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Visible-light-mediated, additive-free, and
open-to-air controlled radical polymerization
of acrylates and acrylamidesf

Jessica R. Lamb, @ K. Peter Qin @ and Jeremiah A. Johnson {2 *

Oxygen tolerance in controlled radical polymerizations has been an active field of study in recent years.

Herein, we report a photocontrolled, additive-free iniferter polymerization that operates in completely

open vials utilizing the “polymerizing through oxygen” mechanism. Trithiocarbonates are directly activated
with high intensity 450 nm light to produce narrowly dispersed (M,,/M,, = 1.1-1.6) polyacrylates and poly-
acrylamides. Living behavior is demonstrated through chain extension, block copolymer synthesis, and

control over molecular weight through varying the monomer : iniferter ratio. A slight increase in induction
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Introduction

Controlled radical polymerization (CRP) techniques have trans-
formed macromolecular synthesis by enabling access to poly-
mers with controlled molecular weights, narrow molecular
weight distributions, and well-defined architectures.'”
Photocontrolled CRP (photo-CRP) affords the additional
benefits of spatiotemporal control by using light as a low cost
external stimulus. Light-induced free radical polymerizations
have already found commercial use in photolithography, addi-
tive manufacturing, and for the synthesis of coatings,
adhesives, and resins; however, most of these systems do not
have “living” characteristics, such as chain-end fidelity and the
ability to reinitiate over several cycles.*

Our group recently combined the concepts of light-induced
additive manufacturing® and photo-CRP® to achieve “living addi-
tive manufacturing” (LAM) in which a dormant parent polymer
network can be subsequently altered to produce complex,
responsive daughter materials.” One downside of our reported
LAM system - and most radical polymerizations - is oxygen inhi-
bition due to trapping of propagating carbon-centered radicals
by oxygen, which produces peroxy radicals.®® This deactivation is

Department of Chemistry, Massachusetts Institute of Technology,

77 Massachusetts Avenue, Cambridge, Massachusetts 02139, USA.

E-mail: jaj2109@mit.edu

tElectronic supplementary information (ESI) available: Materials, experimental
procedures, characterization methods, expanded data tables and figures. See
DOI: 10.1039/c9py00022d

This journal is © The Royal Society of Chemistry 2019

period is observed for the open vial polymerization compared to the air-free reaction, but polymers with
similar M,, and M,,/M,, values are produced after 30—60 minutes of irradiation. This system will provide a
convenient platform for living additive manufacturing because of its fast reaction time, air tolerance, wide
monomer scope, and lack of any additives beyond the monomer, iniferter, and DMSO solvent.

generally avoided by performing the polymerizations under inert
conditions; however, degassing techniques such as freeze-
pump-thaw cycles, sparging, or performing experiments in a
glovebox can be impractical for certain applications.

We set out to develop a second-generation LAM system that
did not require any degassing procedures and could ideally be
done fully open to air (to mimic a benchtop 3D printer) on a
reasonably fast time scale. Before we can achieve this goal, an
efficient oxygen tolerant photo-CRP is required. Oxygen toler-
ant CRP reactions have garnered significant interest in recent
years (Fig. 1A-C)."° In many cases, a sacrificial compound is
added to scrub the oxygen or regenerate a catalyst that can
112 11y other cases, no
specific scrubbing mechanism is employed; oxygen simply
reacts with excess radicals in the system, referred to as “poly-
merizing through oxygen” (Fig. 2, red path).'>'*

For photo-CRP utilizing common RAFT agents as iniferters,
the current best systems for achieving oxygen tolerance involve
photoredox catalysts - such as Ir(ppy)s,">'® Ru(bpy);Cl,,"
eosin y,"® and zinc tetraphenylporphyrin (ZnTPP)'**° - con-
verting triplet oxygen into a reactive species (such as singlet
oxygen) that can be trapped. These techniques rely on highly
colored dyes or metal catalysts, which can be difficult to
remove from the final materials. In addition, most of these
systems still operate in a closed vial such that the amount of
oxygen is finite; it is generally proposed that the oxygen in
both the solution and the headspace is scrubbed during the
long induction period before photopolymerization can begin.
A few reports describe exceptions where polymerizations in

react with and effectively remove oxygen.
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Fig. 1 Progression of oxygen tolerant CRP using visible light and thio-
carbonylthio iniferters: (A) Photocatalyst-mediated CRP in a completely
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Fig. 2 Mechanism of trithiocarbonates (TTC)-mediated
polymerization and structures of iniferters used in this study.

iniferter

completely open vials are possible, including methyl acrylate
polymerization in DMSO using ZnTPP'® (Fig. 1A) and acrylic
acid polymerization in water using a combination of fluo-
rescein and ascorbic acid.*!

To avoid additional purification to remove highly colored
and/or metal photocatalysts, significant work has been done to
directly photolyze thiocarbonylthio compounds, such as
xanthates and trithiocarbonates (TTCs), for photo-CRP (Fig. 2,
black path).>*~>* Initially, UV light was utilized due to the large
7 to 7 transition of the C=S bond. This approach can lead to
irreversible decomposition of the iniferter and the self-
initiation of monomers.”>*>° Recently, increased control over
such iniferter polymerizations has been gained by using low
intensity long wavelength UV/violet light®”*® and visible (blue
or green) light,>*™" the latter operating via the spin-forbidden
n to ©* pathway. While these systems resulted in well-con-
trolled polymerizations, many are quite slow due to the low

1586 | Polym. Chem., 2019, 10, 1585-1590
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extinction coefficient of the n to n* transition and most were
done under inert atmosphere.

Qiao and coworkers achieved oxygen tolerance without a
photocatalyst by using tertiary amines as sacrificial reductants
for both oxygen scrubbing and photoredox polymerization
(Fig. 1B).*> While this system demonstrated excellent control
over molecular weight and was effective for the synthesis of
block copolymers through chain extension, it was performed in
a closed vial and required multiple hours to days of irradiation
to yield high molecular weight polymers. Li, Zhu, and coworkers
reported a very fast (5-20 min) polymerization of n-butyl acrylate
using 390 nm light under air-free conditions; however, when
performed in a non-degassed, sealed vessel, the polymerization
had a 110 min induction period (Fig. 1C).**

Despite these recent advances, our goals for LAM would be
ideally served by a fast photo-CRP that displays living character-
istics and can operate under open conditions without highly
colored photocatalysts. Here, we report an open-vial polymeriz-
ation with direct iniferter activation using blue (450 nm) light
on a reasonably fast timescale (1 h). This additive-free photo-
CRP provides polymers with narrow molecular weight distri-
butions, linear molecular weight growth with conversion, and
chain end fidelity, which allows for chain extension (Fig. 1D).

Results and discussion
Optimization and monomer scope

Inspired by the open vial polymerization achieved by Boyer
and coworkers using ZnTPP,"® we began to pursue open to air
polymerizations using symmetrical TTC 1 (Fig. 2) with various
photocatalysts in our custom-built photoreactor (see ESL{ for
photoreactor details).>* A serendipitous discovery was made
when we ran control experiments for the open vial polymeriz-
ation under red (625 nm), green (530 nm) and blue (450 nm)
light (Table 1, entries 1-3): under 450 nm light in the absence
of a photocatalyst, methyl acrylate (MA) could be polymerized
in a completely open vial in 1 hour (entry 3). The unstirred

Table 1 Discovery and partial optimization of the open vial polymeriz-
ation of methyl acrylate (MA) (an extended Table 1 can be found in the
ESI, Table S2)°

2 MA:DMSO Conv.?  M,,cec My, cpe

Entry (nm) (v:v,pl) (%) (kg mol™) (kgmol™") My/M,
1 625 250:250 <1 — — —
2 530 250:250 <1 — — —

3 450 250:250 98 13.25 15.03 1.13
4 450 500:0 55 7.45 9.30 1.25
5 450 400:100 74 12.78 15.23 1.19
6 450 325:175 85 11.95 14.78 1.24
7 450 250:250 83 13.75 15.85 1.15
8 450 175:325 81 12.37 15.51 1.26
9 450 100:400 31 5.84 8.58 1.47

¢ Conditions: MA:TTC (200:1), 0.5 ml scale, 60 min (entries 1-3),
45 min (entries 4-9), uncapped 1 dram vial, no stirring. ” Conversion is
uncorrected for monomer evaporation.

This journal is © The Royal Society of Chemistry 2019
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polymerization in DMSO reached high conversion and yielded
polymer products with a narrow molar mass distribution. In
contrast to Boyer’s system, in which the oxygen tolerance is
proposed to originate from the ZnTPP,*® we hypothesized that
our system relies on a polymerizing through oxygen mecha-
nism, which could explain the presence of a small low mole-
cular weight tail in the GPC trace (Fig. S7, see the mechanism
section for further discussion on the origin of oxygen tolerance
in this system).

We began to probe this reaction by varying the monomer
concentration at a fixed MA: TTC ratio of 200:1 (Table 1,
entries 4-9). Not only does the concentration affect the rate of
polymerization, but the iniferter concentration also dictates
the radical flux, which is known to require a certain threshold
to successfully employ the polymerizing through oxygen strat-
egy.'”"® Bulk polymerization (entry 4) and dilute polymeriz-
ation (~2.2 M, entry 9) both resulted in lower molar masses
and bimodal molar mass distributions. All of the intermediate
concentrations (entries 5-8) resulted in similar M, values,
with the M, and dispersity differences arising from the slight
changes in the low molecular weight tail (see Fig. S8t for GPC
traces). A 1:1 ratio between monomer and solvent was used
going forward. Other solvents were tested (Table S2,T
entries 10-14), but toluene, ethyl acetate, acetone, and aceto-
nitrile all resulted in no polymerization under standard
conditions. N,N-Dimethylformamide did yield some polymer
(Myw/My, = 1.19) after 1 h of irradiation, but the molar mass
was significantly reduced (M, = 3.77 kg mol ™", Table S2,1 entry
13). Solvent mixtures between DMSO and MeCN (Table S2,}
entries 15-17) could be used successfully, but the polymer
molecular weight quickly drops if the DMSO fraction is below
~80%.

The reaction was then run on different scales (0.2-0.6 ml,
Table S2, entries 18-22 and Fig. S9t) in a 1 dram vial which
revealed that a reaction volume of at least 0.4-0.5 ml is needed
for this setup to achieve well-controlled and high molecular
weight polymers (vide infra). We chose 0.5 ml as the standard
reaction volume for MA. Next, the effect of the iniferter was
probed by using the commercially available TTCs 2 and 3
(Table S2,} entries 23 and 24). 2 is similarly symmetrical to 1,
but is terminated by two carboxylic acids instead of benzyl
esters. Under standard conditions, 2 yields polymer with
slightly lower molar mass (M,, = 12.22 kg mol™') and higher
dispersity (1.26) (entry 23). The unsymmetrical TTC 3 was less
effective, providing 6.51 kg mol™* polymer with a dispersity of
1.36 in 1 hour (entry 24). These data indicate that further
optimization will be needed when changing the iniferter for
open vial polymerizations, a potential drawback when com-
pared to oxygen-tolerant systems utilizing a photocatalyst."”

Finally, the efficacy of the polymerization was shown to be
strongly dependent on the use of high light intensity (Fig. 3A
and Table S2,} entries 25-29); however, the effect was some-
what dependent on the monomer investigated (Fig. S101).>*
We hypothesize that the high light intensity is necessary both
to achieve high radical flux for the polymerizing through
oxygen mechanism®® and for the accelerated polymerization

This journal is © The Royal Society of Chemistry 2019
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traces of chain extension from precipitated pMA to form pseudoblocks.
(D) GPC traces of block copolymer synthesis.

rate’® compared to many previous systems’*?° that have

directly activated the n to ©* transition of the iniferter.

After understanding which variables affect the polymeriz-
ation, different monomer: TTC ratios were used to demon-
strate that molar mass increases approximately linearly until
ca. 250: 1, at which point the molar mass achieved in 1 hour
levels off (Fig. 3B and Table S3,f entries 1-6). We initially
thought that perhaps the polymerization rate was limiting the
molar mass that could be achieved within 60 minutes of
irradiation, but increasing the polymerization time to 90 or
120 minutes resulted in bimodal molar mass distributions
and slightly lower M, (Table S3,} entries 7 and 8). We attribute
this degradation to chains near the solution-air interface react-
ing with oxygen (red path, Fig. 2), resulting in chains with half
of the molar mass compared to the original polymer.
Increasing the reaction volume to 0.7 ml led to an increased
molar mass (purple point in Fig. 3B and Table S3,} entry 9),
though all reactions with high monomer:iniferter ratios
(~300:1) were fairly inconsistent and sometimes resulted in
bimodal distributions. The inconsistency is likely due to the
low TTC concentration, which is known to reduce control in
TTC-mediated iniferter polymerizations.*”

Avariety of other acrylate and acrylamide monomers can be
polymerized in fully open vials under these conditions
(Table 2). n-Butyl acrylate (nBA) required a slightly larger reac-
tion volume, but proceeded with similar control as MA (entry
1). ¢-Butyl acrylate (¢BA) resulted in polymer with slight high-
molecular-weight tailing but also showed good control over
molar mass by varying the equivalents of monomer to iniferter
(entries 2-4 and Fig. S127). Poly(¢BA) is of particular interest
because it can be deprotected to form poly(acrylic acid) (PAA),

Polym. Chem., 2019, 10, 1585-1590 | 1587
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Table 2 Open vial polymerization using other acrylate and acrylamide monomers?

c

Monomer : DMSO Conv. MyTheo My,Gec M, grc
Entry  Monomer Monomer: TTC?  (v:v, pl) (%) (kgmol™)  (kgmol™)  (kgmol™)  My/M,
1 n-Butyl-acrylate 200:1 350:350 65 17.23 20.40 24.18 1.19
2 t-Butyl acrylate 150:1 300:300 68 13.25 15.21 18.79 1.24
3 t-Butyl acrylate 200:1 300:300 62 16.05 17.97 21.96 1.22
4 t-Butyl acrylate 250:1 300:300 66 21.32 20.53 26.37 1.29
5 2-(2-Ethoxyethoxy)ethyl acrylate ~ 200: 1 300: 300 59 21.78 38.01 58.16 1.53
67 Methyl methacrylate 200:1 325:175 33¢ 6.66 28.00 42.93 1.53
7 N,N-Dimethyl acrylamide 200:1 400:300 41°¢ 8.40 16.11 27.25 1.69
8 N-Isopropyl acrylamide 200:1 440: 3507 53 12.26 13.16 20.82 1.58
9 Acrylamide 200:1 274 : 4007 55 8.07 14.18 16.23 1.15

“ Conditions: Monomer : TTC (200: 1), 60 min, uncapped 1 dram via}} no stirring. ” Molar ratio. © Conversion is corrected for monomer evapor-
ation. ¢ 30 min. ° Conversion not corrected for monomer evaporation.” Solid monomer so concentration listed as weight (mg) : volume (ul).

a polyelectrolyte that is commonly used as a super-absorbing
polymer and as a coating for biomedical applications.** % A
sample of poly(tBA) was deprotected to PAA with trifluoroacetic
acid as a proof of concept.*® The solubility properties and
"H NMR analysis (Fig. S3 versus Fig. S5t) indicated clean con-
version to PAA. This completely metal-free synthesis of PAA
avoids additional purification steps to remove any catalysts or
additives that could contaminate the material.

2-(2-Ethoxyethoxy)ethyl acrylate (DEGA), methyl methacry-
late (MMA), N,N-dimethylacrylamide (DMAA), and N-isopropyl
acrylamide (NiPAAm) were all successfully polymerized in the
open vial setup, but with less control under standard con-
ditions (entries 5-8 and Fig. S131). DEGA and NiPAAm
resulted in generally broader molar mass distributions, while
DMAA had a narrow main distribution with a pronounced low
molecular weight tail. MMA reached very high molar mass at
low conversion, which could be due to fast propagation relative
to initiation or slower chain transfer. Acrylamide was polymer-
ized with a narrow dispersity, similar to MA (entry 9). All mole-
cular weights were larger than the theoretical values, presum-
ably due to partial degradation of the iniferter through reac-
tions with oxygen (red path, Fig. 2).

To prove that the iniferter was still active at the end of the
polymerization, more monomer was added followed by an
additional hour of irradiation, resulting in chain extension
without a loss of control (Fig. S157). If no extra monomer was
added, the molecular weight did not change between 1 and
2 hours of irradiation. Additionally, pMA macro-iniferter was
isolated by precipitation into cold hexanes before performing
additional growth experiments. Over two reinitiation cycles, the
GPC traces maintained a narrow, monomodal distribution and
clearly shifted to shorter retention times (Fig. 3C). Following a
similar procedure, a triblock copolymer of pMA-block-ptBA-
block-pMA was prepared with excellent control (Fig. 3D).

Mechanistic investigations/origin of oxygen tolerance

To confirm that the polymerization was due to the visible light
photolysis of the TTC, a series of control experiments were per-
formed. A dry ice-acetone bath was used to continually cool
the reactor during the polymerization, but the reaction solu-

1588 | Polym. Chem., 2019, 10, 1585-1590

tions do reach 60 °C due to the exotherm of the polymeriz-
ation. While this is still an elevated temperature, compared to
the thermally-initiated, open-to-air RAFT polymerization,"?
temperatures above 100 °C are not required to generate the
requisite high radical flux needed to achieve oxygen tolerance.
Notably, control reactions heated to 40, 60, and 80 °C in the
dark resulted in no conversion (Table S4,t entries 1-3). These
results are also supported by our initial finding that, of the
visible wavelengths tested, only blue light is able to activate
the TTC (Table 1, entries 1-3) since TTC 1 has a Amaxnorr =
452 nm. During the initialization period when the first mono-
mers are inserted into the iniferter C-S bonds, the n to ©* tran-
sition slightly blue shifts t0 Amax,n_r+ = 428 nm, but still over-
laps sufficiently with the emission of the LED to induce photo-
lysis (see Fig. S287). If no TTC was added to the reaction, no
conversion was observed (Table S4,} entry 4), corroborating
Qiao’s observation that visible light does not induce self-
polymerization of the monomer.>®

We hypothesize that our system displays oxygen tolerance
through a combination of high viscosity, low oxygen solubility,
high irradiance, bottom irradiation, no stirring, and large
reaction scale. These factors synergize so that the little oxygen
that is present in the solution can be removed through the
polymerizing through oxygen mechanism and oxygen mass
transport from the air is limited. This proposal is supported by
our optimization reactions and a variety of other control
experiments. We hypothesize that DMSO is the best solvent
due to its high viscosity®® and low solubility of oxygen*® com-
pared to the other solvents. The reaction volume screen
(vide supra, Table S2,} entries 18-22) indicated that there is a
minimum reaction volume required to achieve controlled
polymerization. Reaction volume affects oxygen diffusion by
changing the surface-area/volume ratio*' and by spatially sep-
arating the oxygen in the air from the propagating radicals
near the light source. If the reaction is stirred, which increases
the mass transport of oxygen, no polymerization is observed
(Table S4,1 entry 5). It is worthy to note that the polymeriz-
ation proceeds with excellent control under optimized con-
ditions despite any potential inhomogeneities caused by lack
of stirring. This control can possibly be attributed to the

This journal is © The Royal Society of Chemistry 2019
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degenerative chain transfer of the RAFT process. This finding
will be important for the application of this method to LAM
because stirring is not employed when forming crosslinked
polymer networks, but according to these data, living behavior
should be maintained. The penetration depth of the light will
also affect the maximum depth of the reaction, such that
scaling up the reaction must be done by increasing volume lat-
erally. This hypothesis was tested by running a 2 ml reaction
in an uncapped 20 ml scintillation vial (Table S4,} entry 6).
Comparable molar mass (M,, = 15.09 kg mol™") and dispersity
(1.16) values were obtained as on the smaller scale.

Many oxygen tolerant systems require a scrubbing mecha-
nism in which all of the oxygen in a closed vial, both in the
solution and in the headspace, is removed before the polymer-
ization can proceed, often resulting in long induction
periods.”'”** In an open vial system, the headspace is effec-
tively infinite, such that all of the oxygen can never be purged.
Therefore, for solutions that have not been degassed, the
polymerization should not be drastically affected by a cap,
besides the amount of monomer evaporation. This hypothesis
was tested by running parallel reactions with different head-
spaces: one uncapped vial, one with a closed cap and vent
needle, and one closed vial (Table S4, entries 7-9). All were
similarly well controlled, though the closed vial reactions went
to higher conversion and molecular weight, presumably due to
lower monomer evaporation. As expected, positive air pressure
significantly affects the reaction; when a balloon of air was
attached to the top of the reaction vial, the polymerization was
inhibited (M, = 3.58 kg mol™" after 1 h) and less controlled
(M/M,, = 1.35, Table S4,} entry 10).

We then sought to compare the kinetics of the open vial
polymerization to the corresponding air-free reaction (Fig. 4).
A conversion correction was applied to the open vial polymer-
izations based on an estimation of monomer evaporation (see
Section D in ESIt). The air-free reaction had a 5 min induction
period before displaying first order kinetics to 79% conversion
in 1 hour. The open vial polymerization kinetics were run in
triplicate to check for inconsistencies arising from oxygen
scavenging. Indeed, in the first 20 minutes, there was varia-
bility in the GPC traces, from tailing to bimodality. There
seemed to be a slight increase in induction period to around
10 minutes, though low molecular weight polymer was
observed in 10 minutes in one of the trials. By 30 minutes, all
traces had coalesced to monomodal, narrow peaks (Fig. S207),
and the molar masses matched very well with those from the
air-free reaction (Fig. 4A).

The molar masses for both the air-free and open polymeriz-
ations increased approximately linearly with conversion
(Fig. 4B). The air-free M, values match very closely with the
theoretical molar mass, whereas the open vial M, values
appear to be slightly higher. This observation could be due to
some iniferter degradation at the beginning of the reaction as
radicals react with dissolved oxygen, an error in the conversion
correction, or both. MALDI-TOF mass spectrometry analysis of
low molar mass samples verifies the expected polymer struc-
ture with the TTC moiety and two benzyl ester end groups (Na"

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Comparing the open vial polymerization to the analogous air-
free reaction: (A) M, increase over time (open vial polymerization
average of three runs). (B) M, versus conversion to show linear increase
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estimated due to monomer evaporation). (C) MALDI-TOF analysis of low
molecular weight samples to verify the TTC moiety and end groups
remain intact for both cases.

adduct observed) and confirms the polymer structure is identi-
cal between the air-free and open vial polymerizations (Fig. 4C).

Conclusions

In this study, we report an iniferter photo-CRP that proceeds
in completely open vials without any photocatalysts or addi-
tives. The polymerization is well controlled for acrylate mono-
mers and displays living behavior through control over the
molecular weight by adjusting the monomer: TTC ratio and
chain extension over multiple cycles. Acrylamide monomers
could also be polymerized in an uncapped vial, but with
slightly less control. Oxygen tolerance is proposed to arise via
the polymerizing through oxygen mechanism and -careful
experimental setup to limit the transport of oxygen in the air
to the site of polymerization. After understanding the para-
meters that affect oxygen tolerance, the polymerization was
able to be scaled up 4x to produce identical material to that of
the smaller scale. Compared to the air-free reaction, the induc-
tion period may have increased from 5 to 10 minutes, but is
still relatively short in comparison to the total reaction time of
60 minutes. Polymer of the same molar mass was produced in
1 hour for both the airfree and open vial cases and
MALDI-TOF confirms that both have identical structures with
the preservation of the TTC moiety and benzyl ester end
groups. This system will help advance the understanding of
oxygen tolerance in photocatalyst-free CRP and presents a very
convenient platform to perform reversible deactivation radical

Polym. Chem., 2019, 10, 1585-1590 | 1589
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polymerizations under ambient conditions for LAM in the
future.
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