Pore diameter Specific pore Specific
name diameter distribution (%) volume surface area
(nm) (cm®/g) (m®/g)
CPG75C 8.1 9.0 0.49 197
CPG00500B 50.0 3.7 1.10 51
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with indium and liquid crystal (+)-4-n-hex-
ylophenyl-40-(20-methylbutyl)-biphenyl-4-carboxylate ~ (CE-3)  at
10K/min, and the enthalpy was calibrated with indium only. An
isothermal calibration was performed with indium at 0.1 K/min [31]. To
minimize systematic errors, an indium check was performed on a daily
basis.

Polymerizations were carried out isothermally for temperatures
ranging from 80 to 190 °C for EMA and from 90 to 190 °C for BMA.
Reproducibility was examined up to five times for certain reaction
temperatures. After the isothermal run, the sample was cooled to room
temperature at 10 K/min, and then a dynamic heating scan to 180 °C at
10 K/min was performed on selected samples to check for residual heat.
No residual heat was observed for any sample. In our previous work on
equilibrium free radical MMA polymerization, a two-step temperature
history had to be performed in order to avoid high reaction rates that can
potentially cause leakage of the DSC pans [28]. In the current system,
less than 1% weight loss was observed during polymerization, even with
a one-step temperature history, based on measurements of the sample
mass before and after runs. Thus, the lower volatility monomers coupled
with a slower initiator prevented the high reaction rates that may lead to
leakage of sample pans.

From the isothermal heat flow Q, the time-dependent conversion x
can be obtained:

' QOdr )

X=
AHr Jo

where the total heat of the polymerization AHy for EMA is 505 +£10J/g
based on six samples reacted at 80 and 95 °C, consistent with literature
values of 506 +7J/g and 528 + 22 J/g [32,33]; the total heat of the
polymerization for BMA is 419 + 18 J/g based on seven samples reacted
from 90 to 100 °C, also in good agreement with values of 397 +6 J/g,
408 +3J/g, and 421 + 9 J/g reported in the literature [33-35].

3. Results

Heat flow during isothermal polymerization at three reaction tem-
peratures is plotted in Fig. 1 for representative EMA and BMA samples as
a function of time after subtracting the induction time (t;,4), which de-
pends on temperature and confinement, as will be discussed later. For
both EMA and BMA, the initial reaction rate decreases with decreasing
polymerization temperature as indicated by a smaller initial heat flow.
Autoacceleration is observed as the long-time exothermic peak, for
example, at approximately 400 and 1750s for bulk EMA polymerization
at 150 and 120 °C, respectively. Autoacceleration, also known as the
Tromsdorff effect, is due to the increase in viscosity as conversion in-
creases, resulting in a decrease in chain diffusivity and an increase in the
relative rate of propagation over termination. Since the viscosity in-
creases as temperature decreases the exothermic peak associated with
autoacceleration, which is imperceptible at 180 °C, becomes more and
more significant at lower temperatures. For the samples confined in
8nm CPG pores, the times required to reach autoacceleration and to
complete the reaction decrease compared to the bulk at temperatures of
120 and 150 °C, as shown in Fig. 1, consistent with our previous results
for MMA [16]. For the same reaction environment, the EMA polymeri-
zation takes less time compared with the BMA polymerization due to a
more pronounced autoacceleration effect.

The effective rate constant can be obtained from the data in Fig. 1
after transposing to conversion x versus time and applying a first-order
reaction model [36]:

dM
Roverat = — % = kfﬁ'[M} @)
—In(1 —x) =kt 3)

where Roveran is the overall reaction rate, [M] is the monomer concen-
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Fig. 1. Heat flow versus time for isothermal polymerization at three reaction temperatures for representative samples in bulk and in silanized and native 8-nm
diameter CPG pores. The time scales for the two materials differ with the time range being 2600 s for EMA and 3250 s for BMA; the y-axis scales also differ.

tration, k. is the effective rate constant, which is related to the con-
centration of free radicals, as well as the specific reaction rate constants
for propagation (k,), initiator dissociation (k,), and termination (k).
When the depropagation rate constant (kg,) becomes important at high
reaction temperatures, ks will also depend on kg,. In this case, the re-
action can be written as an equilibrium reaction:
kp
~M,+ M=~ M, (€3]
kap

where M,,. and M,,.;; are the growing radical chain of length n and n+1
and M is the monomer. The depropagation effect can be accounted for by
revising equation (3) noting that at equilibrium, the forward and back
reaction rates are equal such that,

—In(xe — X) = kot )

where x,, is the conversion at equilibrium. For all temperatures studied,
the first-order model fits the data well at low conversions, from 2 to
20%, where the reaction is kinetically controlled and the steady state
approximation holds. This approach has been validated in two ways.
First, the analysis was also performed over a narrower conversion range,
from 2 to 10%, and the rate constant was found to be the same, with an
average difference of 3.6% and a maximum difference of 13% for one
point at the highest reaction temperature. Given that the rate constant
varies by over two orders of magnitude, these differences are inconse-
quential. In addition, the rate of free radical generation was calculated
and found to decrease by less than 3% relative to the initial rate at 20%
conversion for reaction at 150°C and to decrease less than 16% at
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180 °C, thus indicating sufficient initiator to maintain steady state over
the conversion range in which we perform the analysis.

The resulting effective rate constants for bulk EMA and BMA are
plotted versus reciprocal temperature in Fig. 2 (a) with results using
Equation (3) ignoring the back reaction shown as filled symbols and
those using Equation (5) considering the back reaction shown as open
symbols. Below 160 °C, the effective rate is essentially the same for these
two methods, but at higher temperatures, the effective rate constant is
higher when the back reaction is taken into consideration. In addition,
the effective rates are similar for the two monomers but the BMA reac-
tion is approximately 11% faster at 95 °C. This result is consistent with
the data in the literature which show that the apparent rate constant
increases as the alkyl group length increases for n-alkyl methacrylates
due to a decrease in the rate constant for termination with no change in
the propagation rate [37-39]. The effect is stronger at lower tempera-
tures [37-39], consistent with the small difference in the apparent
activation energies which can be obtained from the Arrhenius plot:

~Eapp

ke = Ae T 6

where A is the preexponential factor and Ep, is the Arrhenius activation
energy which, in the absence of the reverse reaction, is related to the
activation energies for propagation (E,), thermal decomposition (E4)
and termination (E;) (i.e., Eqp = E, +%‘i - % ) [36]. From the slope of
Fig. 2 (a), Eqyp of EMA and BMA are found to be 84 &1 kJ/mol and
81 + 1 kJ/mol for bulk samples reacted up to 150 °C, consistent with the
literature values ranging from 79 to 102kJ/mol [36,40-43]; the re-
ported error in Eqp, is the standard error of the fitted parameter.

In addition to the bulk reaction rates and activation energies, the
conversion and time at the onset of autoacceleration for bulk EMA and
BMA as a function of polymerization temperature are plotted in Fig. 2
(b) and (c), respectively. The conversion (Xge|) and time (tgep) required to
reach autoacceleration are defined as the point where the slope of
conversion versus time abruptly increases. For both EMA and BMA, the
time at the onset of autoacceleration decreases with increasing tem-
perature as the reaction rate increases. On the other hand, the conver-
sion at the onset of autoacceleration increases with increasing
temperature presumably because the viscosity decreases with increasing
temperatures due to both the intrinsic temperature effect and the fact
that the polymer molecular weight decreases as temperature increases;
the result is that a higher conversion is needed to impact the termination
rate and cause autoaccleration as temperature increases. Comparing
EMA to BMA, Xge| and tge| are approximately the same, indicating that
the length of the alkyl substituent does not significantly affect the
relative onset of autoacceleration, although as mentioned previously
and shown in Fig. 1, the increase in the reaction rate at autoacceleration
is more pronounced for EMA. The similar values of Xg and tge; for the
two systems is attributed to two issues: first, the Tgs of the two reaction
mixtures at the onset of autoacceleration do not differ significantly, and
second, the reaction temperature is far above T; at the onset of
autoacceleration. The Fox equation can be used to estimate the T, of the
systems at the onset of acceleration:

1 _ 1 — Xge Xgel

S k. %

Tg.mix Tg.monomcr

Tg.polymar

where Ty miv, Tgmonomer a0 Ty polymer are the glass transition temperature
of the mixture, monomer and polymer, respectively. The Tgs of the
monomers are assumed to be —141 and —142°C for EMA and BMA,
respectively, based on the empirical rule that Ty /T, = 2/3 with melting
temperatures of —75 and —76 °C for EMA [44] and BMA [45], whereas
Tgs of PEMA and PBMA are taken to be 65 and 20 °C [46], respectively.
The conversion to reach autoacccleration, X, ranges from approxi-
mately 0.4 to 0.6. Accordingly, the glass transition temperature Ty at the
lowest xg is approximately — 100 °C, whereas at the highest x,, it is
—65 and —77 °C for the EMA and BMA mixtures, respectively. Thus, at
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Fig. 2. (a) Arrhenius plot for the effective rate constant prior to autoacceler-
ation for bulk EMA and BMA. Filled symbols represent data from Equation (3)
ignoring the back reaction and open symbols represent data from Equation (5)
considering the back reaction. (b) The time at the onset of autoacceleration and
(c) the conversion at the onset of autoacceleration for bulk EMA and BMA
samples as a function of polymerization temperature. The lines are only guides
to the eye.
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the onset of autoacceleration, the reaction temperature is over 150 °C
above T,. In this temperature regime, far above T, small differences in
T-T; do not have a large impact on mobility, and thus, the conversion at
the onset of autoacceleration at a given temperature is not significantly
different for EMA and BMA.

The influence of nanoconfinement on the reaction rate is compared
with the bulk in Arrhenius plots versus reciprocal absolute temperature
in Fig. 3 for EMA on the left and BMA on the right. The effective rate
constants from Equation (3) (ignoring the back reaction) are shown as
filled symbols and those from Equation (5) (considering for the back
reaction) are shown as open symbols. As was the case for the bulk re-
actions, at temperatures below 160 °C, the two methods give essentially
the same results. Also at temperatures below 160 °C, the effective rates
are highest in the 8 nm-diameter native pores and lowest in bulk con-
ditions for both EMA and BMA, with the rates for the reactions in
silanized pores lying in between. The effective reaction rate shows an
Arrhenius temperature dependence with the reaction rate increasing
with increasing temperature. When the depropagation effect becomes
significant at the highest temperatures, the k. values from Equation (3)
are considerably lower than the Arrhenius fitting line, whereas the
values from Equation (5) deviate considerably less. Also at the highest
temperatures, k. from Equation (3) is slightly higher in bulk compared
to nanopores, suggesting that the rate of depropagation accelerates more
than that of propagation under nanoconfinement.

The apparent activation energies of EMA samples in silanized and
native pores are 82 + 2kJ/mol and 81 + 2 kJ/mol, respectively, indi-
cating no change within the error of the measurements from the bulk,
whereas the apparent activation energies of BMA samples in silanized
and native pores are 70 + 2 kJ/mol and 68 + 2 kJ/mol, a reduction of
approximately 15% from the bulk value. The changes in the apparent
activation energy under nanoconfinement for EMA and BMA differ from
that previously found for MMA polymerization in 13nm CPG pores,
where the material confined in silanized pores showed the same acti-
vation energy as the bulk and material confined in native pores showed a
decrease in activation energy [16]. The differences are presumably
related to the wider temperature range, different initiator and mono-
mers, and/or smaller pore sizes used in the current work, as discussed in
more detail in the discussion.

For both bulk and nanoconfined samples reacted above 160 °C, the
reaction rate is lower than expected based on the Arrhenius temperature
dependence at lower temperatures due to the increasing importance of
depropagation effects at the highest temperatures, as shown by the
increasing differences in the keg values calculated from Equations (3)
and (5) with increasing temperature. Our finding is similar to that of

120 100 °C
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Hutchinson and coworkers [26] for butyl methacrylate polymerizations,
who found that depropagation became significant at 130 °C. Our higher
temperature at which depropagation becomes important is attributed to
the range of temperatures fitted for the Arrhenius parameters: in the
current study, the Arrhenius plot is fitted in the temperature range of
80-150 °C, whereas in Hutchinson and coworkers’ study, the Arrhenius
plot was fitted for data from 10 to 90 °C. Hutchinson and coworkers
were able to study such low temperatures because they used benzoin
photoinitiator, whereas we used the thermal initiator DtBP, which is
usually used at temperatures above 100 °C [36].

The ratio of the effective rate constants of the nanoconfined and bulk
samples (knano/Kpuik) is plotted versus temperature in Fig. 4, where data
for the silanized pores are shown on the left and for the native pores are
on the right. Calculations based on Equation (3) are shown as filled
symbols and those from Equation (5) are shown as open symbols. As
temperature increases, the ratio knano/kpux decreases for both silanized
and native cases, as was the case for our previous nanoconfined MMA
polymerizations [16]. In the lower temperature range, the ratio of the
effective rate constants Kpano/kpuik is higher in native pores than in
silanized pores presumably due to specific interactions between the
monomer and the native silanol groups on the pore surface. The ratio is
also larger in 8 nm pores compared to in 50 nm pores. In fact, for the
silanized pores, the ratio of the effective rate constants kpano/Kpuik of
BMA reacted in 50 nm pores is the same as in bulk conditions, inde-
pendent of reaction temperature. When comparing EMA with BMA, the
degree of acceleration (Kpano/kpulk) is larger for BMA than for EMA at a
given temperature, indicating that the nanoconfinement effect is
stronger in BMA since the bulk reactions have nearly similar rates as
discussed earlier. Above 170 °C, the ratio Kpano/kpuk becomes smaller
than one, which indicates that nanoconfinement also accelerates
depropagation, consistent with Fig. 3.

Changes to autoacceleration upon nanoconfinement can also be
quantified by the conversion and time required to reach autoaccelera-
tion as a function of polymerization temperature, as shown in Fig. 5. The
conversion at the onset of autoacceleration, xg, increases with
increasing temperature for all temperatures in the bulk case, whereas
under nanoconfinement, X, first increases with increasing temperature
and then appears to either level off or decrease. The conversion at the
onset of autoacceleration, X, is smaller under nanoconfinement than in
bulk, and even smaller for samples in native pores compared to samples
in silanized pores; this effect may be attributable to a higher effective
viscosity in the silanized pores than in bulk and an even higher effective
viscosity in the native pores. Such increases in effective viscosity have
been observed for nanoconfined systems, both experimentally and by

120 100 °C Fig. 3. Arrhenius plot for the effective rate
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Fig. 4. The effective rate constant prior to
autoacceleration normalized by the bulk
value for nanoconfined samples as a function
of polymerization temperature for reactions
confined to silanized (left) and native (right)
pores. Calculations based on Equation (3)
are shown as filled symbols and those from
equation (5) are shown as open symbols.
Red diamonds and purple triangles are re-
sults for EMA samples in 8 nm pores. Blue
squares and green right triangles are results
for BMA samples in 8 nm pores. Light blue
squares and light green right triangles are
results for BMA samples in 50 nm pores. The
lines are only guides to the eye. View in
color for best clarity. (For interpretation of
the references to color in this figure legend,

80 100 120 140

T (°C)

160 180 100

simulations, and the results have been ascribed to increased Tg in the
nanopores, as well as to the presence of an immobile or slower layer at
the nanopore or substrate surface [47-51], with larger reductions for
stronger interactions between the fluid and the surface [51]; we simi-
larly observed an increase in the glass transition of PMMA in 13-nm
pores, with native pores showing a larger effect with Tg 15°C higher
than bulk [8]. We note that the effective viscosity of polymers may also
decrease in nanopores [48,50-52] due to plug flow when reptation
motion rather than flow dominates under nanoconfinement [48], due to
slip at the pore surface [51], or, in the case of polymeric thin films, due
to mobility at the free surface [50]; however, these mechanisms are not
expected to dominate in our system since we do not have
pressure-driven flow or a free surface.

The time to reach autoacceleration, t,;, decreases dramatically with
increasing temperature, as shown in Fig. 5b. The temperature depen-
dence of t,; depends on both the temperature dependence of x,; and the
effective reaction rate constant key with the effect of temperature
dominating due to the Arrhenius temperature dependence. In fact, the
data in Fig. 5 can be described by Arrhenius functions using apparent
activation energies that are approximately 9-30% lower than those that
describe keg. The onset of autoacceleration clearly occurs earlier under
nanoconfinement for both EMA and BMA systems, with polymerizations

120

the reader is referred to the Web version of
this article.)

140
T (°C)

160 180 200

in native pores showing the most pronounced effects. Interestingly, the
values of xg and t, are approximately the same for EMA and BMA,
indicating that, similar to the bulk case, the length of the alkyl group
does not affect the onset of autoacceleration. Again, this effect is
ascribed to i) the two systems having similar Tgs at the onset of
autoacceleration (due to the low conversion xgej and the similar Tgs of
the monomers) and ii) the reaction temperature being very far above the
glass transition such that small changes in T-Tg do not have a significant
impact on mobility.

The natural logarithm of the induction time is plotted as a function of
reciprocal temperature in Fig. 6. As temperature decreases, the induc-
tion time, increases. Only data at and below 120 °C is presented since the
induction time becomes insignificant at temperatures higher than
120 °C. Nanoconfinement increases the induction time and the effect is
stronger in native pores, similar to the trend observed previously for
MMA polymerization in 13nm pores [16], although the increase ap-
pears to be more obvious in the current study perhaps due to different
initiator and/or smaller pore size. The induction time follows an
Arrhenius-type temperature behavior with an activation energy of
115 + 9 kJ/mol, lower than the 144 + 1 kJ/mol found in our previous
work on MMA polymerization [16], but in both cases, higher than the
overall activation energy value for the reaction.
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4. Discussion

The effective rate constants for the nanoconfined EMA and BMA
polymerizations in 8 nm silanized pores are larger than those for bulk
conditions, in contrast with our previous work of MMA polymerization
in 13 nm silanized pores, where the effective rate constant for silanized
samples was unchanged compared with bulk samples within experi-
mental error [16]. The current system differs from the previous MMA
polymerization in the temperature range, monomer, initiator, and pore
size. A comparison of the apparent activation energy as a function of
reciprocal diameter is plotted in Fig. 7 for EMA and BMA using the
left-hand axis; our previous MMA results are also plotted in Fig. 7 using
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the right-hand axis which is shifted downwards by 12kJ/mol [36] in
order to account for the difference between the activation energy for
decomposition E; for the initiator AIBN used for MMA [16] and DtBP
used in current study. In silanized pores, the apparent activation energy
appears to be a stronger function of pore diameter for BMA than for EMA
or MMA, with the trend possibly being a function of alkyl chain length in
these three n-alkyl methacrylates. On the other hand, in native pores,
the apparent activation energy appears to be a weaker function of pore
diameter for EMA and BMA than for MMA, indicating that the interac-
tion between the monomer and pore surface becomes weaker as the
alkyl group length increases. One possible reason for this latter result
could be due to the temperature ranges investigated for these systems as
our previous work on MMA was limited to below 100 °C. As temperature
increases, for example, specific interactions between the methacrylate
group and silanol groups on the pore surface may weaken, similar to the
decreasing strength of hydrogen bonding in water as temperature in-
creases [53].

As shown in Fig. 3, the effective rate constants based on Equations
(3) and (5) differ at temperatures higher than 160 °C, with the former
significantly deviating from Arrhenius expectations indicating that the
effect of depropagation becomes more appreciable. From Equation (4),
the ratio of the rates of depropagation to propagation, Rqp/Rp, can be
derived as:

Rp_ | _ky

8
R, ko ®

where kg is the rate constant from Equation (3), assuming no back re-
action, and kg, is the rate constant expected from the Arrhenius plot in
the absence of the back reaction (which could also be given by the rate
constant from Equation (5), although here we use the extrapolated
Arrhenius value). The resulting ratio of the rates of depropagation and
propagation is plotted as a function of polymerization temperature in
Fig. 8. For both EMA and BMA, the depropagation rate is not significant
until 160 °C, above which the ratio of the depropagation rate and

. Rap - .. .
propagation rate z* increases as the polymerization temperature in-

creases, consistent with the previous results in Fig. 3. The ratio of
depropagation to propagation is larger than in the bulk at temperatures
above 160 °C for EMA, whereas for BMA, this is the case only at the
highest temperature studied. In addition, the relative rate versus tem-
perature can be fitted using an Arrhenius expression, where the apparent
activation energy is related to the difference in the activation energies of
depropagation and propagation. For both nanoconfined cases, the dif-
ference in activation energies is larger than that in the bulk, with an

Fig. 7. Apparent activation energy for reac-
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referred to the Web version of this article.)
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The solid and dotted lines are presented only as guides to the eye for bulk and nanoconfined samples, separately.

increase of 26% for BMA, indicating that under nanoconfinement,
depropagation will become even more significant relative to propaga-
tion as temperature increases.

5. Conclusions

The free radical polymerizations of ethyl- and n-butyl-methacrylate
have been investigated in bulk and nanoconfinement conditions over a
broad temperature range from 80 to 190 °C using di-tert-butyl peroxide
(DtBP) as a thermal initiator. For bulk EMA and BMA, the initial reaction
rates and autoacceleration becomes more significant with decreasing
temperature. The effective rates are similar for the two monomers, but
the BMA reacts approximately 11% faster at 95 °C. The times and con-
versions to reach autoacceleration are also similar for bulk EMA and
BMA polymerizations, although the increase in the reaction rate at
autoacceleration is much higher for EMA. In both cases, the conversion
to reach autoacceleration X, increases slightly with increasing tem-
perature, whereas the time to reach autoacceleration ty; decreases
dramatically. As temperature increases towards the ceiling temperature,
the depropagation effect becomes more significant, consistent with prior
results from other researchers.

Regarding the effect of nanopore confinement on EMA and BMA
polymerization, the effective rates constants are highest in native pores
and lowest in bulk conditions for both EMA and BMA, with the rates in
silanized pores lying in the middle. The ratio of the effective rate con-
stants of the nanoconfined and bulk samples, knano/kpuik, decreases with
increasing temperature and shows a stronger nanoconfinement effect in
BMA than EMA. The onset of autoacceleration occurs earlier under
nanoconfinement for both EMA and BMA systems, resulting in xg; and
ter showing the largest values in bulk samples and smallest values in
native samples. The induction time follows Arrhenius behavior and in-
creases under nanoconfinement. The apparent activation energy under
nanoconfinement decreases as compared to the bulk for BMA. When
compared to MMA, the apparent activation energy in silanized pores
appears to be a stronger function of pore diameter for EMA and BMA
than for MMA, with the trend appearing to be a function of alkyl chain
length in these three n-alkyl methacrylates. On the other hand, in native
pores, the apparent activation energy is a weaker function of pore
diameter for EMA and BMA than for MMA presumably due to the higher
temperature range investigated in present work. At high temperatures,
as the ceiling temperature is approached, the ratio of the depropagation

rate and propagation rate, i—‘;", increases with the effect being more

pronounced for the nanoconfined reactions.
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