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1 | INTRODUCTION

| Yung P. Koh?

| Bryan D. Vogt? | Sindee L. Simon?

Abstract

The effect of nanoconfinement on the kinetics of benzyl methacrylate radical
polymerization is investigated using differential scanning calorimetry.
Controlled pore glass (CPG), ordered mesoporous carbons, and mesoporous
silica are used as confinement media with pore sizes from 2 to 8 nm. The ini-
tial polymerization rate in CPG and mesoporous silica increases relative to
the bulk and increases linearly with reciprocal pore size; whereas, the rate in
the carbon mesopores decreases linearly with reciprocal pore size; the
changes are consistent with the rate being related to the ratio of the pore sur-
face area to pore volume. Induction times are longer for nanoconfined poly-
merizations, and in the case of CPG and carbon mesopores, autoacceleration
occurs earlier, presumably due to the limited diffusivity and lower termina-
tion rates for the confined polymer chains. The molecular weight of the poly-
mer synthesized in the nanopores is generally higher than that obtained in
the bulk except at the lowest temperatures investigated. The equilibrium con-
version under nanoconfinement decreases with decreasing temperature and
with confinement size, exhibiting what appears to be a floor temperature at
low temperatures.
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termination in nanoconfined homogenous radical poly-
merization is dominated by the bimolecular chain termi-

Nanoconfinement is well known to affect the properties
of materials, including the melting temperature' and the
glass transition temperature (Tg),‘Hg as well as drastically
changing the kinetics of radical polymerization in heteroge-
neous emulsion and miniemulsion polymerizations.”"" In
the last two decades, the effect of nanoconfinement on the
kinetics of homogeneous polymerizations have been
investigated,>”'*'® and they are quite different from
those in dispersed phase polymerizations. For example,

nation mechanism and is impacted by changes in diffusion
under nanoconfinement, whereas termination in emulsion
polymerization is generally controlled by the rate at which
initiator radicals from the continuous phase enter the dis-
persed monomeric phase. In addition, the large surface
area of nanopores may also impact the rate of reaction in
nanopore-confined polymerizations. Zhao and Simon'?
recently reviewed the influence of hard nanoconfinement
on different types of homogeneous polymerizations, as
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well as on the properties of polymers synthesized in
nanoreactors. For step-growth polymerizations of phenolic
resin,'? isocyanate,'* cyanate ester,””'>"'” and epoxy,'® the
reaction rate is generally accelerated under nanoconfine-
ment. The increase in reactivity can be attributed to cataly-
sis by functional groups on the pore surface and/or to
layering of monomer at the pore walls resulting in a
higher local concentration of functional groups.'” On the
other hand, for nanoconfined radical polymerizations,
prior investigations have focused on vinyl monomers.** >
In our laboratory,”®** polymerization of methyl methacry-
late (MMA), ethyl methacrylate (EMA), butyl methacry-
late (BMA), and dodecyl methacrylate (DMA) have been
studied in controlled pore glass (CPG) with diameters from
4 to 111 nm using differential scanning calorimetry (DSC).
The rate of polymerization is higher in native CPG relative
to bulk and inversely proportional to the pore size; this
enhanced reaction rate under nanoconfinement is largest
for MMA and weakest for DMA and appears to change
linearly with decreasing length of the alkyl group and
increasing monomer hydrophobicity.** In contrast to our
work in CPG, several groups have also performed nano-
confined radical polymerizations in the pores of anodic
aluminum oxide membranes (AAO),>*?® and although a
higher reaction rate was observed for styrene in AAO,*
both vinyl pyrrolidone and a fluorinated acrylic showed
reduced rates of polymerization.>>** On the other hand,
studies on nanoconfined reversible deactivation radical®’
and ring-opening®®*° polymerizations also report increases
in the rate of polymerization. In terms of properties, nano-
confinement often increases molecular weight and tacti-
city, while decreasing molar mass dispersity (D) in metal-
organics frameworks (MOF) and CPG confinement,*”***°
although in AAO,”*® molecular weight and PDI have
been found to be both lower than in the bulk.

In this study, the kinetics of homogeneous radical
polymerization of benzyl methacrylate (BzMA) in bulk
and under nanoconfinement is investigated. We choose
to study BzZMA because of its higher boiling point and
lower volatility compared to the n-alkyl methacry-
lates®***>** used in our previous work. Three different
nanoconfinement media are examined, CPG, mesopor-
ous silica, and ordered mesoporous carbon, the latter
of which is made by templated synthesis of mesoporous
materials resulting in narrow pore size distribution and
relatively high specific pore volumes.?*** To the best
of our knowledge, this is the first report to use meso-
porous silica and mesoporous carbon as a confinement
media for nanoconfined polymerization, and this is
of interest in order to determine, as previously stated,
the influence of confinement size versus other effects,
such as those attributed to surface or surface
functionality.

2 | EXPERIMENTAL METHOD

2.1 | Materials

BzMA monomer (96%, containing 50 ppm monomethyl
ether hydroquinone as inhibitor) was purchased
from Sigma Aldrich. The monomer was purified using
a prepacked column (Sigma Aldrich 306,312) to remove
the inhibitor. Polymerization was initiated with either
2,2-azobisisobutyronitrile (AIBN) (Sigma Aldrich, 98%) at
concentrations of 1.5 or 2.5 wt % or for higher temperature
polymerizations with 05wt % di-tert-butyl peroxide
(DTBP) (Sigma Aldrich, 98%). Initiator was mixed with
monomer to form a homogenous solution at room tempera-
ture, and then the solutions were stored in a container with
desiccant at —20 °C prior to use. No significant conversion
(<2%) occurred during storage.

The confinement media used included controlled
pore glass (CPG) (Millipore) with nominal pore diameters
of 4 and 8 nm and mesoporous silica (Sigma Aldrich)
with pore diameters of 2, 4, and 8 nm. Prior to use, these
materials were immersed in nitric acid (Mallinckrodt
Chemicals, 68%-70%) at 110 °C for 10 h, then rinsed with
water until neutral and dried under vacuum at 285 °C for
24 h. In addition, we used ordered mesoporous carbon*!
synthesized by cooperative assembly of phenolic resin
and an amphiphilic triblock copolymer following prior
reports™** with details in the Data S1. Pore size, pore
volume, and surface area for all four confinement matri-
ces is summarized in Table 1. The large increase in the
surface area for the 8 nm carbon material is primarily
due to the presence of small micropores (<2 nm) that
result from the removal of the silica.*> From N, adsorp-
tion isotherms (shown in the Data S1), the volume of
these small micropores is estimated to be 64% of the total

TABLE 1 Characteristics of confinement matrices.
Specific pore

Confinement Diameter volume Surface
matrix (nm) (cm?/g) area (m*/g)*
CPG 40+0.5 0.13 144
CPG 81+0.7 0.49 197
Mesoporous silica 21+0.2 0.1-0.4 900-1100
Mesoporous silica 4.0+ 0.5 0.2-04 300-400
Mesoporous silica 8.0+ 1.0 0.8-1.0 450-550
Mesoporous carbon 3.2+ 0.5  0.26 395
Mesoporous carbon 8.3 +0.6  1.40 1505

Surface area for ordered mesoporous carbons is from N, adsorption-
desorption isotherms using a micromeritics tristar with pore volumes
determined by the BJH method; for CPG and mesoporous silica, data is from
the manufacturer.
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porosity based on the volume of N, adsorbed prior to the
hysteresis loop compared to the maximum N, adsorbed.

2.2 | DSC measurements

A Mettler-Toledo differential scanning calorimetry DSC
1 with an ethylene glycol cooling system and nitrogen
purge is used to study the polymerization kinetics of the
BzMA. 20 pL hermetic pans (Perkin Elmer) are used to
minimize potential leakage during the reaction. All DSC
samples are sealed under a nitrogen blanket to minimize
adventitious moisture. For bulk samples, 3 to 7 mg of the
monomer/initiator solution was put directly in the pan,
whereas for nanoconfined samples, ~5-10 mg of matrix
was placed on the bottom of the pan and then 1-3 mg of
the monomer solution was placed on top using a syringe
to deliver an amount such that the pore fullness ranged
from 70% to 95%. This degree of pore fullness is not antic-
ipated to influence the results because the monomer/
initiator solution is anticipated to fill the CPG pores as
a plug, as discussed by Jackson and McKenna,** and
hence, there should be no influence on pore fullness
on the measurements; for example, in prior work for the
CPG-nanoconfined polymerization of cyanate ester, pore
fullness was found to not influence either T, values or tri-
merization reaction kinetics.'>'® After the DSC runs, DSC
pans for nanoconfined samples were opened and exam-
ined with no evidence of polymerization external to the
confinement media, indicating full imbibement of the
monomer in the porous media. Furthermore, we note that
the porosity of the nanoconfinement matrix was unaf-
fected by polymerization in the pores as there was no dif-
ference in the melting point depression of benzene in
pores prior to polymerization and in pores in which the
polymer has been extracted.’

The polymerizations of BzMA in bulk and under
nanoconfinement were carried out isothermally at tem-
peratures ranging from 50 °C to 120 °C and 100 °C to
190 °C for AIBN-initiated and DTBP-initiated samples,
respectively. After polymerization in the DSC, <2%
weight loss was observed for 95% of samples. Samples with
>2% weight loss were excluded from further analysis and
that data are not reported. The low volatility of the mono-
mer, coupled with use of a limited temperature range,
which reduces the risk of pan leakage, resulted in minimal
monomer loss, which otherwise can be an important issue
when dealing with higher volatility monomers.

The conversion of the monomer during isothermal
polymerization (x) is calculated from the DSC heat

flow (Q):

1
AHrt Jy,

ot 1)

X

where the total heat of polymerization for 100% conver-
sion, AHr is taken to be 334 +6J/g, based on bulk reac-
tions at 60°C to 100°C, which is consistent with the
literature value of 325 +5J/g.*> The heat of polymeriza-
tion is theoretically a function of temperature as the
heat capacities of both monomer and polymer change
with temperature, but for BZMA polymerization, AHp
decreases by 1% over the temperature range of 373 to
463 K based on estimation of the heat capacities using the
group contribution method*®; for this reason, AH; was
considered constant.

The DSC temperature was calibrated with indium
and (+)-4-n-hexylophenyl-40-(20-methylbutyl)-biphenyl-
4-carboxylate (CE-3) at 10 K/min, and the enthalpy was
calibrated with indium. An indium check run was per-
formed daily to minimize instrumental error.

2.3 | GPC measurements

The molecular weight of the poly(benzyl methacrylate)
(PBzMA) synthesized in bulk and in CPG and ordered
mesoporous carbon was characterized using Tosoh
HLC-8320GPC with TSKgel SuperH-H and two TSKgel
SuperHM-H columns in series. Before the GPC measure-
ments, the nanoconfined polymer was extracted from the
confinement matrix using tetrahydrofuran (Sigma
Aldrich, HPLC grade) for at least 48 h. The nanoconfine-
ment matrix was removed using a Nylon Millex syringe fil-
ter (0.20 pm pore size, 13 mm diameter, Millex-GN Nylon
membrane, hydrophilic). A refraction index (RI) detector
was used to monitor the effluent stream and the molecular
weight was calculated assuming a linear relationship
between sample mass concentration and the RI response
time. The GPC calibration curve was obtained from PMMA
standards (Agilent Technologies) with molecular weights
ranging from 2.71 to 1677 kg/mol; hence, the values are not
absolute molecular weights but apparent values, relative to
the PMMA standard. The calibration results were also
checked using a PMMA standard before collecting data on
the PBzMA samples, and the difference between the
reported M,, of the standard and the measured M,, was <4%.

3 | RESULTS

Heat flow curves as a function of polymerization time at
90 °C for four representative samples containing 1.5 wt %
AIBN initiator in bulk and in 3 or 4 nm-diameter nano-
pores are shown in Figure 1. In 4 nm CPG and 4 nm
mesoporous silica, the initial heat flow is observed to be
higher than in the bulk, indicating a higher reaction rate,
consistent with our previous findings for n-alkyl polymer-
izations in hydrophilic native CPG nanopores.’**>*
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However, the polymerization in 3 nm mesoporous carbon
shows a much lower exothermic peak, indicating a lower
rate of polymerization than in the bulk. As indicated in
Figure 1, we report the heat flow as a function of the
reaction time after the induction time, t;,4, Which is

+Exo 8 T T T T T T
T=90°C mrmrer .
= Bulk E
@ - 60 °C
£ 6 Il 4 nm Silica 3 |1.5% AIBN |
o 2
g w
L © -

g S E:
=4 4
E Induction Time
2 3L 0 1500 3000 4500 6000 ]
L) Time (s)
w 1‘ 4 nm CPG
- 2 —
©
-

1F Bulk .

3 nm Carbon
o I 1 4
0 200 400 600 800 1000 1200
t-tinq ()
FIGURE 1 Representative heat flow as a function of

isothermal reaction time (minus the induction time) at 90 °C for
bulk and in 4 nm controlled pore glass, 4 nm mesoporous silica,
and 3 nm ordered mesoporous carbon nanopores, all initiated by
1.5 wt % 2,2-azobisisobutyronitrile. The inset shows a
representative scan for bulk polymerization at 60 °C and how the

induction time is determined.

(A) ]
12 100 80 60 °C
F CPG Si Carbon 'AIBNJ
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F 2 nm L 2 ﬁ
g [Buk mO g 1
g | : é B
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e = y
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FIGURE 2

the time at which the exothermic reaction begins to
occur; the induction time is easily determined from the
raw heat flow data, as shown in the inset of Figure 1.

The induction time is found to increase as reaction
temperature decreases, as shown in Figure 2A, where the
natural logarithm of the induction time is plotted versus
the reciprocal temperature for AIBN-initiated samples,
and in the inset for DTBP-initiated samples. At high tem-
peratures, induction becomes too short to be observable,
whereas at low temperatures, it can be as long as 10 h,
for example, in 8 nm CPG at 50 °C. In general, the nano-
confined samples display longer induction times than the
bulk samples, and this observation is consistent with our
previous data for nanoconfined AIBN-initiated MMA
polymerization,®® as well as for DTBP-initiatied EMA and
BMA polymerizations in native CPG,** although DTBP-
initiatied DMA did not show significant differences from
the bulk.*

The induction time for radical polymerization is sug-
gested to be due to an inhibition reaction between a
species A, such as oxygen, that quenches the free radical
R- with the resulting radical A- assumed to be inactive
toward monomer (i.e., unable to create a monomer radi-
cal). Assuming that the inhibitor A reacts fast and that
the decomposition of the initiator is the limiting step, the
rate of consumption of A will equal to the rate of appear-
ance of R., and the induction time is then given by the
time required for all of the inhibitor A to be consumed.*’

tina = [Alo/apk, ), (2)

0.010 ————1—+—
® Bulk
0@ CPG
| @ Silica
0.008 [ A A Carbon ]
= 0.006 ]
o
E
~ 0.004 4
<
0.002 4
0.000 1 1 L 1
0.00 0.10 0.20 0.30 0.40 0.50
1/D (nm-")

(A) The natural logarithm of the induction time for bulk and nanoconfined systems as a function of reciprocal temperature

for 2,2'-azobisisobutyronitrile (AIBN)-initiated samples, where filled and open symbols represent samples initiated by 1.5 wt % and 2.5 wt %
AIBN, respectively, with solid and dashed lines being Arrhenius fits using E, = 125 kJ/mol to filled and open symbols; the inset is for di-
tert-butyl peroxide systems with fits using E, = 139 kJ/mol. (B) The calculated inhibitor concentration as a function reciprocal pore
diameter for AIBN systems.
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where [A], and [I], are the initial concentrations of
inhibitor and initiator, f is the initiator efficiency, and k,
is the rate coefficient for dissociation of initiator. Taking
the natural logarithm of both sides of Equation (2) and
assuming an Arrhenius form for the rate coefficient with
activation energy E; and prefactor A, indicates that the
induction time should be linear with reciprocal tempera-
ture with a slope E;/R:

Inting = Ey/pr + In ([A]ﬂ/zf[I]OAd) (3)

Fitting the induction time data in Figure 2 to
Equation (3) yields average E, values of 125 + 26 and
139 + 20 kJ/mol for AIBN and DTBP, respectively, con-
sistent with the reported literature values*’ of 123 and
147 kJ/mol for dissociation of AIBN and DTBP.
Using the average E, values to fit the data, we also obtain
an estimate of the concentration of the presumed inhibi-
tor [A], in the sample. For the bulk reaction with AIBN,
we find [A], = (0.38 £0.13) x 10 >mol/L assuming
f=0.65" and A;=1.62 x 10"*s™",*” which is consistent
with the inhibitor being oxygen and consistent with the
0O, concentration in the bulk sample, which we measured
to be 0.25 x 10> mol/L in the BZMA monomer at room
temperature using a Elemental Instruments Firesting-
GO2 oxygen meter (which has a reported accuracy of
+10%).*° In the nanopore systems, the presumed inhibi-
tor concentration [A], increases linearly with reciprocal
pore size, as shown in Figure 2B, which indicates the
importance of the pore surface area. This also is consis-
tent with the inhibitor being oxygen and consistent with
the presence of physisorbed oxygen in the nanopores,
which has been reported to be as high as 0.3 mol/L for
nanoporous coal®® and as high as 0.2 to 4 mol/L for meso-
porous silica.”® The fact that the inhibitor concentration
is independent of the type of matrix also suggests that
functional surface groups are not a primary source of
inhibition; we have found that added trimethylsilanol
does increase the induction time but only by a factor of
2.4 relative to the bulk for 24wt % trimethylsilanol
(which is equivalent to the silanol concentration in an
8 nm silica pore assuming that the CPG surface is akin to
a fully hydroxylated silica surface, that is, having 4.9 OH
groups/nm?)°* which is considerably less the factor of
10 that is found in all of the 8 nm nanopores.

Homogeneous radical chain polymerization is gener-
ally described by first order kinetics,”” and at the early
stages of the reaction, one can obtain an effective rate
coefficient kg from the conversion versus time data:

—In(1 —x) = kgt 4)

where ¢ is time after induction. In cases, where the equi-
librium conversion does not approach unity because of

thermodynamic limitations (e.g., as the ceiling tempera-
ture is approached and the rate of depropagation
becomes significant relative to propagation), this equa-
tion should be rewritten as

—In(Xg —X) = keget (5)

where x,, is the equilibrium conversion. The initial effec-
tive rate coefficient can be related to the rate coefficient
for the elementary steps ipvolved in radical
polymerization,*” kes =k, (kata [I]o) " where ky, kg, and k;
are the rate coefficients for propagation, decomposition
of the initiator, and termination, respectively, f refers to
initiator efficiency, and [I], is the initial concentration of
initiator. Here, we obtain k.g from the conversion versus
temperature data in the low conversion regime, that is,
<20% and prior to autoacceleration.

The natural logarithm of kg is plotted as a function
of reciprocal temperature for systems containing 1.5 wt %
AIBN in Figure 3A and for 2.5 wt % AIBN in Figure 3B.
The effective rate coefficient increases as the reaction
temperature increases, as expected, in the temperature
range from 50 °C to 120 °C, and it is observed to be
higher in the CPG and mesoporous silica nanopores than
in bulk, with k. generally increasing as the pore size
decreases and being higher in the mesoporous silica than
in the CPG. Conversely, the rate in the carbon mesopores
is less than that in the bulk and decreases as the pore size
decreases. The dependence of kg on initiator concentra-
tions and temperature is given by:

1 1 1\ E
eff = I 2 re — )2
ket = [1],%k fexp|:<Tref T) R} (6)

where k¢ is the reference rate coefficient at the reference
temperature, T,or = 373.15 K, and E, is the apparent acti-
vation energy. All of the data in Figure 3A,B are well
described by Equation (6) and are fit using one value of
k..t and one value of E, for a given reaction environment,
as summarized in Figure 4A,B. The effective rate coeffi-
cients scale linearly with reciprocal pore size, with meso-
porous silica showing the highest acceleration of the
reaction under nanoconfinement, CPG showing interme-
diate acceleration, and ordered mesoporous carbon show-
ing a decreased reaction rate. The activation energy of
the bulk reaction is 76 + 1 kJ/mol, whereas the E, of
nanoconfined reactions in CPG and ordered mesoporous
carbon are lower than the bulk, consistent with our pre-
vious reports for n-alkyl methacrylates in CPG,****** and
roughly scaling with recriprocal pore size. On the other
hand, the nanoconfined reactions in mesoporous silica
have activation energies higher than the bulk except for
the 8 nm pores, which is within error but smaller than
the bulk value.
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(B) 100 80 60 °C
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Natural logarithm of the effective rate coefficient kg versus 1000/T for BZMA initiated by (A) 1.5 wt % and (B) 2.5 wt % 2,2'-

azobisisobutyronitrile with lines being linear fits of In(keg) using the values of k¢ at 373.15 K and E, reported in Figure 4.
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FIGURE 4
bulk value.

The effective rate coefficient at T.r (373.15K) in
Figure 4A is nearly six times higher than the bulk when
the reaction is performed in 4 nm mesoporous silica com-
pared to bulk case and more than two times higher when
performed in 4 nm CPG, whereas the rate coefficient in
3 nm carbon pores is a third of the bulk value. The rate
coefficients are inversely proportional to the pore diame-
ter D, suggesting that the rate is proportional to the pore
surface to pore volume ratio and that changes are related
to interactions between the monomer and the pore sur-
face. We previously hypothesized®>**?* that the accelera-
tion in native CPG might be due to the interaction

95

90

85

80

E, (kJ/mol)

75

70

65

60 .1....1%.‘.1....:

000 010 020 0.30 0.40 0.50
1/D (nm-1)

(A) Effective rate coefficient at 373.15 K and (B) activation energy versus reciprocal pore diameter. Lines are fits through the

between the methacrylate functionality of the reactant
and silanol groups on the pore surface due to the fact that
the polymerization is accelerated in native pores and not
in pores in which the native silanol groups are replaced
with trimethyl silyl*’; hence as part of this work, we tested
this hypothesis by adding trimethylsilanol to a mixture of
BzMA monomer and AIBN initiator. Although we did find
a small increase in induction time with added trimethylsi-
lanol (TMS), the initial rate coefficient was constant within
the error of the measurements (as shown in the Data S1),
suggesting that the silanol groups on the native pore sur-
face are not responsible for the catalytic effect observed.
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Interestingly, the enhanced reactivity of BZMA in CPG is
considerably weaker than that which we reported for
MMA polymerization.”® The weaker acceleration effect of
CPG on the BzMA polymerization is presumably due to
the higher hydrophobicity of BzZMA compared to the
MMA, EMA, and BMA with resulting weaker interactions
between the BzZMA and the native CPG pore surface rela-
tive, consistent with our recent findings on DMA.>

In the case of BZMA polymerization in mesoporous
carbon, the effective rate coefficient decreases relative to
the bulk value and is inversely proportional to pore diam-
eter, as shown in Figure 4A, again indicating that the
reduction of the polymerization rate may be attributable
to functional groups on the carbon pore surface. There is
no prior literature for polymerization in carbon meso-
pores, but the radical polymerization of butyl methacry-
late (BMA) has been performed with graphene oxide
(GO) as a nanoadditive. Achilias and co-workers®*>*
found that with the addition of GO, the polymerization
rate of BMA decreases. Given the fact that the rate was
inversely proportional to the amount of GO, the authors
proposed that the hydroxyl groups on the surface of GO
scavenge the primary radicals formed by the decomposi-
tion of the initiator, thus reducing initiator efficiency.
Their hypothesis was also consistent with the higher
molecular weight obtained in the presence of GO. In our
study here, similar to the work of Achilias, we observe an
increase in molecular weight in 8 nm carbon but only a
very slight change in 3 nm carbon (as shown later). On
the other hand, the presence of hydroxyl groups on sol-
vents is found to increase the reaction rate,”>® and the
hydroxyl group attached to silicon (silanol, which has a
different acidity relative to a carbinol), does not seem to
influence the reaction rate (as shown in the Data S1 for
added TMS). Moreover, it is not clear why the activation
energy should be reduced, as shown in Figure 4B, if the
primary explanation for the rate decrease is a decrease in
initiator efficiency. Hence, we suggest that more funda-
mental work is needed to clarify the mechanism respon-
sible for the decrease in rate in our ordered mesoporous
carbon.

Autoacceleration, also known as the Trommsdorff
effect, occurs in radical polymerization due to the
increase in viscosity as the reaction progresses, which
suppresses the rate of termination relative to the rate of
propagation. Autoacceleration is observed in the bulk
polymerization in Figure 1 as an obvious increase in heat
flow and a second exothermic peak starting at around
300 s. A much weaker degree of autoacceleration is seen
for the nanoconfined samples in Figure 1, with no
observable autoacceleration in the mesoporous silica
samples presumably due their much higher initial reac-
tion rates. The natural logarithm of the time to reach
autoacceleration, f,e;, once the reaction begins (i.e., after
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FIGURE 5 (A) Natural logarithm of the time to reach

autoacceleration fy after the reaction begins (i.e., with the
induction time subtracted) as a function of reciprocal temperature
and (B) conversion to reach autoacceleration X, versus reaction
temperature. Filled and open symbols represent the samples
initiated by 1.5 wt % and 2.5 wt % 2,2’-azobisisobutyronitrile,
respectively. Lines are only guides to the eye.

subtracting the induction time) is shown in Figure 5A as
a function of reciprocal temperature for the bulk and for
reactions in CPG and mesoporous carbon initiated by
AIBN, with the time (and conversion) required to reach
autoacceleration defined as the point where the slope
abruptly changes in a conversion versus time curve. Auto-
acceleration occurs at shorter times (after the induction
period) in the CPG compared to the bulk, whereas poly-
merization in carbon mesopores requires longer times
(after the induction period) to reach autoacceleration
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relative to the bulk. The difference in times to autoacce-
leration corresponds to the increase (or decrease, in the
case of carbon) of the effective reaction rates relative to the
bulk. Thus, the 8 nm CPG data lies between 4 nm and the
bulk, and the 8 nm carbon lies between the 3 nm carbon
and the bulk. All of the data follow Arrhenius behavior,
and the apparent activation energies for the time to reach
autoacceleration, fg, are found to be about 20 kJ/mol
lower than the apparent activation energy for polymeriza-
tion. There is no significant difference between the time to
reach autoacceleration obtained from the two initiator
concentrations (1.5 and 2.5 wt %).

The conversion required to reach autoacceleration is
summarized in Figure 5B as a function of polymerization
temperature. For all samples, X, increases as the temper-
ature increases since the viscosity of the monomer/
polymer solution decreases at higher temperatures at
fixed composition, and hence, a higher conversion is
needed to reach a viscosity that impacts the chain diffu-
sivity and the rate of termination. The conversion needed
to reach autoacceleration is highest for the bulk, and the
required conversion decreases in the nanopores, presum-
ably since the confined radicals have lower mobility lead-
ing to a suppression of the rate of termination relative to
the rate of propagation. A similar result was previously
reported for CPG-confined polymerization of n-alkyl
methacrylates.”>* For AAO-confined polymerizations
reported in the literature,>* 2 researchers have suggested
that the rate of termination increases under nanoconfine-
ment, but that does not seem to be the case in this work,
since an increase in termination rate would be expected
to increase the conversion required to reach autoaccelera-
tion, which we do not observe, and it would also lower
the molecular weight, which we also do not observe. On
the other hand, suppression of termination relative to
propagation, which we suggest is dominant in our sys-
tem, should lead to an increase in molecular weight of
polymer synthesized under nanoconfinement, and this is
our general observation, as will be shown later. We also
note that experiments and simulations have shown an
increase in viscosity (which would lead to lower diffu-
sion) under nanoconfinement,’ " which is consistent
with our interpretation of our results. Additionally, we
note that although there are mechanisms that lower the
effective viscosity of polymers in nanopores,® ** for
example, due to plug flow under nanoconfinement, slip
at a pore surface,”’ or mobility at a free surface,” these
latter mechanisms are not expected to dominate in our
system since we do not have pressure-driven flow or a
free surface.

The limiting or equilibrium conversion x, (i.e., the
conversion achieved at long reaction times) as a function
of temperature is shown in Figure 6 for the three
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FIGURE 6 Equilibrium conversion (x,,) versus temperature
for bulk and nanoconfined samples in controlled pore glass,
mesoporous silica, and ordered mesoporous carbon. Symbols are
the same as used in Figure 2A. The short dashed lines indicate
expectations for dead-end polymerization for 1.5% 2,2'-
azobisisobutyronitrile (AIBN)-initiated systems and long dashed
lines for 2.5% AIBN.
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confinement matrices used. For bulk samples (shown by
the black squares in each panel), nearly complete conver-
sion is obtained at temperatures <120 °C; in this temper-
ature range, AIBN is used as the initiator since its
decomposition rate at these temperatures lies in an
acceptable range.”’ On the other hand, in the high tem-
perature range, where DTBP is used as initiator, the equi-
librium conversion decreases as the temperature
approaches the ceiling temperature (7.=194°C) of
poly(BzMA). For polymerization in 8 nm CPG and 8 nm
mesoporous silica initiated by AIBN, nearly complete
conversion is obtained at low temperatures, similar to the
bulk. However, for 8 nm CPG initiated by DTBP,
although the decrease of conversion in the high tempera-
ture range is observed to be similar to the bulk, on the
low temperature side (<120 °C), the conversion is lower
than the bulk, with the conversion decreasing as tempera-
ture decreases. A similarly decreasing conversion as tem-
perature decreases is observed in AIBN-initiated reactions
in 4 nm CPG, 2 and 4 nm mesoporous silica, and 3 nm
ordered carbon mesopores. The data for 8 nm carbon
seems to be different and this is attributed to the pres-
ence of small micropores (<2 nm) in this carbon due to
the details of the synthesis. These small pores are esti-
mated to comprise 64% of the total pore volume based
on BET data as shown in the Data S1, and hence, we
hypothesize that the volume of monomer in these
smallest pores is dictating the limiting conversion
observed. In fact, if we assume a limiting conversion of
zero in the smallest pores, we estimate conversions of
nearly unity (>95%) in the fraction of the large 8 nm
carbon pores at the reaction temperatures from 80 °C
to 120 °C, consistent with the 8 nm CPG and mesopor-
ous silica data for AIBN-initiated samples.

A potential explanation for the observed limiting con-
version at low temperature in Figure 6 is dead-end
polymerization,®> where monomer is left unreacted due
to insufficient initiator concentration. The limiting con-
version due to dead-end polymerization decreases with
increasing temperature (contrary to our experimental
observations) due to the fact that the activation energy
for dissociation is higher than the effective activation
energy for monomer consumption, with the relationship

47,63

given by

—In (1 -x,) =2k, (k({k[ [I]0>5:211<€:ff (7)

where kg is the quantity that we measure and show in
Figure 3. Taking kg = Ay e “¥R" and values from our
work and the literature (E; = 123 kJ/mol and A = 1.62 X
10" s7),*” predicted equilibrium conversions for the

AIBN-initiated systems are shown in Figure 6 by the
dashed lines. Dead-end polymerization is not expected
to be relevant in CPG and mesoporous silica systems at
temperatures below 120 °C, and it is not relevant in the
carbon systems below 100 °C. We suggest that the lim-
iting conversion at low temperatures may reflect ther-
modynamic limitations related to the monomer-
polymer equilibria in nanoconfinement; further work
is needed to fully understand this intriguing finding.
The degree of polymerization, N, is measured for the
PBzMA synthesized in bulk and in the CPG and carbon
mesoporous nanopores. Molecular weight increases as
the temperature decreases in all cases examined,
as shown in Figure 7. For products synthesized using
0.5 wt % DTBP as initiator, a higher molecular weight
is obtained, with N being similar for bulk and 8 nm
CPG. For AIBN-initiated samples, longer chains are
formed under nanoconfinement compared to bulk
polymerization except in 3 nm carbon for the 2.5 wt %
AIBN where molecular weights are similar to the bulk.
Theoretically, for a given reaction system, prior to
autoacceleration, chains should be ~30% longer for
monomer systems with 1.5 wt % AIBN compared to
those with 2.5 wt % AIBN, which is observed here in
the 3 nm carbon data, but no significant difference is
observed in 4 nm CPG. We noted previously that our
hypothesis that earlier autoacceleration (i.e., at lower
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FIGURE 7 Degree of polymerization N versus reciprocal

temperature for bulk and nanoconfined samples in controlled pore
glass and ordered mesoporous carbon for initiator systems
indicated in legend.
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conversions) under nanonconfinement is attributable
to suppression of termination relative to propagation
would also lead to higher molecular weights for poly-
mer synthesized under nanoconfinement. Indeed, this
is observed at temperatures above 60 °C for five of the
seven samples investigated with the other two samples
(0.5% DTBP and in 8 nm CPG and 2.5% AIBN in 3 nm
carbon) showing no appreciable difference from the
bulk. At the lowest temperatures studied, 50 °C and
60 °C, the molecular weight of nanoconfined samples
is equal to or lower than the bulk. This latter finding
may be related to the limiting conversions observed in
Figure 6, and future work will be aimed at understand-
ing this result.

One of our aims for examining CPG, mesoporous sil-
ica, and ordered mesoporous carbon as nanoconfinement
media was to elucidate the role of nanoconfinement ver-
sus nanopore surface functionality. Based on the results
shown, it is clear that nanoconfinement has important
effects, particularly on autoacceleration, equilibrium con-
version, and molecular weight. The earlier conversion for
autoacceleration and higher molecular weights are both
attributed to decreased chain diffusivity in the pores and a
concomitant decrease in the rate of termination. The sur-
face to volume area, on the other hand, appears to be
related to the induction time with little influence on
matrix type, presumably due to physisorbed oxygen,
whereas the effective rate of reaction seems to be
related surface functionality, with the highest accelera-
tion in mesoporous silica, intermediate acceleration in
CPG, and a reduction of rate in ordered mesoporous
carbon. This conclusion is also consistent with the dif-
ferences observed in MMA polymerization in native
CPG (in which the reaction was accelerated) versus in
functionalized CPG where the surface was modified by
replacing the native silanol groups with trimethyl silyl
and where the reaction rate was the same as the bulk.*”
Interestingly in this work, although polymerization in
mesoporous carbon is slower than the bulk, presum-
ably due to a retardation effect of the pore surface, we
still observe a lower conversion required to attain auto-
acceleration and higher molecular weights, which are
attributable to confinement effects associated with
decreased chain diffusivity under nanoconfinement.

4 | CONCLUSIONS

Radical polymerization of BZMA has been investigated in
2-8 nm-diameter native CPG, mesoporous silica, and
ordered mesoporous carbon using differential scanning
calorimetry (DSC). Induction times are longer for

nanoconfined samples and are attributed to inhibition
since induction has the same activation energy as for
initiation but with opposite sign. The polymerization
rate is found to be highest in mesoporous silica and
also accelerated in CPG relative to bulk, increasing lin-
early with reciprocal pore diameter, but the accelera-
tion of the BzMA polymerization in CPG is weaker
than that found in our previous work on MMA, EMA,
and BMA, presumably due to increased hydrophobicity
of BzMA and a concomitant weaker interaction
between the BZMA and the native pore surface. On the
other hand, in carbon mesopores, the reaction rate relative
to that in the bulk decreases linearly with reciprocal pore
diameter, indicating a retardant effect of the pore surface.
Similar to the bulk polymerization, the rate is proportional
to initiator concentration to the one-half power. The
apparent activation energies of the overall reaction rate in
mesoporous silica is higher than the bulk, whereas those
in CPG and carbon are lower than the bulk, with all seem-
ing to scale roughly with reciprocal pore diameter. Autoac-
celeration is not observable in the mesoporous silica
systems presumably due to the high initial reaction. On
the other hand, in CPG and ordered mesoporous carbon,
the time and conversion required to reach autoaccelera-
tion are lower in nanopores, and this effect is thought to
be a nanoconfinement effect related to the limited diffusiv-
ity of radicals which then suppresses the rate of termina-
tion relative to propagation. Limiting conversions at low
temperatures in the smallest nanopore systems (2 and
4 nm silica, 4 nm CPG, and 3 nm carbon for AIBN-
initiated systems and 8 nm CPG for DTBP-initiation)
decrease with decreasing temperature, and this effect,
which is shown to not be due to dead-end polymerization,
is intriguing and potentially reflects thermodynamic limi-
tations related to the monomer-polymer equilibria in
nanoconfinement. The PBzMA synthesized in CPG and
8 nm carbon with AIBN have higher molecular weights
than those synthesized in bulk, consistent with suppres-
sion of termination relative to propagation at the nano-
scale; however, at the lowest reaction temperatures,
molecular weights are lower than the bulk, and this may
be related to the decrease in limiting conversion.
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synthesis and characterization of the mesoporous car-
bon samples.
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