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In this paper, efficient MMA photo O-ATRP protocols conducted
inside nanoreactors varying in nanostructured interfaces are
reported for the first time. We showed that the microstructure of
recovered polymers could be easily tuned just by implementing a
given type of nanochannel (d = 10, 19-28, 35, 160 nm).

Soft matter confined at the nano/mesoscale level reveals a
fascinating behaviour significantly deviating from that observed
at the macroscale. It is due to the molecular ordering/packing
variation that is strictly related to the additional interfacial
interactions between host and guest molecules. Consequently,
dynamic properties such as viscosity, diffusivity, glass transition
temperature, thermal stability, conductivity, and morphology of
the spatially restricted samples are strongly affected."”
Recently, there has been a growing interest in studying
polymerization processes in spatially limited systems. In
this context, it is noteworthy that the following intrachannel
polymerization protocols: photo-,> and thermally-,> induced
free-radical polymerization (FRP), photo-,* and thermally-,>°
induced reversible-addition fragmentation chain transfer poly-
merization (RAFT), ring-opening polymerization (ROP),” and
polycondensation® have been reported in the literature so far.
Remarkably, these elegant strategies utilized nano/mesoreac-
tors in the form of silica- (Si0,),"™"" and aluminum oxide
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(AAO0)"* ™ templates/plates, and metal-organic frameworks,
zeolite'® powders. Many experimental studies and simulations
revealed that due to the specific interactions occurring at the
interface, there is a higher local concentration of molecules, and
reduced diffusivity of chains (in close proximity to the pore walls).
What is more, a confined polymerization performed inside porous
materials of ordinary morphology could (i) prevent side reactions/
chain termination, (ii) cause a higher rate compared to the
macroscale,” and (iii) be an effective tool for tuning macromole-
cules’ molecular weight (M,,), dispersity (P), and stereoregularity,
enabling at the same time to obtain topologically and mechanically
unique polymers.'®'® Moreover, having in mind that the interface
has an enormous impact on the pathway of many physico-chemical
processes, apart from the routine functionalization/silanization
(making it more hydrophobic), it seems obvious to study the
intrachannel polymerization utilizing more sophisticated meso-
porous membranes (ie., of modified pore walls). This aspect is
extremely important considering recent studies by some of us on
the poly(propylene glycol) derivatives incorporated into AAO mem-
branes of modulated pore diameter (19 < d < 28 nm), where we
unexpectedly observed the bulk-like behaviour of material confined
at the nanoscale.”® This simple example shows that investigating
the effect of nanostructurization, the roughness of pore walls on the
polymerization path, and the macro-, and microstructure of result-
ing polymers is significant.

Herein, we demonstrate a facile macro- and nanoscale
(intrachannel) organocatalyzed photo-ATRP protocol (O-ATRP)
(Scheme 1).

For that purpose, the macroscale experiments were con-
ducted in classical flasks, whereas for intrachannel O-ATRP,
we selected the following types of mesoporous templates (a)
type 1 - commercial, regularly ordered spherical pores (d = 10,
35, and 160 nm); (b) type 2 - self-produced, regularly ordered
conical pores (d = 35 nm); and (c) type 3 - self-produced,
regularly ordered pores of modulated pore diameter
(19 < d < 28 nm). To our knowledge, this is the first report
on polymerization utilizing mesoporous membranes of
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Scheme 1 Schematic outline of a facile MMA O-ATRP protocol.

nanoporous template filled nanoporous template

different nanostructured interfaces. It is worth stressing that to
date only a few strategies concerning normal ATRP, activator
generated by electron transfer (AGET ATRP), and activator
regenerated by electron transfer (ARGET ATRP) have been
previously implemented in intrachanell®® polymerization.
Note that the vast majority of reports in the literature concern
surface-initiated confined processes (SI-ATRP).”>** Within this
work, methyl methacrylate (MMA) and ethyl o-bromo-
isobutyrate (EBiB) have been selected as the monomer and
the initiator, respectively; whereas 3,7-di(4-biphenyl)-1-
naphthalene-10-phenoxazine (PC1) and perylene (PC2) were
selected as photoorganocatalysts (PCs). Reactions were con-
ducted using a [MMA],/[EBiB]y/[PC], = 100/1/0.1 ratio, in ani-
sole or DMF, at 298 K within 3 h. In the ESI,{ we presented the
setup for confined processes (Fig. S1, ESIt), synthetic proce-
dures, emission-absorption spectra (Fig. S2, ESIt), and char-
acteristics of membranes (Table S1, ESI{), and produced
polymers (Fig. S3-S8, ESIt). Of particular note is that these
PCs were previously used to promote MMA O-ATRP at the
macroscale (white and blue LEDs) and reveal utterly different
process control (PC1** - high control, PC2>° - less control). In
addition, they both required relatively long irradiation time to
reach completed MMA consumption (8-24 h). Our main goal
was to check whether several confined protocols proposed by us
would (i) show a robust catalytic effect, (ii) increase the control
over MMA PC2-mediated O-ATRP, and more exciting (iii) affect
the properties of obtained polymers, including M,, P, and
tacticity.

As a starting reference point of our investigation, we per-
formed PC1-mediated MMA O-ATRP at a macroscale which,
after 3 h of UV irradiation at 298 K, produced well-defined
PMMA with excellent agreement between theoretical and
experimental M,, = 4.0 kg mol™*, narrow P = 1.10, and high
initiation efficiency I* = 92.6% (Table 1, entry 1). However, this
experiment proceeded with moderate MMA consumption
o = 39%. Next, we sought to assess the scope of PC1-operated
O-ATRP nanopolymerizations. To our delight, the implementa-
tion of type 1 templates showed a dramatic beneficial effect on
the reaction rate, giving complete MMA consumption after 3 h
regardless of the pore size of the applied matrices. More
encouragingly, as presented in Table 1, entries 2-4, the
obtained nanomaterials were characterized by different para-
meters. In particular, as the template’s pore size decreased,
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Table 1 PC1-, and PC2-mediated ATRP at the macro-, and mesoscale

b

No Reactor d [nm] o°[%] Mpn” [kg mol '] Musec” [kg mol™'] P

PC1-mediated O-ATRP

1 Batch — 39 3.9 4.0 1.10
2 Typel 160 >99 99 6.7 1.17
3 35 >99 9.9 15.2 1.18
4 10 >99 9.9 17.8 1.12
5 Type2 35 >99 9.9 12.3 1.18
6 Type3 19-28 >99 9.9 10.7 1.32
PC2-mediated O-ATRP

7 Batch — 39 39 79.4 1.57
8 Typel 160 >99 9.9 20.8 1.22
9 35 >99 9.9 21.8 1.34
10 10 >99 9.9 37.5 1.37
11 Type2 35 >99 9.9 17.2 1.33
12 Type3 19-28 >99 9.9 16.3 1.39

“ Determined from "H NMR. ? Determined from SEC-LALLS (DMF).

PMMA of higher M, was formed, starting from 6.7 kg mol™*
(d = 160 nm), through 15.2 kg mol ™" (d = 35 nm), ending with
17.8 kg mol™* (d = 10 nm) (I* = 56-147%). Noteworthy,
produced in this way, polymers were also characterized by
low b = 1.12-1.18, with the lowest recorded value for PMMA
recovered from the type 1 template (d = 10 nm). Next, we
explored O-ATRP using self-produced AAO-based matrices of
different nanostructure interfaces. Pleasingly, the utilization of
type 2 template (conical pore shapes) and type 3 template
(modulated diameters) for the PCl-mediated process also
caused complete MMA consumption within 3 h, delivering
PMMAs of M, = 12.3 kg mol™" P = 1.18 (I* = 80%), and M,, =
10.7 kg mol™" P = 1.32 (I* = 92%), respectively (Table 1,
entries 5 and 6).

Having successfully produced PMMAs via the PC1-mediated
O-ATRP system, our attention was next turned to the PC2-
mediated one. In this instance, the UV-irradiated batch
process proceeded to o = 39% with dramatically poor control
and a very low initiation efficiency (I* = 4.9%), yielding PMMA
of significant deviation between theoretical and absolute
M, =79.4 kg mol~ ! (D = 1.57) (Table 1, entry 7). On the other
hand, reactions carried out inside mesoporous membranes
proceeded with a higher control, which was reflected in low-
ering dispersities of PMMAs (Table 1, entries 8-12). Represen-
tative SEC-LALLS traces of polymers produced within PC1- and
PC2-systems are presented in the ESIT (Fig. S3). Here, we also
calculated the percentage of bromine chains employing
'"H NMR (Fig. S5, ESIf). The PC1-mediated process obtained
PMMaAs revealed 85-91% bromine-end groups, while for PC2,
only 10%. The obtained results are in line with the FT-IR
analysis. For the polymer produced within the PC2-mediated
O-ATRP system, the peaks originating from the initiator are
barely visible (Fig. S8a and b, ESIt). The above considerations
are consistent with the results of chain-extension experiments
with glycidyl methacrylate on PMMAs obtained at the macro-
scale (see Fig. S4 and S7, ESIY).

Interestingly, we observed an increase in PMMAs M,, for
both PC-mediated experiments with a decrease in pore dia-
meters. In fact, this result is directly related to the finite size
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effect. Previous reports explain the phenomenon of obtaining
higher M, in nanopolymerization with reduced diffusivity of
propagating chains. Floudas®® and some of us®’ reported that
segmental relaxation times (directly correlated to viscosity and
diffusion) get shorter with decreasing pore diameter. Matyjas-
zewski, Antonietti, Schmidt et al., in turn, combine the increasing
MW with the compartmentalization effect.”" The polymerization
kinetics in confined conditions is accelerated due to the sup-
pressed deactivation. They also claimed that the confined process
predominately depends on the initiation stage having little relation
to time (providing higher MW polymers). Other studies reported
decreasing initiation efficiency in the very small nanopores deli-
vering polymers of lower M;, compared to the macroscale."”'® Note
that the lower initiation efficiency could also result from the
differences in light penetration between the glassy vial and AAO-
based templates. Our previous paper concerning intrachannel
photo-RAFT utilizing different mesoporous templates demon-
strates that a 50 pm thick AAO membrane absorbs 32% of
incoming light. In contrast, the glass batch reactor with a thick-
ness of 1500 pm absorbs 8% of incoming light at /1 = 365 nm.*

Next, we examine whether spatially constrained media
applied herein could tune PMMA tacticity. From sets of data
presented in Table S2 and Fig. S6 (ESIt), we can conclude that (i)
bulk PMMA is dominated by the syndiotactic-rich form (mm:
mr:1r = 7.7%:37.8%: 54.5%), (ii) samples recovered from type
1 templates show a dramatic increase of isotactic triads, with
their highest content, noted for PMMA produced inside pores of
d =35 nm (mm:mr:rr = 63.3%:11.4%:25.3%), (iii) samples
synthesized in type 2 membranes reveal increasing isotacticity
(mm:mr:rr = 41.5%:26.8%:31.7%), although this change is
not as significant as in the case of those produced under type 1
templates and (iv) PMMA recovered from type 3 templates is
dominated by atactic triads with an equally significant contri-
bution of syndiotactic (mm: mr:rr = 23.8%:40.6%:35.6%).

Moreover, to look deeper into the nature of observed tacti-
city changes, additional PC1-mediated experiments were per-
formed at 308 K, 318 K, and 333 K allowing us to employ the
absolute reaction rate theory and examine if syndiospecific
propagation is governed by entropic or enthalpic factors
(see the ESIT).”® From Fig. 1, it can be observed that confine-
ment evidently changes the temperature dependence of
ln(Pm/Pr) = (Asiwt - ASth)/R - (AHLct - AH;cl)/RT-

For the bulk system, we obtain the positive values of both
enthalpic and entropic factors. Polymerization carried out
within type 1 drastically increases the entropic term’s value,
which implies an independent temperature factor preventing
random propagation within the pore.”® For polymerization in
pores of type 2 and 3, we observe a significant increase in the
entropic and enthalpic terms with respect to the bulk system.
Both terms are comparable for the type 2 pore, whereas the
entropic one evidently dominates within the type 3 pore.
Generally, confined geometry more favours the formation of a
less sterically bulky isotactic structure than that of a more
sterically hindered atactic one. However, in some cases, (e.g,
in MOFs of very small pore diameters), limited improvements
in isotacticity can be observed.”" In our case, PMMAs produced
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Fig.1 The dependence of isotactic to syndiotactic diad ratio on tem-
perature for PMMA synthesized at macro- and nanoscale.

inside templates of d = 10 nm showed the lowest content of
isotactic fractions among all recovered from type 1, although
still higher than those reported up to now in the literature. Note
that the stereoregularity of forming nanomaterials is also
strongly influenced by interactions between monomer, solvent,
orienting propagating chains and the surface chemistry."®

Nevertheless, to better understand these observations, we
took a closer look at the chemical nature of the MMA and
applied solvents (anisole, DMF), especially their wettability to
the AAO. Interestingly, our recent measurements of MMA in
terms of the contact angle, 0 revealed that it is 0 [°] at 298 K.
Consequently, it wets the AAO surface very well and strongly
adheres to the pore walls. Similar results were found for both
investigated herein solvents; the 6 of anisole and DMF reaching
value 0 [°] (see the ESIL Fig. S9), and 9.9 [°],*® respectively.
Hence, in such systems, the adhesive force is strong enough to
overcome the cohesive force making it easier to fulfil pores
(good solvents to this template). Thus, we can suppose that the
PCs-mediated system investigated herein revealed a similar
surface chemistry. Moreover, to assess the influence of the
templates’ surface roughness on the parameters of the
obtained polymers, at least to a small extent, we performed
unique measurements using AFM. We measured membranes of
similar pore diameters but varying in nanostructure interfaces:
type 1 (d =35 nm) and 3 (19 < d < 28 nm). Unfortunately, due
to the specificity of the preparation of the type 2 template, it
was not possible to perform AFM analyses for them. Using an
ultra-sharp tip, we were able to measure the inner roughness
parameter of the empty pores in templates in the nanoscale (all
procedures are presented in the ESIT). The schematic of a pore
structure, along with the AFM approach is shown in Fig. 2. We
have calculated RMS values along vertical lines using only the
data from the pore internal wall (the masked regions). Thus, we
were able to obtain a linear RMS (I-RMS), that is not influenced
by the horizontal high changes (pores curvature) and can be
used for comparison between membranes.

The measurement showed that the surface roughness
(LRMS parameter) of the membrane type 1 is around
~2.97 nm that is very close to that estimated for type 3 (around
~2.5 nm). Typically, higher surface roughness leads to stronger
polymer adsorption as the random walk of the polymer chain
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Fig. 2 Typical data of topography of type 1 and type 3 templates, along
with the 3d image of the surface.

has a higher probability to come into contact with the surface.
Thus, it is possible to connect changes in tacticity to surface
roughness. We assume that overall tacticity calculated for
PMMA recovered from the type 3 template was superimposed
by the two confined effects: finite size and pore walls nanos-
tructurization. Nonetheless, to better understand the impact of
both aspects on the tacticity of the resulting polymers, more
simulations and experimental data should be carried out.

As illustrated, one of the great benefits of the O-ATRP confined
methodology proposed herein is that complete MMA consumption
can be reached in a relatively short time (3 h) regardless of
mesoporous membrane types. We were also delighted to find that
PMMA tacticity can be tuned upon nanopolymerization just by
simply using a given type of nanoreactor. We also found that
PMMAs of higher MW could be produced when pore diameters
of the type 1 mesoporous template decreased. In the case of
stereoregularity control, our protocols are alternatives to FRP in
the presence of fluoroalcohols/Lewis acid additives or when sup-
ported by a high electric field.**
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