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The use of nanoreactors to confine monomers and synthesize polymers results in changes in the reaction kinetics
and polymer properties making nanoconfinement a potential tool for manipulating and engineering polymer
properties. In this perspective, we cover conventional nanoconfinement hosts, nanopore-confined free radical,
step-growth, and ring-opening polymerizations, and changes in molecular weight, tacticity, glass transition
temperature (Ty), thermal stability, and electrical properties. We use examples from research in our laboratory,
as well as comparisons of the work in the literature, to illustrate the competing forces that drive these changes,
namely molecular layering or orientation at the nanopore surface, decreased molecular and segmental diffusion,
and catalytic or inhibitory effects caused by chemical moieties on the native or surface-functionalized nanopore
surface. The majority of nanoconfined polymerizations are found to be accelerated, and in the case of free radical
polymerizations to generally yield higher molecular weights and higher isotacticity. Tgs for the nanoconfined
polymers tend to increase if strong interactions exist between the polymer and the confinement surface, but
depressions are observed for confined polycyanurates; the importance of removing unreacted monomer and
comparing results to the bulk material of same molecular weight and structure is emphasized. Examples are also

provided of enhanced thermal stability and conductivity of polymers synthesized under nanoconfinement.

1. Introduction

It is well known that the properties of materials change when they
are confined to nanometer dimensions, i.e., to length scales less than
approximately 100 nm. Considerable work has been performed in the
last thirty years on the glass transition and related dynamics of nano-
confined glass-fromers, including low-molecular weight molecular
glasses confined to nanopores [1-10] and polymeric glasses confined to
ultrathin films [11-23], and a number of reviews have been written
[24-28]. Less well studied is the influence of nanoconfined polymer
synthesis on the reaction kinetics and properties of the polymer pro-
duced. In spite of this limited work, the history of nanoconfined poly-
merization goes back to Clasen who in 1956 [29] polymerized dimethyl
butadiene clathrated within thiourea. Such polymerizations, generally
known as inclusion polymerizations, are typically performed in the solid
state, initiated by radiation, and have been used to produce stereoreg-
ular polymers, including all-trans poly(1,4 butadiene) produced in urea
and thiourea hosts [30,31] and all-trans 3-methyl-1,4-pentadiene and
poly((—)pinene) synthesized in deoxycholic acid crystals [32,33].
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Isotacticity can also be enhanced, as in early polymerizations of dienes
and methyl acrylonitrile synthesized in a cyclotriphosphazene [34,35]
and more recently, 100% isotactic poly(acrylonitrile) was synthesized in
urea [36]. Inclusion polymerization, albeit of interest in its own right, is
not the focus of this perspective since the physics involved is driven by
guest/host interactions and the crystal structure of the clathrated
monomer. Rather, we focus on liquid-phase polymerizations and the
changes in reaction kinetics and properties of the synthesized polymers
that arise due to nanoconfinement effects.

The paper is organized as follows. First we review the characteristics
of nanoconfinement media typically used for polymerization studies. We
then discuss the influence of nanoconfinement on various different
polymerization types and the properties of the produced polymers,
including for free radical, pseudo-living radical, step-growth, and ring-
opening polymerizations. We use our own work in these areas as illus-
trative examples to highlight important issues, as well as giving an
overview of work in the field. We end with implications and a
conclusion.
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2. Nanoconfinement media

The work in our own group on nanoconfined free radical and step
growth polymerizations has been performed in the nanopores of
controlled pore glass (CPG). These borosilicate glasses are produced by
spinodal decomposition [37] and are available in a wide range of pore
diameters ranging from 4 to 300 nm. The pore size is well controlled at +
10% from the mean, the matrix is stable with respect to organic liquids,
and the pore surface can be functionalized to give “hydrophobic pores”,
for example, by converting the native silanol groups to trimethyl silyl
[1]. CPG particles have a mesh size of 120/200 pm, and low molecular
weight liquids imbibe easily and quickly, in a matter of seconds or mi-
nutes into the void volume by capillary forces. In addition, since the pore
volume is generally above 50%, the CPG matrix is ideal for use in dif-
ferential scanning calorimetry (DSC) studies because a sufficient amount
of monomer can be loaded to give strong signals; in addition, heat
transfer for DSC measurements of nanoconfined polymerizations is not
an issue for typical reaction rates. CPG pores are tortuous and inter-
connected, and thus, the material has been said to give a confinement
environment between 2D and 3D [26]. Other silica-based media that
have been used for nanoconfinement studies, include sol-gel and xerogel
monolithic glasses, such as Gelsil, which have small (<5 nm)
inkwell-type pore interconnections that have been said to give 3D [38]
or between 2D and 3D [26] confinement. Although these latter glasses
can be used as confinement media for polymerizations, their monolithic
character results in much longer length scales and times for imbibement,
making them somewhat less practical than some of the other confine-
ment media for polymerization studies. In addition, hybrid
inorganic-organic mesoporous silicates system [39-41], including
MCM-41 [42,43], and SBA-15 [44-47], which were originally developed
as catalytic supports and have been used for catalytic polymerization of
olefins and cyclic monomers [48-54], are also used as media to study
nanoconfinements in the absence of catalysis. With their small ~3 nm
cylindrical channels arranged in a hexagonal lattice with no pore
channel intersection, mesoporous silica provides a 2D confinement
environment; they also are known to have micropores but the relative
volume of the larger pores is small compared to the nanochannels.
Removal of synthesized polymer from all of these silicate glasses is
typically accomplished by solvent extraction, making their use for large
scale production untenable. However, understanding how nanoscale
confinement, in the absence of additional catalyst, in these environ-
ments impacts polymerization and the resulting properties is anticipated
to facilitate development of nanoreactors in which confinement size can
be used as a synthetic tool to control properties.

Another popular confinement medium is porous anodized aluminum
oxide (AAO), which is typically comprised of straight wall pores or
channels that provide 2D confinement although more complex pore
shapes can also be formed [55]. AAO membranes are available with pore
sizes from 2.5 to 300 nm, porosity from 8 to 15%, and membrane
thickness up to 100 pm. Due to their straight channels, AAO membranes
can be used as matrices to follow reactions via spectroscopic techniques,
but their low porosity limit their use for following polymerizations
in-situ with DSC because multiple membranes must be well stacked to
provide sufficient material and good heat transfer for a strong signal. On
the other hand, thin AAO membranes (<10 pm) can be used as a
nanoconfinement matrix with Flash DSC [56], although issues with
monomer volatility limits their use for in-situ polymerizations. The AAO
template can be dissolved using sodium hydroxide or phosphoric acid to
yield polymeric nanorods or nanowires.

Metallic organic frameworks (MOFs), also termed porous coordi-
nating polymers (PCPs), have much smaller nanochannels that can be
designed by changing the combination of metal ion and organic ligand
[57]. Channels are typically 1 to 10 A per side, with square, rectangular,
or hexagonal shape, and can be isolated from one another resulting in 2D
confinement or interconnected resulting in a percolated network and in
a 3D confinement environment [58]. Because their size is commensurate
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with the size of many monomers, reaction kinetics may change; for
example, living polymerizations in the absence of termination may
result, as discussed in more detail later. In addition, the PCP template
can be removed by aqueous tetrasodium ethylenediaminetetraacetate to
produce templated polymer nanoparticles and porous nanoparticles that
retained the shape of the nanocavities [59].

3. Nanoconfined free radical polymerizations
3.1. Kinetics of n-alkyl methacrylate polymerization

The thermally-initiated free radical polymerizations of several n-
alkyl methacrylates and benzyl methacrylate nanoconfined in CPG have
been studied in our group by differential scanning calorimetry (DSC)
using 2,2'-azobis(2-methylpropionitrile) (AIBN) and di-tert-butyl
peroxide (DtBP) as initiators [60-65]. In these systems, the nano-
confined reaction kinetics are significantly accelerated, as shown in
Fig. 1 for methyl methacrylate reacted at various temperatures in bulk
(open symbols) and in 13 nm-diameter “silanized” CPG (filled symbols)
in which the surface silanol group is converted to trimethyl silyl.
Although the initial rate of reaction, which is the slope in the conversion
versus time plot, is essentially unchanged upon nanoconfinement for
MMA in these silanized pores, the Tromsdorff effect or autoacceleration
occurs much earlier, resulting in earlier completion of the nanoconfined
reaction. Autoacceleration occurs in the bulk as viscosity increases
leading to a decrease in chain diffusivity and a concomitant decrease in
the rate of termination relative to propagation. Under nanoconfinement,
chain diffusion is suppressed such that the onset of autoacceleration
occurs at earlier conversions. We modeled this effect [61], as shown by
the lines in Fig. 1, by extending the model of Verros et al. [66] to account
for the diffusion-controlled termination at the nanoscale assuming that
the diffusion coefficient scales with pore diameter to the 1.3 power and
molecular weight to the —3 power, both consistent with simulations [67,
68]; the model well describes the experimental data using the parame-
ters that fit the bulk data plus only one additional parameter, the scaling
prefactor for diffusion, for all of the nanoconfined data (including in
larger pores) suggesting that the pertinent physics are captured. In
addition to this evidence that the mechanism of nanoconfined
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Fig. 1. Conversion vs time after induction for polymerization of MMA with
AIBN initiator in bulk (open symbols) and in 13-nm diameter silanized CPG
(filled symbols) at the temperatures indicated. The lines are model fits with
solid lines indicating the fit to the nanoconfined case and the dashed lines to the
bulk case. View in color for best clarity. Replotted after Begum, Zhao, and
Simon [61]. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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polymerization is the same as that of bulk free radical polymerization,
we also find that the initial rate of nanoconfined free radical polymer-
ization follows the expected scaling with initiator concentration to the
0.5 power [69].

The data shown in Fig. 1 are the polymerization of methyl methac-
rylate in hydrophobic silanized pores. The reaction was also performed
in native hydrophilic pores, and for that case, the initial MMA reaction
rate is faster than for either bulk or silanized pores due to the specific
interactions between the monomer and the silanol groups on the pore
surface; the increase scales linearly with reciprocal pore diameter indi-
cating that the rate constant is proportional to the pore surface area to
volume ratio, i.e., to the surface concentration of silanol groups [60].

For longer n-alkyl groups, the rates in both native and silanized
nanopores increase relative to the bulk, as is shown in Fig. 2 for poly-
merizations of ethyl methacrylate (EMA) and butyl methacrylate (BMA)
with DtBP initiator at 120 °C in bulk and in 8 nm-diameter CPG nano-
pores [63]. The increase in the initial rate in silanized pores seems to
depend on the length of the n-alkyl group, increasing as the alkyl sub-
stituent increases in size, perhaps due to layering in the pores resulting
in higher local concentration of monomer available to the growing chain
end which seems to be oriented near the pore wall, as is discussed later.
It is also observed that autoacceleration accelerates the reaction more in
the EMA system than in the BMA system, consistent with the general
finding that autoacceleration weakens as the n-alkyl group increases in
size. Common wisdom explains this effect in terms of the T of the re-
action system, with the lower Tgs associated with longer alkyl chains
leading to lower viscosity and a less pronounced decrease in the
termination rate as conversion increases. Interestingly, however, the
onset of autoacceleration is found to occur at similar degrees of con-
version for the ethyl- and butyl-methacrylate systems, and an analysis of
the system Ty at the onset of autoacceleration indicates that the reaction
mixtures are over 150 K above their Ty at this point, a regime in which
the viscosity change is not strongly dependent on T-Tg [63]. That said, as
the conversion increases after autoacceleration, the Tg also rapidly in-
creases, and it increases to a greater extent in the higher Ty systems (i.e.,
those with shorter alkyl substituents), thus resulting in more dramatic
increases in reaction rate for the EMA compared to BMA monomer as a
result of autoacceleration.

3.2. Molecular weight in nanoconfinement free radical polymerizations
The faster rate of reaction and earlier onset of autoacceleration, the

latter of which is attributed to a reduction in the rate of termination,
have interesting implications for the molecular weight of polymers
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Fig. 2. Conversion vs time after induction for the thermally-initiated free
radical polymerization for EMA (left) and BMA (right) at 120 °C with DTBP
initiator for bulk (red solid line) and in 8-nm diameter silanized CPG (green
dashed line) and 8-nm diameter native CPG (blue dotted line). View in color for
best clarity. Reanalyzed based on data from Tian, Zhao, and Simon [63]. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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synthesized under nanoconfinement. As we recall, molecular weight in
conventional thermally initiated free radical polymerizations is deter-
mined by the relative rates of propagation and termination in the
absence of chain breaking reactions. Hence, an earlier onset of autoac-
celeration results in higher molecular weights produced under nano-
confinement, and it also results in lower polydispersity at full conversion
since more of the chains produced are the longer chains formed after
autoacceleration [65]. In addition, if the rate of the reaction increases
under nanoconfinement, as in the case of MMA in native pores or for
EMA or BMA in either native or silanized pores, molecular weight will
also increase due to the enhanced rate of propagation. The effects are
clearly shown in GPC traces for the PMMA polymerized at 80 °C with
AIBN initiator in Fig. 3, where the material synthesized in the native
pores shows a monomodal peak eluting at the shortest times indicating
the highest molecular weight and narrow polydispersity, whereas the
material synthesized in the bulk elutes at the longest times and has a
bimodal peak, indicating higher PDI, with the first (short time) peak
attributed to chains synthesized after the onset of autoacceleration and
the second (long time) shoulder attributed to the shorter chains pro-
duced at the initial stages of the reaction [65]. The GPC trace for the
materials produced in the silanized CPG lies between those for the bulk
and native pores with a smaller long-time shoulder compared to the bulk
due to the earlier onset of autoacceleration.

Although the changes in molecular weight distribution for PMMA
synthesized in CPG shown in Fig. 3 seems to be general, the details do
depend on the type of confinement medium and the confinement size. A
compilation of the data in the literature for PMMA is shown in Fig. 4,
where the ratio of the nanoconfined number-average molecular weight
(M) to that obtained in bulk polymerization is plotted as a function of
nanoconfinement size on the left and the corresponding ratio for the
polydispersity (PDI) is plotted on the right. In addition to our work in
silanized and native CPG (open and filled red circles, respectively) [65],
the results for PMMA synthesized in PCP [70], MCM-41,[71] SBA-15,
[72] and Gelsil [73-75] are shown. The data shown are for thermally
initiated free radical MMA polymerizations using AIBN initiator, or for
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Fig. 3. GPC traces for PMMA synthesized at 80 °C with AIBN in bulk (red) and
in 13 nm-diameter silanized (green) and native (blue) CPG. Details of the
polymerization can be found in Zhao et al. [65]. View in color for best clarity.
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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the Gelsil work benzyl peroxide (BP) initiator, with the exception of the
polymerizations in SBA-15 which are RAFT polymerizations using AIBN
initiator and ethyl xanthate ethyl propionate as chain transfer agent. As
shown, nanoconfinement of MMA typically results in an increase in the
molecular weight of the PMMA produced (Mp/Mppux > 1) and a
reduction of polydispersity (PDI/PDIp,x < 1) with a sole exception of
the work from Pallikari-Viras [75] which shows the opposite behavior
for both M, and PDI; the reason for this exception is unclear although, as
they also noted, their earlier work by Li et al. [74] showed the more
typical results. The molecular weight obtained in the MCM-41 by Ng
et al. [71] was ten times that obtained in a bulk polymerization under
the same conditions; the reaction was faster in the MCM-41 yielding full
conversion in less than 2 h at 100 °C for the nanoconfined case compared
to 86% conversion in the bulk case, but whether the large increase in M,
is simply the result of a faster rate of propagation or also due to an
absence of termination leading to pseudo-living polymerizations in the
small channels of the MCM-41 remains unanswered. The trend lines
shown are simply guides to the eye, and of course, at large pore di-
ameters (small degrees of confinement), the ratios will revert to M,/Mj,
bulk = PDI/PDIyx = 1.0, thus, suggesting that a maximum may exist in
the ratio of My/Mj puik. Also, of particular interest is that the PDI of the
polymer produced was found to be as low as 1.6 for our MMA poly-
merizations in native 13-nm diameter CPG at full conversion [65]; Ng
et al. found the similarly low value of 1.7 for MMA polymerization in
MCM-41 and Kalogeras and Neagu found PDI of 1.2 for polymerization
in Gelsil [73]. These values are much lower than for the corresponding
bulk free radical polymerization at full conversion. Interestingly, values
of PDI below 2.0 are unable to be captured by our model of nano-
confined MMA polymerization leading us to speculate that the rate of
initiation may increase upon CPG nanoconfinement [65]; however,
other works, for example by Uemura et al. [70] and Achilias and co-
workers [76] have suggested that initiator efficiency may decrease in the
very small nanopores of PCP for styrene polymerization and in the
presence of graphene oxide for a methacrylate.

The increase in molecular weight and decrease in PDI observed for
PMMA synthesized by free radical polymerization in nanopores is not
easily generalized to the higher-order poly(n-alkyl methacrylates).
Although the molecular weight obtained from nanoconfined polymeri-
zation of ethyl methacrylate in 8-nm diameter CPG is greater than the
bulk, for longer alkyl chains, M, decreases relative to that of the bulk. It
is well known that autoacceleration is less dramatic as the n-alkyl group
increases in size, as shown in the reaction kinetics for ethyl- and butyl-
methacrylate monomers in Fig. 2, and thus, since the earlier onset of
autoacceleration is one explanation for the increase in molecular
weights from nanoconfined free radical polymerizations, the reduced gel
effect with increasing size of the n-alkyl substituent may lead to smaller
changes in molecular weight between bulk and nanoconfined
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Fig. 4. Normalized number-average molecular
weight (left) and normalized polydispersity (right) vs
nanopore confinement size for PMMA synthesized
under nanoconfinement. Data using AIBN as initiator
1 for free radical polymerization include work from
Zhao et al. [65] in native CPG (red filled circles) and
in silanized CPG (red open circles); from Uemura
et al. [70] in PCP (orange squares); and from Ng et al.
[71] in MCM-41 (blue triangles). RAFT polymeriza-
tion data is from by Xu et al. [72] in SBA-15 using
AIBN initiator and a chain transfer agent (purple
inverted triangles). Free radical polymerization data
with BP as initiator in Gelsil are from Kalogeras et al.
[73] (green left triangles), from Li et al. [74] (green
diamonds), and from Pallikari-Viras et al. [75] (green
right triangles). Lines are guides to eye only. View in
color for best clarity. (For interpretation of the ref-
erences to color in this figure legend, the reader is
referred to the Web version of this article.)

L aauul

PDI/PD,

pa sl

0.1

Ll

20

polymerizations, as is observed from methyl-to ethyl-methacrylate.
However, a reduced gel effect should not lead to a decrease in molecular
weight for nanoconfined polymerizations of monomers with longer alkyl
groups relative to the bulk since the rates of the nanoconfined reactions
are higher and autoacceleration, even if it is less dramatic, still may
occur at earlier conversions under nanoconfinement. The explanation
may lie in a decrease in chain transfer to the polymer under nano-
confinement for the case of the longer n-alkyl methacrylates. Demon-
strating the effect, molecular weight data for poly(dodecyl
methacrylate) (PDMA) synthesized in bulk and in 7.5 nm-diameter
native CPG is shown in Fig. 5 in which the natural logarithm of the
degree of polymerization is plotted versus reciprocal temperature [77].
As temperature decreases above the ceiling temperature of approxi-
mately 195 °C (i.e., as reciprocal temperature increases above 1000/T =
2.14 K1), the molecular weight produced in both bulk and nanoconfined
reactions increases, with the bulk molecular weights increasing more
rapidly. Chain transfer to polymer is known to increase with decreasing
temperature in this system through attack of the alkyl group leading to
branched and ultimately crosslinked networks [78-81]. Hence, at the
lowest temperature investigated, of 120 °C, the bulk polymerization
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Fig. 5. Natural logarithm of the degree of polymerization vs reciprocal tem-
perature for PDMA polymerized in bulk (red circles) and in 7.5 native CPG
(blue squares) with 0.5% DtBP initiator. From Tian and Simon, [77]. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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yields a crosslinked material of infinite molecular weight that is insol-
uble in solvent. On the other hand, the PDMA synthesized in 7.5
nm-diameter native CPG at all temperatures studied (down to 120 °C)
shows finite molecular weights that are lower than the bulk. We
conclude that chain transfer to polymer in n-alkyl methacrylates is less
prevalent under nanoconfinement due to the reduced diffusivity of
polymer chains leading to a decrease in molecular weights relative to the
bulk case for monomers with longer alkyl groups.

For the case of the benzyl methacrylate monomer, polymerization
rate and molecular weight both increase relative to the bulk in 4 and 8
nm-diameter native CPG with 1.5% AIBN initiator similar to the cases of
methyl and ethyl methacrylates, but increasing the initiator concentra-
tion to 2.5% AIBN results in a decrease of molecular weight relative to
the bulk for polymerization in 4 nm CPG for an unknown reason; in
addition, PDI is similar or higher than in the bulk [69]. Interestingly,
autoacceleration seems to be suppressed in the nanoconfined benzyl
methacrylate and this may account for some of the differences between
the molecular weight distribution in bulk and nanoconfined polymeri-
zations, but more work is needed to fully understand the effect of sub-
stituent group on the reaction kinetics and resulting properties of
nanoconfined methacrylate polymerizations.

Free radical polymerization of styrene has been carried out by two
research groups, that of Kitawaga using PCP as the confinement matrix
with size scales ranging from 0.4 to 1.0 nm [70] and that of Mijangos
using 35 nm-diameter AAO nanoporous templates [82]. For the PCP, the
polystyrene produced depends on the nanochannel shape and size, with
intermediate size channels giving higher molecular weight and lower
PDI than bulk, whereas the smallest and largest nanochannels gave
significantly lower molecular weights. For both styrene and MMA in
PCP, molecular weight is generally related to the conversion (with one
exception), and samples having conversion x > 70% have molecular
weights greater than bulk. For this reason, and the facts that i) the
observed maximum conversion depends on monomer loading and ii)
block copolymers can be produced with the addition of a second
monomer, it was concluded by Kitawaga and coworkers that the poly-
merization in PCP was a pseudo-living polymerization in which termi-
nation did not occur given the small sizes of the channels [70].

On the other hand, in work by Mijangos and coworkers on poly-
styrene in 35-nm AAQO template [82], the initial rate of reaction was
higher than the bulk but the molecular weight and the PDI were smaller.
In fact, the polymer produced under nanoconfinement showed mono-
modal molecular weight distribution, whereas that produced in bulk
conditions was bimodal with the primary GPC peak occurring at longer
elution times (lower molecular weights) than for the nanoconfined
sample. The data suggests that autoacceleration plays an important role
for the bulk reaction, resulting in the bimodal distribution and a higher
average molecular weight at full conversion, but why autoacceleration is
suppressed in the nanoconfined styrene polymerization is unclear.

In order to further control the polymerization product of nano-
confined free radical reactions, Antonietti, Matyjaszewski, Schmidt and
coworkers performed a type of reversible deactivation radical poly-
merization termed activators regenerated by electron transfer atom
transfer radical polymerization (ARGET ATRP) in untreated and surface
functionalized MOF nanopores [83]. The technique demonstrated PDI
< 1.4, similar to that observed in the bulk, with molecular weights that
were three to four times higher for nanoconfined methyl-, ethyl-, and
benzyl-methacrylate monomers. Moreover, grafting the initiator to the
MOF surface further enhanced M, to values as high as an order of
magnitude greater than those in the bulk, with M, being reciprocal to
initiator graft density. In addition, similar to the findings of Uemura
et al. in very small PCP [70], the nanoconfined polymerization is
pseudo-living with molecular weight being dependent on the monomer
loading in the pores and with the ability to make block copolymers on
addition of a second monomer after the first has reacted. In the case of
vinyl esters monomers synthesized in MOF by Schmidt and coworkers
[84], polydispersity ranged from 1.5 for the vinyl butyrate to 2.2 for
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vinyl acetate, with corresponding number-average molecular weights of
17,500 and 42,500 g/mol, respectively. Here, both PDI and molecular
weight were much smaller than those obtained by bulk polymerization
because chain transfer to polymer, which is very prevalent in the bulk, is
presumed to be suppressed under nanoconfinement. The molecular
weight, PDI, and conversion were all found to depend on monomer size,
decreasing as monomer size increased, because of partial monomer
loading in the nanochannels.

3.3. Tacticity in nanoconfined free radical polymerizations

Tacticity can also be strongly impacted by nanoconfinement.
Conventionally, it is tuned by polymerization with metal catalysts (i.e.,
Ziegler-Natta catalysts) or alternatively reacted via living anionic
polymerization [85] or free radical polymerization with fluoroalcohol
[86,87] or Lewis acids additives [88,89]. Inclusion polymerization, in
which the monomer is oriented and often forms a co-crystal in clath-
rates, can also give high tacticity as mentioned earlier [34,35]. In the
case of nanoconfined liquid-state free radical polymerizations, both
confinement size and the nature of interactions between the monomer
and the pore surface appear to drive changes in tacticity. In our work on
MMA free radical polymerization, isotacticity increased dramatically for
the polymerizations in 13-nm diameter native CPG, as shown in Fig. 6,
where the percentage of isotactic triads (mm) and the enhancement of
mesodiads (m) are plotted as a function of reaction temperature for bulk
and nanopore confined polymerizations [65]. The percentage of
isotactic triads increased from 12% in bulk polymerization at 95 °C to
52% in the nanoconfined case, whereas the percent of mesodiads
increased from 29% to 61%. These are very significant changes and
indicate that the combination of surface interactions and nanoconfine-
ment, in which the less sterically bulky isotactic structure is more
favorable than the more sterically hindered syndiotactic structure, can
profoundly influence tacticity.

Although the nanoporous host provides a physical means to tune the
stereoregularity of vinyl monomers, the results vary significantly
depending on the type of confinement matrix, as shown by a compilation
of the literature results in Fig. 7 for the isotacticity of PMMA synthesized
under nanoconfinement. In general, smaller pore sizes tend to produce
higher isotacticity content due to the more confined environment
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Fig. 6. Isotactic triads (mm) and mesodiads (m) as a function of polymerization
temperature for PMMA synthesized in 13-nm diameter native CPG. After Zhao

et al. [65].

<o

-

O

<

=
*‘.o
-

O

i

O

o _‘_".—

O

> ----0----—""9%

60

70

80

90

Temperature (°C)



H. Zhao and S.L. Simon

10nm 1 nm
| |

50 Blljlk
PMMA »

Y
o
A

w
o
T
1

® O CPG Zhao et al.

B (] PCP Uemura et al.
V¥ SBA-15Xuetal -
@ MOF Leeetal.

Isotactic Triads (mm)
N
o

@]
10} . b
oo -

0 ...’ At naaasl At s s aasal A d s saausl A
0 1 10 100

100/D (nm™")

Fig. 7. Isotactic triads vs reciprocal pore size for bulk and nanoconfined PMMA
for various matrices and for pore sizes ranging from 0.5 to 30 nm. Data using
AIBN as initiator for free radical polymerization include work from Zhao et al.
[65] in native CPG (red filled circles) and in silanized CPG (red open circles);
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[90] in helically twisted PCP (orange open squares). RAFT polymerization data
is from by Xu et al. [72] in SBA-15 using AIBN initiator and a chain transfer
agent (purple inverted triangles). ATRP polymerization is from Lee et al. in
inert or surface-grafted MOF [83] (blue filled diamonds). Line is a guide to eye
only. View in color for best clarity. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

favoring the isotactic structure; however, the enhancement for MMA
synthesized under mesoporous silicates SBA-15 [72] is minimal except
at the smallest pores where isotacticity is enhanced by nearly a factor of
two relative to the bulk value, which we suggest is an intrinsic size effect
without the influence of specific interactions orienting the growing
chain. Similarly, MOF hosts include extremely small channels (<1 nm),
but the improvement in isotacticity is still limited even for surface
functionalized MOF [83]. In fact, only in two cases are dramatic in-
creases in isotacticity observed for PMMA synthesized under nano-
confinement: one is in our 13 nm hydrophilic CPG pores [65] and the
other is in highly helically twisted PCP channels that are considerably
smaller at 4 x 7 A2 [90]. The advantage of the CPG is due to its relatively
large size, it can be completely filled and the reaction goes to comple-
tion; on the other hand, in the case of the helically twisted PCP channel,
only 42% conversion and relatively low molecular weight was achieved
although the channel does obviously facilitate the growth of isotactic
chains.

In general, for vinyl monomers, stereoregularity correlates with the
steric demands of the side group. A compilation of the increase in
isotactic triads over bulk (mmcopfineq — MMypyk) is shown for various
vinyl monomers in Fig. 8 as a function of reciprocal confinement pores
size. Comparing the n-alkyl methacrylate monomers polymerized in
MOFs [83], including methyl-, ethyl-, and benzyl-methacrylate (MMA,
EMA, and BzMA, respectively), reveals that the isotacticity for PMMA
and PEMA increases in untreated MOF, and an even greater enhance-
ment is observed in MOF having initiator grafted to the pore surface,
presumably because the initiator at the pore surface orients the chain
end at the wall and restricts the approach of incoming monomers. In the
case of the MOF polymerizations of vinyl acetate (VAc), vinyl propionate
(VPr), and vinyl butyrate (VBu), via free radical polymerization, the
polymers show an increase in isotacticity ranging from 5 to 14% over
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Fig. 8. Enhanced isotactic triads (mmcopfined - MMypyi) as a function of recip-
rocal nanopore size for vinyl monomers, green data representing vinyl esters
[70,84] via ATRP under inert or surface-modified MOF, red data representing
alkyl methacrylates [65,70,83,90] via free radical polymerization under MOF
and CPG, and blue data representing styrene [70] via free radical polymeriza-
tion under MOF. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

that of bulk (~20%), with the improvement influenced by the substit-
uent group size and the mesodiads showing the highest isotacticity for
nanoconfined PVPr [84].

In contrast to the case of isotactic triads, syndiotactic triads provide
more space for the substituent, such that bulkier or more rigid moieties
favor syndiotactic placement and lead to lower isotactic content. Ex-
amples are PBzMA [83], which contains 4% isotactic triads in modified
MOF versus 2% in bulk, as compared to PMMA which has a much
smaller substituent and 11% isotactic triads in the same MOF versus 2%
in bulk. Another example is PVBu [84], which contains 25% isotactic
triads in inert MOF versus 20% in bulk, as compared to PVAc which has
a much smaller substituent and which contains 30% isotactic triads in
the same MOF versus 22% in bulk. Furthermore, for the relatively bulky
substituent of styrene polymerized in 35 nm AAO [82], a pentads
analysis reveals that stereoregularity is shifted towards syndiotactic
placement, with the syndiotactic peak having a value of 3.81 for the
nanoconfined polymerization and a value of 1.38 for bulk polymeriza-
tion, with a value of 5.9 expected for 100% syndiotactic material. On the
other hand, at much higher nanoconfinement, PS shows a 3% increase in
isotactic triads for polymerization in PCP having a pore size of 0.57 nm
[70]. Thus, nanoconfinement can be used to tune tacticity but the results
depend on the monomer and the confinement size, type, and surface
chemistry.

4. Nanoconfined step growth polymerizations

For step growth polymerizations, the first investigation to examine
the influence of nanoconfinement was performed by Amanuel and
Malhorta [91] who found changes in the reactivity of phenolic resins in
nanoporous silica. Motivated by those results, we undertook a series of
investigations examining nanoconfined trimerization of cyanate esters
[92-97]. We have found that the difunctional monomer bisphenol M
dicyanate, which trimerizes to form a thermosetting polycyanurate,
reacts some 20-30 times faster in 11.5 nm-diameter hydrophobic
silanized pores relative to the bulk and 35-40 times faster in native
hydrophilic pores, as shown in Fig. 9 [96,97]. Even larger enhancements
are found for the reaction of a monofunctional cyanate ester,
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Fig. 9. Conversion vs log t for trimerization of bisphenol M dicyanate at 180 °C
in bulk and in 11.5 nm-diameter hydrophobic and native CPG pores. Data after
ref. Li and Simon [96,97].

4-cumylphenol cyanate, which produces a low-molecular-weight trimer
reaction product: the monofunctional cyanate ester reacts approxi-
mately 50 times faster in 13 nm-diameter hydrophobic pores relative to
the bulk [94], as shown in Fig. 10, indicating that the enhanced reac-
tivity is not due to the polymeric nature of the reaction nor due to
cyclization side reactions. No change in the activation energy is
observed for either nanoconfined reaction. Furthermore, quantitatively
similar increases in reactivity for both the mono- and di-functional
cyanate ester are observed near the pore wall and in the center of the
nanopores, based on the evolution of the glass transition temperature
associated with the wall and that associated with the center of the pore,
coupled with no changes in activation energy for the nanoconfined re-
actions; this precludes attribution of enhancements solely to catalysis at
the wall by the silanol groups in native pores, even though these are
known to promote the trimerization reaction [98].

Our initial hypothesis was that a smaller, more flexible monomer,
such as the monocyanate ester, would need to be confined in smaller
pores in order to experience the same degree of confinement and the
same acceleration of reaction as experienced by a larger stiffer mono-
mer. This was clearly not the case and warranted further investigation,
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Fig. 10. Conversion vs log t for 4-cumylphenol cyanate at 141 °C in bulk and in

hydrophobic CPGs of 8, 13, and 50 nm in diameter. Data after Koh and
Simon [94].
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and in particular, evaluation of the hypothesis that increases in local
concentration due to changes in liquid structure or layering near the
walls are responsible for enhanced reactivity. Lattice Monte Carlo (MC)
simulations by Malvadi and coworkers on nanoconfined linear step
polymerizations indicate that such changes in liquid structure compete
with decreases in diffusivity such that reaction collisions and polymer-
ization rates can be either accelerated or reduced at the nanoscale
depending on which effect dominates [99]. On the other hand, molec-
ular dynamics (MD) simulations for a nanoconfined epoxy/amine ther-
mosetting polymerization indicated that no reactions took place near the
walls and that, as a consequence, the reaction rate should be slower in
the pores [100]. In order to examine the influence of the monomer
structure and rate at the pore wall, we set out to purposefully disrupt
order by using a mixture of mono- and di-cyanate ester. As shown in
Fig. 11, when the phenyl moiety is assumed to preferentially interact
with the wall, the layering of the monomers results in the cyanate ester
function groups pointing away from the wall in a layer. For the mono-
functional monomer, the cyanate ester functional groups lie in a single
plane and their local concentration is higher than in the isotropic case,
consistent with its higher reactivity. On the other hand, for the difunc-
tional monomer, the layering is somewhat more uneven because of its
more bulky structure. A mixture of the two monomers is expected to
result in even worse layering. Indeed, a reduction of the acceleration of
the reaction rate is observed under nanoconfinement as shown in
Fig. 12, where the DSC heat flows for reaction during a dynamic tem-
perature scan is shown for mono- and di-cyanate ester at top in 13 and
11-nm diameter CPG; the distance between the dashed lines for the
nanoconfined reaction and the solid lines for the bulk reaction reflects
the enhancement of the reaction rate. The lower figure shows the same
comparison but for the mixed system in 8.1 nm diameter CPG; in spite of
the smaller pore size, the reaction of the mixed monomer system is
considerably less enhanced than in the two pure systems. Quantitatively,
the rate constant increased by 12 times for the monomer mixture in 8.1
nm CPG, less than half the increase observed for the individual mono-
mers in the pure state [92]. Thus, the enhanced reactivity in these sys-
tems is consistent with a higher concentration of functional groups as a
result of layering at the pore wall following the arguments of Malvadi

Difunctional
(DCE)

Monofunctional
(MCE)

Fig. 11. Structure of the monocyanate ester (left) and dicyanate ester (right)
and cartoon of potential layer near the wall assuming that the phenyl groups lie
parallel to the surface.
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Fig. 12. DSC heat flow, with exotherm down, during a dynamic temperature
ramp at 10 K/min. At top: mono- (blue) and di-(red) cyanate ester in 13 and 11-
nm diameter CPG confinement, respectively, (dashed lines) and in bulk (solid
lines). The distance between the peaks is a measure of the enhanced accelera-
tion of the nanoconfined reaction. At bottom: 50/50 mixture of mono- and di-
cyanate ester in 8.1 nm-diameter CPG (green dashed line) and in bulk (green
solid line). After Lopez and Simon [92] and Koh, Li, and Simon [95]. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

and coworkers [99]. Layering at the surface or the opposite, i.e., dis-
ordering, was similarly used by Yancey and Vyazovkin to explain
changes in the reaction rate in other cyanate ester systems; for example,
in the solid state trimerization of sodium dicyanamide in nanoporous
silica gel having surface silanol groups replaced by trimethyl silyl, a
dramatic decrease in the nanoconfined reaction rate was attributed to
the disordered layering of the crystalline monomer in the nanopores
[101], whereas the acceleration of the nanoconfined reaction for
small-molecule liquid state trimerizations in the same hydrophobic sil-
ica gel was attributed to layering at the pore wall [102].

The nanoconfined step-growth reaction between epoxide and aniline
to give a linear polymer has been investigated by Paluch and coworkers
using AAO confinement [103], and similar to the nanoconfined cyanate
ester reaction, it shows an enhanced reaction rate, in this case by
approximately a factor of 8 in 35 nm-diameter pores, and no change in
activation energy. In the largest pores, the reaction slows down at the
pore surface and the authors attribute this to the slower dynamics at the
pore wall surface due to attractive interactions, but in the smallest 35 nm
pores, the reactions at the pore wall and in the center of the pore show
similar rates. The authors also note that nanoconfined reaction loses the
autocatalytic nature that is observed in the bulk. A similar effect is
observed for the dicyanate ester in the native CPG pores, as shown in
Fig. 9, where the conversion versus time curve does not increase in slope
as conversion increases to the same extent as it does for the silanized
pores and bulk. The reason for this loss of autocatalytic character in our
system, and presumably the reason for the loss in Paluch’s work, is
because the confined reaction is dominated by external catalysis, which
in the case of the native CPG is due to silanol groups on the pore surface.
This effect can be shown mathematically, writing the general reaction
rate expression for epoxide reactions in terms of the change in conver-
sion with time (dx/dt):
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where k is the rate constant, n is the order of the reaction, and the term x
+ b accounts for auto- and external catalysis. For bulk DGEBA epoxy, the
external catalysis arises from impurities in the resin and the b value is
typically less than 0.1,[104,105] such that the autocatalytic nature is
very apparent as conversion increases. The loss of autocatalytic char-
acter in the case of the epoxy/aniline reaction in AAQ is, thus, suggested
by us to be attributable to catalysis by the AAO’s hydroxylated surface,
which has been shown to form readily at ambient temperatures and be
difficult to remove [106-109].

The importance of catalysis by the AAO surface was recognized by
Mijangos and coworkers in their work on the nanoconfined step-growth
polymerization of triethylene glycol and hexamethylenediisocyanate to
form polyurethane in AAO confinement [110]. The reaction rate
increased as pore size was reduced at all confinement sizes, with ac-
celeration over the bulk case by a factor of approximately three at 140
nm and by a factor of approximately ten at 35 nm. Not only was the
enhancement attributed to catalysis by the hydroxyl groups on the
alumina pore surface, but it was also modeled and well described using a
surface concentration of 19.3 OH groups/nm?, as reported in the liter-
ature [106]. In addition to the increase in reactivity, the molecular
weight and PDI were substantially reduced, from M, = 39,000 g/mol
and PDI = 2.3 in the bulk to M, of 7800 at 140 nm and 5000 at 35 nm
and PDIs from 1.1 to 1.3 under nanoconfinement. This effect was
attributed to a reduction in chain diffusivity at high conversion, hin-
dering the ability of oligomers to combine to form larger molecules.

5. Nanoconfined ring-opening polymerization

For the majority of free radical and step growth polymerizations,
nanoconfined polymerization is faster than that in the bulk due to
several primary factors: specific interactions at the pore surface, higher
local concentration of functional groups due to monomer layering at the
pore surface, and, only in the case of free radical mechanism, a slowing
down of chain diffusion that results in a slowing down of the termination
step. Although the induction time becomes longer in nanoconfined free
radical polymerization [60,63], the reason for which is not yet under-
stood, the polymerization, once it starts, is seldom slower than in the
bulk. In the case of ring-opening metathesis polymerization (ROMP) of
dicyclopentadiene (DCPD) with second-generation Grubbs’ catalyst
investigated in our laboratory, however, the nanoconfined reaction
presents very different behavior [111], as shown in Fig. 13 for the dy-
namic reaction at 10 K/min in differential scanning calorimetry (DSC).
The bulk reaction (in red) shows the typical exotherm with an onset
around 50 °C and a peak near 70 °C. For the reaction confined to 110
nm-diameter CPG, the onset of the polymerization exotherm occurs at a
higher temperature indicating a reduced initial reaction rate under
nanoconfinement. Perhaps even more interesting, the nanoconfined
sample only undergoes a limited amount of polymerization as indicated
by the decreased size of the exotherm (which is normalized to the mass
of the sample) before the reverse Diels-Alder reaction sets in, the latter of
which converts the dicyclopentadiene monomer to cyclopentadiene.
The reverse Diels-Alder does not occur in the catalyzed bulk system. Its
presence in the catalyzed nanoconfined system appears to be due to an
acceleration of the reverse Diels-Alder reaction under nanoconfinement
coupled with a decrease in the rate of polymerization. As Malvadi
indicated in their analysis for step-growth reactions, the rate of reaction
can increase due to higher local concentration of monomer or decrease
due to diffusion effects. However, diffusion of monomer is very fast at
typical reaction temperatures (which are far above the Ty of the
monomer) even in a nanoconfined environment, and it is only if the
reaction occurs on a similar timescale as diffusion will the rate be
impacted; in other words, after Rabinowitch [112], the observed rate of
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Fig. 13. DSC heat flow vs temperature for dicyclopentadiene undergoing
ROMP reaction in bulk (red) during a dynamic scan at 10 K/min, and for the
monomer in 110 nm-diameter CPG pores (blue). The exothermic direction is
upwards (positive heat flow). View in color for optimal clarity. After Vaddey
and Simon [111] (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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reaction, kopg, is reciprocally related to the sum of the timescale for
diffusion, tgifr, and the intrinsic time scale of the reaction (1/Kin¢):

Hence, it is only because the ROMP reaction is very fast, reaching
90% conversion in less than 1 min during the heating scan that the time
scale of monomer diffusion becomes relevant. To the best of our
knowledge, this is the first demonstration of a secondary reaction
competing with polymerization under nanoconfined conditions to yield
a product not obtained in conventional unconfined conditions. An
analogous result was found by Vyazovkin and coworkers for degradation
of polystyrene-grafted clay nanocomposites, where the product
a-methyl styrene was obtained in high yield for the nanocomposite but
not for bulk polystyrene degradation, presumably due to an increased
amount of intermolecular radical transfer resulting from the grafted
chain structure [113].

A much slower ring-opening reaction, that of caprolactone to make
nylon 6, was studied by Paluch and coworkers using AAO templates with
pore diameters from 35 to 150 nm as the confinement media [114], and
perhaps not unexpectedly, their results show that the nanoconfined
polymerization is faster than the bulk, giving much higher conversions
after a set reaction time (60 min at 80 °C), as well as higher molecular
weight and lower polydispersity. In fact, molecular weights increased by
up to a factor of four, with chains of 53,000 g/mol produced. Interest-
ingly, the molecular weight of the nanopolymerized polycaprolacone
was found to be independent of pore size for both reactions with and
without water, which is contrary to most of the previously discussed
experimental observations regarding free radical or step polymerization
under confinement. The enhanced molecular weight and reduced PDI
appear to be related to the suppression of side reactions, namely hy-
drolysis and backbiting reactions, yielding a monomodal polymer
product.
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6. Nanoconfined polymerization and the glass transition
temperature

As mentioned in the introduction, a significant amount of work has
been performed in the last thirty years on the glass transition and related
dynamics, for molecular glasses in pores [1-10] and polymeric glasses
confined to ultrathin films [11-23], and a number of reviews have been
written [24-28]. The glass transition of ultrathin polymers has been
found to decrease, increase, or remain unchanged, depending on the
polymer, its molecular weight, the presence of small molecule plasti-
cizers or antiplasticizers, and the interactions with the substrate. The
leading explanation in the polymer community is that depressions in Ty
relative to the bulk arise from enhanced mobility associated with the
free surface, whereas increases in T arise from reductions in mobility
associated with interactions with a strongly attracting substrate, with
both free surface and substrate leading to large gradients in mobility
throughout the thin film [16,25,115-128]. Reports of the existence of
two distinct, albeit broad, Tgs in ultrathin films lends even more credi-
bility to these arguments [115-117]. However, in seeming contradiction
to the thin film results, nanopore-confined glasses in matrices without
strong attractions also often show the existence of two Tgs in spite of the
lack of a free surface: a primary transition (Tg;) which is usually
depressed relative to the bulk and a secondary transition (Tg2) which is
often 15-30 K higher than the primary Ty and may or may not be higher
than the bulk. Since the relative magnitudes of the primary and sec-
ondary transitions (in terms of the step change in heat capacity at Tg)
decrease with decreasing nanopore size, researchers have associated the
primary transition with material at the center of the pore and the sec-
ondary T, with material at the surface of the pore [4-9]. An example is
shown in Fig. 14 for the cyanurate trimer (whose reaction kinetics were
shown in Fig. 9) that was synthesized in bulk and in 13 nm-diameter
silanized CPG pores [93]. Two Tgs are observed for the nanoconfined
sample, both of which are lower than the bulk, and for this case, we
corroborated the value of the Ty depression obtained for material syn-
thesized in the nanopores by also synthesizing the material outside the
pores and imbibing it into the pores, obtaining the same T, values within
2 and 4 K for Tg; and Tgo, respectively. The presence of two Tgs for the
polycyanurate synthesized in 24-nm diameter native pores (whose re-
action was shown in Fig. 8) are similarly shown in Fig. 15; for this
material, also, both Tgs, when they are discernable, are below the bulk
values [96]. The dependence of the T, depression on confinement size is
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Fig. 14. DSC heat flow vs temperature showing Tgs for cyanurate trimer syn-
thesized in bulk (red) and in 13-nm diameter silanized CPG pores (green). The
structure of the trimer is shown in the inset. After Koh and Simon [93]. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 15. DSC heat flow vs temperature showing Tgs for polycyanurate syn-
thesized in 24-nm diameter native CPG pores. The two Tgs are marked, and the
structure of the crosslinked material is shown in the inset. After Li and
Simon[96].

shown in Fig. 16 for the primary Tg; of the polycyanurate where the
change in Tj is plotted as a function of reciprocal nanopore diameter at
0, 33, 66, and 100% conversion. The confined monomer (0% conver-
sion) shows little or no change in T on confinement, whereas the fully
reacted material shows the largest change. Also shown in this figure is
the difference between the Ty values in native and silanized pores as
filled and open symbols, respectively; in general, the two are within a
few K of one another, except in 24.6 nm pores at 100% conversion,
where the native sample shows two Tgs and the silanized sample dis-
plays only one that is 20 K higher, closer to Ty of the native sample than
Tg1. However, when both Tgs are present, the Tg; and Ty values are
generally very similar, independent of pore surface chemistry. As
mentioned, one can estimate the size of the surface layer associated with
the secondary Ty, and it is found to be 1.2 nm for the cyanurate trimer
and 0.9 nm for the polycyanurate [94,96]. Similar length scales for the

surface layer have been reported in the literature for
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Fig. 16. Change in Ty from the bulk value vs reciprocal pore diameter for
nanoconfined dicyanate ester/polycynaurate system as a function of conversion
at conversions of 0 (red circles), 33 (blue squares), 66 (green triangles), and
100% (purple diamonds). Solid symbols are for material in native CPG and open
symbols are in silanized CPG. Lines are a guide to eye only. After Li and Simon
[96]. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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polystyrene/o-terphenyl [4], although glycerol and propylene glycol in
Gelsil give a length scale of 0.15 nm [5]. In addition, a three-layer model
for various hydrogen-bonded liquids gives length scales between 0.3 and
0.9 nm [9].

Although studies of the T, of materials synthesized in nanopores add
another dimension to the large body literature on Ty and confinement
effects, the results must be taken with a few caveats as alluded to in the
previous discussion. First and foremost, it is typically not enough to
compare the Ty of the polymer synthesized under nanoconfinement to
that of the polymer synthesized in the bulk unless care is taken to ensure
that the materials are identical, because, as has been shown in the
previous sections, the molecular weight, PDI, conversion, and tacticity
of the material synthesized under nanoconfinement may differ
dramatically from that synthesized in the bulk. We note that in the case
of the trimerization step-growth reactions, we demonstrated that full
conversion was reached in the pores and that the structure of the pol-
ycyanurate network did not appear to change from the bulk, for example
having the same conversion at gelation and the same normalized Ty vs
conversion relationship [96,97]. However, if this were not the case, the
nanoconfined material should be compared to itself after extraction
from confinement. In addition, as alluded to, full conversion must be
ensured or, if not, the residual monomer must be removed prior to Tg
measurement of the nanoconfined sample; otherwise, one risks
observing a depressed T due to plasticization of unreacted monomer.
Fig. 17 exemplifies data for PMMA where these issues have been
addressed [65]. The Tgs of the material in bulk and in nanopores (solid
curves) are measured after removal of monomer using a pinhole and
performing multiple heating ramps to 180 °C in order to evaporate any
residual MMA. For the bulk sample, this pinhole method gave a similar
Tg value to that obtained using the extraction procedure with ethyl ac-
etate and then drying for 24 h at 80 °C in a vacuum oven. This same
extraction procedure was used to get the material out of the nanopores
with hydroquinone added to quench any active radicals. The results in
Fig. 17 demonstrate that Ty is elevated 8 K in silanized pores and 12 K in
native pores (both relative to the extracted material), consistent with the
similarly small differences between silanized and native pores in Fig. 16
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Fig. 17. Heat flow versus temperature for PMMA polymerized in bulk (red) and
synthesized under nanoconfined conditions at 80 °C in 13 nm-diameter silan-
ized (green) and native (blue) pores. The dashed lines and solid lines represent
samples after extraction and after unreacted MMA removal, respectively. The
vertical tick mark indicates the glass transition temperature. View in color for
increased clarity. After Zhao and Simon [65]. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of
this article.)
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for the dicyanate ester/polycyanurate system. Had the nanoconfined
material been compared directly with the bulk, values would be erro-
neously higher by 3 K, and if the residual monomer had not been
extracted, an additional error of 16 K (higher) would have been
observed in the case of the hydrophilic pores based on the Fox equation
because the conversion was 98% in native pores and only 95% in the
bulk. Although in this case, the conclusions that Ty increases for PMMA
confined to nanopores would not change, the magnitude of the Tg
elevation can be significantly affected if care is not taken to compare the
confined material to the same material in the unconfined state, and both
after removal of any residual monomer.

These issues are often recognized by researchers in the field,
although some works simply report the Ty of the bulk material and that
of the nanoconfined polymer synthesized in the same conditions. For
example, Mijangos and coworkers [82] report a 10 K increase in T, for
polystyrene synthesized in 35 nm AAO with the nanoconfined material
having higher conversion, lower molecular weight, and higher syndio-
tacticity than the bulk, but they do note that only a 2 K difference was
observed in their prior work when simply infiltrating polystyrene in this
AAQ, and hence, they attribute the slightly larger increase to the change
in tacticity. In the case of a polymerizable ionic liquid containing a vinyl
group on the butyl imidazolium cation investigated by Paluch and co-
workers [129], two Tgs were found for the material imbibed and poly-
merized in AAO, with Tgy being higher than the bulk-synthesized
polymer and independent of pore size, and Tg; decreasing with pore
size and being similar but slightly lower than that of the unpolymerized
ionic liquid. In more recent work on a vinyl-octyl-imidazolium monomer
[130], two T,s were again observed and both increased as a result of the
reaction by approximately 18 and 10 K, for RAFT and free radical po-
lymerizations, respectively. However, in the latter work, although high
molecular weight and low PDI polymers were made, conversions ranged
from as low as 12-71%, and the Tgs of the reaction mixtures were not
compared to those from bulk polymerizations.

7. Nanoconfined polymerizations: influence on thermal stability
and conductivity

Nanoconfinement is also found to positively influence the thermal
stability of polymers synthesized in confined environments. The thermal
degradation of polystyrene (PS) polymerized in bulk and under nano-
confinement are compared in Fig. 18 from three research groups [82,
131,132]. Kitagawa and coworkers examined the degradation of poly-
styrene synthesized by free radical polymerization in PCP after extrac-
tion of the material by dissolving the PCP [131], and in particular, they
compared the effect of pristine (unmodified) PCP and PCP functional-
ized with the crosslinking agent, 2,5-divinyl-terephthalate (DVTPA).
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After completion of the polymerization, the crosslinked PS was found to
be insoluble in common organic solvents, and its thermal stability from
dynamic scans in thermogravimetric analysis (TGA) showed superior
thermal stability compared with PS extracted from pristine PCP, as
shown in Fig. 18. Polystyrene typically undergoes complete weight loss
around 420 °C under nitrogen via the unzipping degradation mecha-
nism, but the crosslinked material shows a two-step degradation with
the second step at nearly 600 °C. Moreover, this was achieved with only
7 mol % crosslinking agent in the PCP which produced 45% primary
char, compared to the conventional methodology which uses 40 mol %
DVB [133] crosslinker to form a similar amount (40%) of primary char
to elevate the degradation temperature up to 550 °C. Also shown in
Fig. 18, the thermal stability of free radically-polymerized polystyrene
nanoconfined in 35 nm AAO template is enhanced compared to that of
bulk [82], as reflected by the shift of onset and peak values towards
higher temperatures. In this case, the authors attribute the improved
thermal stability of polymer plus AAO template to the high degree of
syndiotactic character for the nanoconfined-polymerized PS, consistent
with work from Vyazovkin and coworkers on the effect of tacticity on PS
thermal stability [134].

The influence of nanoconfinement on thermal degradation of poly-
styrene has also been investigated using ellipsometry by Fakhraai and
coworkers for 8000 g/mol films that were annealed to flow into the
porous interstices of closely packed SiO; nanoparticles [132]. Thermal
stability improves as the nanoparticle size decreases and the corre-
sponding pore size associated with the interstitial space decreases. A
two-step degradation mechanism is proposed, consisting of rapid mass
loss at the free surface and the subsequent degradation of the PS
confined in the nanopore interstitial space. In addition, the activation
energy for thermal degradation increases 50 kJ/mol over the bulk value
for 11 nm particles (3 nm pores), resulting in higher barrier under the
more confined environment. The thermal degradation process is regar-
ded as diffusion controlled, thus, nanoconfinement is capable of
reducing the diffusivity of free radicals and oxygens to delay the
degradation and the formation of char, suggesting its use in highly filled
systems to improve flammability.

Nanoconfined polymerization followed by pyrolysis also improves
the electronic properties of the graphitized nanowires produced. Both
polyacrylonitrile (PAN) [135] and polyaniline (PANI) [136] under 3 nm
confinement in MCM hosts show improved charge carrier properties
compared to their bulk-polymerized counterparts due to the dipolar
interaction between chain backbone and pore wall surface that orients
the chains. The PAN-MCM composites have superior conductivity as
pyrolysis temperature goes beyond 500 °C, reaching a microwave con-
ductivity of 107! S/cm, ten times higher rather than bulk PAN at
1000 °C. Enhancement is attributed to larger domains of ordered carbon

Fig. 18. Thermal degradation of bulk and nano-
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nanowire formed under the restricted MCM host channel. On the other
hand, PANI-MCM composites only show a conductivity of 0.0014 S/cm,
compared to 0.0057 S/cm for bulk PANI, with the conductivity
increasing by a factor of four after the material is extracted from the
MCM. In addition, dynamic TGA analysis shows that the pyrolytic
graphitization of polyaniline in 3 nm MCM [136] is slowed down due to
reduced diffusivity under nanoconfinement and shifts to higher tem-
peratures (350-600 °C) compared with bulk PANI, which shows
decomposition at 300-400 °C.

In another example but at larger nanopore sizes of 40 nm, a MOF
template containing FeCls as oxidant [137] is used to tune the electronic
properties of poly(3,4-ethylenedioxythiophene) (PEDOT). A comparison
between bulk synthesized PEDOT film and extracted nano-PEDOT re-
veals that extracted PEDOT had only marginal lower current for the
same applied voltage than the bulk film indicating that nanoconfined
films are high molecular weight products with semiconducting proper-
ties. However, the mechanical properties of nano-synthesized PEDOT is
worse than the bulk, with Young’s modulus for the extracted PEDOT
being only one-fourth of bulk PEDOT, presumably due to the presence of
nanoporosity in the PEDOT synthesized under nanoconfinement.

8. Nanocomposites as nanoreactors

As shown by Fakhraai and coworkers [132], the interstitial pores in
packed nanoparticles can serve as a confined environment, albeit with
the opposite curvature compared with nanoporous constraints. Con-
ventional nanocomposites have much lower loadings of particles, and
although the degree of confinement is lower than in the packed particle
case, analogies have been made between nanocomposites and confined
ultrathin polymer films [138-141] although they are not universally
quantitative [142]. Several investigations [143-145] have been per-
formed in which monomer is confined by and polymerized in the pres-
ence of graphite oxide (GO) nanofiller, which is known to improve
mechanical, thermal, optical, and electrical properties [146,147].
In-situ polymerized GO nanocomposite using butyl methacrylate and
benzoyl peroxide initiator show slightly enhanced molecular weight
attributed to reduced initiator efficiency and a significantly increase in
the degradation temperature from 320 °C for 80% weight loss in the bulk
to approximately 380 °C for 3 wt % GO nanocomposites [143]. Similar
results were found for GO polystyrene nanocomposites [144], as well as
for a styrene/butyl methacrylate copolymer [145], with molecular
weight monotonically increasing as GO filler content increases. How-
ever, the opposite effect is observed with reactive
vinyl-functionalization of GO, where reductions in molecular weight
increase significantly as functionalized GO content increases, seemingly
due to termination of chains on the functionalized surface and/or due to
reduction in monomer availability due to reaction with the surface. In
the case of a crosslinkable polysulfide synthesized in-situ with both free
and GO-surface functionalized chloropropyl crosslinking agent [146],
both the nanocomposite Ty, its degree of crystallinity, and its thermal
stability all increased with graphene content, reaching a maximum at
0.7 wt % functionalized GO. Similarly, Tg and thermal stability increase
for a polystyrene nanocomposite with in-situ polymerization performed
in the presence of functionalized clay [148].

In the nanocomposite synthesized by the in-situ step growth poly-
merization of cyanate ester [149], attapulgite (ATT) clay, a nanorod
consisted of magnesium aluminum silicate with a pore size of 20 nm, the
amine groups on the clay catalyze the reaction and also react with some
of the monomer to form isourea and, thereby, reduce the crosslink
density of the fully cured network. The result is a decrease in Tg by
approximately 30 °C for 8 wt % addition of ATT. In spite of this, the
modulus and strength increased by 40% at 4 wt % ATT compared with
bulk resin and the fracture toughness increased by 55% at this same clay
loading.
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9. Discussion

We have demonstrated from our own work and that in the literature
that polymer synthesis using nanoreactors or under nanoconfinement is
a powerful tool to produce polymers with properties that differ from the
bulk. The changes in polymer properties result directly from changes in
the kinetics of the nanoconfined polymerizations and several competing
factors determine whether the kinetics are faster, slower, unchanged, or
change as a function of conversion. These factors are i) layering or
orientation of monomers or growing chains at the pore wall, resulting in
changes in tacticity, for example, when the growing chain in free radical
polymerization is oriented at the wall, and/or resulting in an increase in
the local concentration of functional groups leading to increased reac-
tion rates; ii) decreases in diffusivity which can lead to slower reaction
rates and, in the case of free radical polymerization, can also lead to
suppression of chain transfer to polymer, suppression of termination,
and an earlier onset of autoacceleration; and iii) catalysis or inhibition
effects cause by chemical moieties on the pore surface, e.g., hydroxyl
groups on the native oxides or chemical groups added through func-
tionalization of the surface. In several cases, the physics of these effects
have been modeled by us and other groups and describe not only the
changes in the reaction kinetics but also the changes in, for example,
molecular weight and PDI.

Nanoconfinement can, thus, be used as a synthetic tool to tailor or
engineer desired characteristics in polymeric products. However, as
alluded to in the introduction, exploitation of this tool is a challenge
because the polymer produced must be either extracted from conven-
tional confinement matrix or the matrix must be dissolved requiring
organic solvents or harsh chemicals, neither of which lend themselves to
environmentally-friendly processing. Hence, novel nanoreactor plat-
forms need to be created that facilitate the downstream separation and
collection of the polymer product. Potential “green” nanoreactors may
use soft confinement, for example nanoscale cylindrical jets of poly-
merizable monomer or nanoscale emulsions, that allow the polymeric
product to be easily separated. Another alternative may be a nanoscale
reactive extruder or a nanoreactor employing a hard confinement that
can be reversibly softened or liquified under mild conditions.

10. Conclusion

In this review, we provided an overview of the literature dealing with
nanoconfined liquid-state polymerization and the resulting properties of
the synthesized polymers using primarily work from our laboratory as
illustrative examples. The conventional confinement hosts, CPG, silica
gel, AAO, and MOF or PCP were reviewed and their advantages and
disadvantages for use as polymerization nanoreactors discussed. The
changes in the reaction kinetics of nanoconfined free radical, step
growth, and ring opening polymerizations depend on a number of
competing factors, including layering or orientation of molecules at the
pore surface, a decrease in molecular or segmental diffusivity, and cat-
alytic or inhibition effects of chemical moieties on the pore surface,
including hydroxyl groups on native oxides or expressly functionalized
surfaces. Generally speaking, nanoconfinement tends to increase the
rate of reaction and to produce polymers with higher molecular weight
and a more ordered structure, but opposite results are also observed and
cases vary depending on the monomer, reaction mechanism, and
confinement type, size, and surface chemistry. Ty increases for poly
(methyl methacrylate) and polystyrene synthesized in nanopores but
decreases for polycyanurates, although care must be taken to ensure a
fair comparison with the bulk in the case that the polymer product itself
is different than that obtain in a bulk polymerization. In addition,
thermal stability and conductivity of polymers synthesized under
nanoconfinement improve. The prime disadvantage of nanoconfined
polymerization is that of extraction of the polymer product, which
currently is done by solvent extraction or matrix dissolution. This issue
can be circumvented by in-situ nanocomposite polymerizations in which
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the interstitial space between nanoparticles serves to confine the poly-
merization, but of course, this alternative only works if a nanocomposite
material will suffice for the application at hand. Novel nanoreactor
platforms are, thus, required that facilitate the downstream separation
in order to fully exploit the use of nanoconfined polymerizations as a
synthesis tool to engineer and tailor the properties of polymers.
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