Downloaded via UNIV OF PENNSYLVANIA on March 7, 2020 at 01:07:53 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Sustalnable

. . . @ Cite This: ACS Sustainable Chem. Eng. 2020, 8, 12761284 pubs.acs.org/journal/ascecg
Chemistryz Engineering

Photoinduced Upgrading of Lactic Acid-Based Solvents to Block
Copolymer Surfactants

Nabil Bensabeh, "* Adrian Moreno, = Adria Roig,% Mehrnoush Rahimzadeh,”® Khosrow Rahimi,”*
Juan Carlos Ronda,Jr Virginia Cédiz,T Marina Galié,T Virgil Percec,”"||
Cesar Rodriguez-Emmenegger,*’i’§ and Gerard Lligadas*’T’”

Laboratory of Sustainable Polymers, Department of Analytical Chemistry and Organic Chemistry, University Rovira i Virgili, C/
Marcelli Domingo 1, 43007 Tarragona, Spain

*DWI-Leibniz Institute for Interactive Materials, Forckenbeckstrafle S0, 52074 Aachen, Germany

Snstitute of Technical and Macromolecular Chemistry, RWTH Aachen University, Worringerweg 1-2, 52074 Aachen, Germany
||Roy & Diana Vagelos Laboratories, Department of Chemistry, University of Pennsylvania, 231 S. 34th Street, Philadelphia,
Pennsylvania 19104-6323, United States

© Supporting Information

ABSTRACT: We report a new strategy toward the development of block GREEN SOLVENTS AS A PLATFORM CHEMICALS TO
copolymer surfactants from chemicals of the lactic acid family. A particularly N,N-Dimethyl lactarfide

. . . . ’ = — N
unique aspect of this work is the use of green solvents as biobased platform o\

. . . Ethyl lactate 2\ A
chemicals to generate well-defined and nanostructure-forming materials. v 2, Ampbhiphilic
- block copolymers

Herein, efficient functionalization of ethyl lactate (EL) and N,N-dimethyl

lactamide (DML) solvents with acrylate groups generated monomers that posr::l::;;m

could be polymerized by the photoinduced copper-catalyzed living radical g, oS0 7 g i ———
polymerization process to yield polymeric materials with different water latex

solubilities. These lactic acid-derived monomers were used as a major FUNCTIONAL ADDITIVES IN NANOMATERIAL SYNTHESIS

component in well-defined diblock copolymers composed of poly(EL

acrylate) and poly(DML acrylate) segments as hydrophobic and hydrophilic building blocks, respectively. The resulting
amphiphilic copolymers could self-assemble in aqueous solution to form nanoparticles with different morphologies (e.g., large-
compound micelles and vesicles). Subsequently, the formed amphiphilic polymers were employed as efficient stabilizers in the
emulsion polymerization of methyl methacrylate and styrene, offering a facile method for the synthesis of well-defined and
stable polymer latexes in the range of 100—200 nm, demonstrating the practical significance of these biobased polymers in
nanomaterial synthesis.

KEYWORDS: green solvent, sustainable copolymers, amphiphilic, photopolymerization, living radical polymerization,
emulsion polymerization

B INTRODUCTION toward disproportionation in DML'® and EL*" also facilitated
their application as efficient green reaction media in Cu(0)-
mediated SET-LRP reactions.”””” However, the potential of
these simple and cheap lactic acid deriavatives™ goes beyond
their academic use as they have been used in many industrial
applications including the preparation of agrochemical®* and
cleaning formulations,” polymeric membranes in a safe

Biomass-derived platform chemicals are gaining momentum in
both industry and academia because of dwindling of fossil fuel
resources and environmental concerns.' ™ In this regard, lactic
acid is one of the top feedstock given its ready availability from
renewable carbohydrates via fermentation or chemocatalytic
routes,”® and its facile conversion into a number of important 26 139729
derivatives such as fine and commodity chemicals, biodegrad- workplace, among others.”™ )

able polymers, and fuel precursors.~'° Among them, ethyl The chemical structure of EL and DML is also of great

lactate (EL)'" and N,N-dimethyl lactamide (DML)"> are in appeal to expand the scope of potential application of these
green solvents as sustainable feedstock for sustainable polymer

synthesis.”’ "> Their secondary alcohol offers a simple access
to monovinyl derivatives for use in either free or living radical
chain growth polymerizations (FRP and LRP, respectively). In
this regard, a few publications reported that acrylic and

the portfolio of available green biosolvents suitable to replace
traditional chemicals because they offer an appealing
combination of properties including high boiling point, high
solvency power, negligible toxicity, and 100% biodegradability
that translate into important environmental benefits and
performance advantages.'>~'® The use of EL, for example,

enabled to improve the green angle of numerous organic Received: November 5, 2019
transformations such as olefin metathesis'” and cycloaddition'® Revised:  December S, 2019
reactions. The instability of Cu(I)X/N—ligand complexes Published: December 11, 2019
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Scheme 1. Synthesis of ELA and DMLA Monomers from the Corresponding Green Solvents and Subsequent Cu(II)-Mediated
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methacrylic derivatives of lactic acid esters (i.e., methyl, ethyl,
butyl) are suitable to polymerize by FRP to yield water-
insoluble rubbery polymers.”*~*° More recently, our group also
reported that well-defined polymers derived from this toolbox
of monomers are easily accessible by Cu(0) wire-mediated
SET-LRP.>”*® However, vinylic derivatives of N-alkyl
lactamides and polymers thereof are only reported in the old
patent literature,”” and no study on their physical properties,
LRP as well as block copolymer (BCP) synthesis, is yet
available to the best of our knowledge.

Herein, we sought to enable the development of advanced
materials such as BCPs""~** using EL and DML green solvents
as biobased platform molecules by synthesizing and polymer-
izing the corresponding acrylic derivatives. The different water
solubility demonstrated by the corresponding homopolymers,
that is, poly(EL acrylate) (PELA) is hydrophobic and water-
insoluble and poly(DML acrylate) (PDMLA) is hydrophilic
and water-soluble, drove our interest to study the overall ability
of the resulting sustainable BCPs to undergo self-assembly
under aqueous conditions. The innovative sustainable
amphiphilic copolymers reported in this study showed promise
as polymeric surfactants in the aqueous emulsion polymer-
ization of commodity monomers such as methyl methacrylate
(MMA) and styrene (S).

B EXPERIMENTAL SECTION

General Procedure for the in Situ Cu(ll)-Mediated Radical
Block Photocopolymerization of ELA and DMLA. The
procedure is generic for all the BCPs prepared herein. The block
copolymerization of ELA ([ELA],/[EBiB],/[Cu(1I)Br,],/
[Me,TREN], = 50/1/0.02/0.12) with DMLA (SO equiv) is
described. ELA (0.5 mL, 3.11 mmol) and Me,TREN (2 uL, 0.0075
mmol) were added in a vial containing a small Teflon-coated stirring
bar. Afterwards, 0.5 mL of stock solution containing ethyl a-
bromoisobutyrate (EBiB) (36.6 uL, 0.062 mmol) and Cu(II)Br,
(1.12 mg, 0.0013 mmol) in dimethyl sulfoxide (DMSO) was
introduced to the reaction mixture. After sealing the flask with a
rubber septum and bubbling argon through the reaction mixture for
1S min, the vial was placed under UV light irradiation while stirring.
After 2.5 h, the reaction mixture was sampled using an airtight syringe
under positive pressure of argon to determine ELA conversion by 'H
NMR spectroscopy. After that, a solution DMLA (0.44 mL, 3.11

mmol) and Me,TREN (2 uL, 0.0075 mmol) in DMSO (0.44 mL),
previously deoxygenated was injected into the polymerization mixture
via a cannula. The reaction mixture was placed again under UV light
and allowed to proceed for additional 2.5 h. Finally, the DMLA
conversion was determined by 'H NMR spectroscopy and M, and
M, /M, values by gel permeation chromatography (GPC) using
PMMA standards. The obtained copolymer was purified through
dialysis against acetone and dried under vacuum until constant
weight. The critical aggregation concentration (CAC) of selected
copolymers was determined by using Nile Red (NR) as a fluorescence
probe by monitoring the emission peaks at 585 nm. A copolymer
concentration ranging from 1.0 X 10~ to 1.0 g-L ™" was used. The NR
concentration was fixed at 6.0 X 1077 M.

Self-Assembly of BCPs. BCP1 nanoassemblies were prepared by
direct dissolution of 0.5 mg of copolymer in 10 mL of Milli-Q water.
BCP2 nanoassemblies were prepared by two different methods: (i)
fast injection of a solution of copolymer in THF (5 mg:-mL™") to milli
Q water at room temperature and (ii) fast injection of the same
solution to milli Q water at 80 °C.

B RESULTS AND DISCUSSION

Synthesis of ELA and DMLA. As reported in a previous
publication,”” EL solvent was used as a biobased platform
chemical to synthesize its acrylic derivative (ELA, Scheme 1).
ELA was synthesized using an environmentally friendly
approach using acrylic acid as a main reagent and T3P as an
ester-coupling promoter in the presence of TEA.* To
maximize the green angle of the process, a solvent with low
environmental impact such as Me-THF was used. After a
simple work-up method with no chromatographic purification,
ELA was obtained in 52% yield. Unfortunately, although
research to improve this procedure continues to be in progress,
at this time this attractive procedure was not employed to
install the acrylate functionality on the DML solvent (vide
infra). Therefore, the acylation of DML with acryloyl chloride
in the presence of TEA afforded the corresponding optically
active ([a]}’ = +8.0, ¢ 1.0 mg/mL, MeCN) acrylic ester-amide
monomer (DMLA) as a colorless liquid after vacuum
distillation (70% yield). Although EL solvent is miscible in
water and common organic solvents, the corresponding acrylic
derivative (ELA) turned insoluble in water. However, switch-
ing the ethyl ester moiety to an N,N-dimethyl substituted
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Figure 1. (a) Kinetics plots and evolution of experimental M, (GPC) and M, /M, vs theoretical M™ for the Cu(Il)-mediated living
photopolymerization of DMLA in DMSO. Reaction conditions: [DMLA],/[EBiB],/[Mes;TREN],/[Cu(I)Br,], = 50/1/0.12/0.02. (b)
Dependence of experimental M, (GPC) and M,,/M, on [DMLA],/[EBiB], ratio for the photopolymerization of DMLA in DMSO. (c) GPC traces
(normalized to peak height) of PELA with different targeted DPs (25—400).

amide resulted in a water-soluble vinylic monomer (DMLA)
that, as will be discussed lately, enabled us to prepare new
amphiphilic BCPs from these two lactic acid-derived
monomers. Unfortunately, the water solubility of DMLA
compromised the isolation of this monomer after synthesis via
T3P-promoted esterification with acrylic acid.

The structure of both monomers was verified by NMR and
high-resolution mass spectrometry (Figures S1—S4). Previ-
ously, our group and others demonstrated that ELA is prone to
polymerize either by FRP or LRP to deliver water-insoluble
rubbery polymers (i.e., PELA).>*~*” The ability of DMLA to
polymerize by FRP using AIBN as the initiator was confirmed
by '"H NMR and GPC. 'H NMR analysis indicated 96%
monomer conversion after 8 h at 90 °C. The resulting polymer,
named thereafter PDMLA, was soluble at 10 wt % in polar
organic solvents such as THF, CH,Cl,, CHCl;, acetone, and
DME but also in water. This hydrophilic polymer could also be
dissolved in DML and EL. Compared to "H NMR spectrum of
the monomeric precursor, the "H NMR spectrum of PDMLA
recorded in D,0O revealed the successful formation of the
saturated polymer backbone by the absence of the olefinic
protons and the appearance of the characteristic signals at
1.35—2.65 ppm corresponding to the polymer backbone
(Figure SS). GPC analysis in DMF (0.1 wt % LiBr) was
used to determine number-average molar mass (M,) = 27 300
g mol™' and molecular weight distribution (M,/M,) = 2.9
(Figure S6). Next, the thermal properties of PDMLA were
investigated by differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) techniques. The only
thermal event that was detected in the DSC curve was an
endothermal baseline shift, associated with the glass transition
temperature (T,), at a remarkably high temperature (75 °C),
which is in accordance with the solid appearance of the
polymer at room temperature (Figure S7). The T, of this
amorphous polymer is significantly higher than that previously
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reported for PELA prepared by FRP (T, = —27 °C).” It is
believed that polar N,N-dimethyl amide side groups lead to
stronger intermolecular attractive interactions between chains
which hinder molecular motion, thus causing an increase in T,
TGA analysis revealed that after an initial weight loss,
associated with some humidity absorbed, the thermal
degradation of PDMLA side groups and backbone has a
well-defined one-step degradation profile with a maxima at 353
°C (Figure S8).

Photoinduced LRP of DMLA and ELA. Considering the
potential of photopolymerization techniques for green and
sustainable polymerization processes, the living photopolyme-
rization of DMLA and ELA was investigated. To provide an
effective route for the synthesis of well-defined polymers,
copper-catalyzed photoinduced radical polymerization was
employed in this study.**”*’ Initially, the polymerization of
DMLA was performed at ambient temperature using catalytic
Cu(II)Br, (2 mol % with respect to the initiator) and an
aliphatic amine ligand, Mes-TREN, in the presence of UV light
(Amax ® 365 nm) (Scheme 1). The polymerization of DMLA
was initiated from EBiB acting as a monofunctional initiator.
When the degree of polymerization (DP) was targeted at 50
using DMSO as a nontoxic green solvent,”” '"H NMR analysis
revealed near quantitative conversion after 3 h according to the
disappearance of the vinyl signals between 5.8 and 6.4 ppm
(Figure S9). Molecular weight analysis of the resulting polymer
by GPC revealed a symmetrical monomodal peak (M, /M, =
1.26) (Figure S10). Moreover, the experimental number
average molecular weight of the polymer (MS™© = 10000 g-
mol™") determined using PMMA standards was in good
agreement with the theoretical value (M™ = 8800 g-mol ")
calculated from the monomer/initiator ratio and the monomer
conversion. Note that the photopolymerization of DMLA in its
solvent precursor (i.e, DML) also reached high monomer
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Figure 2. Schematic representations for: (a) synthesis of amphiphilic BCPs from ELA and DMLA via Cu(II)-mediated radical photopolymerization
using a one-pot polymerization approach, (b) BCP1 micelles self-assemble in water at 25 °C, (c) BCP2 vesicles self-assemble when the copolymer
is injected into water at 25 °C but BCP2 worm-like micelles self-assemble when the injection is carried out at 80 °C. The worm-like micelles
transform into vesicles after some days at 25 °C. Cryo-transmission electron microscopy (cryo-TEM) images for (d) BCP1 self-assembled in water
by direct dissolution and (e) BCP2 self-assembled by fast injection of the copolymer (dissolved in THF) into water at 25 °C. (f) Cryo-TEM images
recorded 30 min after self-assembly of BCP2 by fast injection of the copolymer (dissolved in THF) into hot water (80 °C) (left image) and after 7

days at 25 °C (right spectrum). Scale bars are 100 nm.

conversion (conv. > 99%) and delivered a well-defined
polymer (M,/M, = 1.26) (Figure S11).

Next, the living character of the photoinitiated radical
polymerization of DMLA in DMSO was investigated in detail
via kinetic analysis. As can be seen in Figure la (left panel),
more than 90% of DMLA conversion was reached within 120
min including an initial induction period of 30 min. Following
this induction period, kinetic analysis revealed a linear increase
of the In([M],/[M])—time plot, which is in agreement with a
constant number of propagating chains throughout the
polymerization.

Moreover, GPC analysis at different polymerization times
clearly illustrated the linear increase of molar mass with
theoretical values and symmetrical unimodal GPC traces (M,,/
M, = 1.35—1.12) throughout the polymerization process (right
panel).

Under identical conditions, the polymerization was con-
ducted at different M/I ranging from 25 to 400 (Figures 1b
and S12). The results are summarized in Table S1. In all cases,
these experiments proceeded up to high monomer conversion
(>95%), which is along the lines of the Green Chemistry
principles. GPC analysis revealed increasing molecular weights
when targeting higher DPs, with narrow molecular weight
distribution (M,/M, = 1.19—1.26). Moreover, good agree-
ment between MP and MSFC was maintained up to
approximately 75000 g'mol™'. As expected, the resulting
PDMLA homopolymers were glassy (T, ~ 65 °C) and water-
soluble at room temperature (Figure S13). Importantly,
PDMLA polymers exhibited a significant chiral amplification
([a]¥ = +25.7 for M, = 10 000 and [a]¥ = +28.5 for M, = 74
000) compared to the corresponding monomer ([a]F = +8.0).
This kind of increase suggests that the optical activity of the
polymer not only arises because of the configurational chirality

in the side chain but also from a conformational chirality, most
likely a secondary helical arrangement of the main chain.”'
Note that no chiral amplification was previously observed for
PELA.”

With the hydrophilic building block in our hands, this
efficient synthetic methodology was also applied to the
hydrophobic and water-insoluble ELA monomer. Under
strictly identical reaction conditions, a series of polymer-
izations were conducted in DMSO targeting DPs from 25 to
400 (Figure 1c and Table S2). Irrespective of the targeted DP,
the Cu(II)-mediated photoinduced polymerizations of ELA
reached almost quantitative conversions within 2 h. All the
polymerizations were found to proceed under homogeneous
conditions with a high degree of control (M,/M, = 1.19—
1.24) (Figure 1c and Table S2). A representative kinetic
experiment demonstrated that the photopolymerization of
ELA also is fast and shows the expected features for an LRP
technique (Figure S14). Note that there is no significant
difference on the Cu(II)-mediated photopolymerization
kinetics of ELA and DMLA monomers in comparison with a
commercially available model acrylate such as methyl acrylate
(compare Figures 1a, S14 and S15). The photopolymerization
of ELA in its solvent precursor proceeded up to high
conversion (conv. = 95%) and furnished a narrow molecular
weight polymer (M,/M, = 1.30) (Figure S16). Finally, the
excellent control over the polymerization and high chain-end
functionality attained in both systems was proved by MALDI-
TOF MS analysis of the lowest molar mass PDMLA and PELA
samples before and after thio-bromo “click” thiotherification of
bromine chain ends with thiophenol (Figure S$17).°>>* The
presence of a dominant distribution with a peak-to-peak mass
increment, which equals the mass of a single repeating unit,
vanishing after thio-bromo “click” thiotherification of bromine

DOI: 10.1021/acssuschemeng.9b06599
ACS Sustainable Chem. Eng. 2020, 8, 1276—1284


http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06599/suppl_file/sc9b06599_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06599/suppl_file/sc9b06599_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06599/suppl_file/sc9b06599_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06599/suppl_file/sc9b06599_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06599/suppl_file/sc9b06599_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06599/suppl_file/sc9b06599_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06599/suppl_file/sc9b06599_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06599/suppl_file/sc9b06599_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06599/suppl_file/sc9b06599_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06599/suppl_file/sc9b06599_si_001.pdf
http://dx.doi.org/10.1021/acssuschemeng.9b06599

ACS Sustainable Chemistry & Engineering

Research Article

chain ends with thiophenol, supports the high end group
fidelity of the synthesized polymers. The new series of peaks
emerging after the chemical modification at polymer chain
ends appears 29 mass units above. This mass difference is
consistent with the replacement of —Br (80) with —SPh (109)
at the w-chain ends of both polymers.

Synthesis and Thermal Properties of Amphiphilic
BCPs. After demonstrating the facile preparation of well-
defined homopolymers from ELA and DMLA with very
different water solubilities, we pursued synthesizing amphi-
philic diblock copolymers with PELA and PDMLA segments
as hydrophobic and hydrophilic building blocks, respectively.
In this study, we were interested to obtain BCPs able to self-
assemble into various nanostructures in aqueous solution. As a
proof of concept, two different PELA/PDMLA copolymers
were synthesized using a one-pot polymerization approach
(i.e., in situ chain extension of the first block prepared at near
quantitative monomer conversion) (Figure 2a). Initially, a
BCP with hydrophilic/hydrophobic ratio of 50/50 (mol/mol),
named thereafter BCP1, was targeted to favor the formation of
spherical micelles in water. First, the hydrophobic core block
was synthesized by Cu(Il)-mediated living radical photo-
polymerization of ELA under conditions [ELA],/[EBiB],/
[Mes-TREN],/[Cu(II)Br,], = 50/1/0.12/0.02 irradiating with
UV-light (conversion 99%, M, = 9,250, M,,/M, = 1.23). The
near-quantitative monomer conversion enabled the in situ
chain extension, avoiding intermediate purification of the first
block, with DMLA (DP = 50) in the second step (98% DMLA
conversion) to produce PELA-b-PDMLA (BCP1, M, = 18,200,
M, /M, = 1.13).

As shown in Figure 3, the successful formation of a diblock
copolymer was demonstrated by a clear shift of GPC trace
toward higher molecular weights relative to the respective
macroinitiator, without significant shoulders or tailing. Both
blocks were grown in a controlled fashion as indicated by the
close agreement between the measured MSTC and the M™

Br
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Figure 3. GPC analysis of the in situ block copolymerization via
Cu(II)-mediated photopolymerization of PELA with DMLA to
synthesize BCP1. Reaction conditions for the synthesis of PELA
macroinitiator: [ELA],/[EBiB],/[MesTREN],/[Cu(II)Br,], = S0/
1/0.12/0.02 in DMSO (50 vol %) followed by the addition of
deoxygenated DMLA (S0 equiv) in DMSO in situ. Numbers shown
together with the GPC traces correspond to monomer conversion, M,
(GPC), M%, and M,,/M,, respectively, from the top to the bottom.
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calculated from the monomer conversions and narrow
molecular weight distribution of the resulting copolymer.
Note that the reverse block sequence (PDMLA—PELA) was
also successful but with major discrepancy between exper-
imental and theoretical M, values of the resulting copolymer
(Figure S18). Next, with the aim to deliver an amphiphilic
BCP which could self-assemble to vesicles, the molar ratio of
[ELA],/[DMLA], was varied to deliver an amphiphilic diblock
copolymer with a higher hydrophobic content (BCP2, Figure
2a).

In this case, a PELA macroinitiator was synthesized using a
[ELA],/[EBiB], = 75 under otherwise identical conditions to
yield PELA with M, = 12 640 and M,,/M, = 1.17 which was
chain-extended in situ with DMLA (DP = 25). GPC analysis
after each of the two synthesis stages showed the expected
growth in molar mass (Figure S19). The targeted BCPs were
recovered by dialysis on a small scale against acetone (MWCO
2000) to minimize solvent waste and further analyzed by 'H
NMR. As an example, the analysis of BCP1 is shown in Figure
$20. '"H NMR analysis using a solvent such as CDCl; which is
a good solvent for the PELA and PDMLA blocks, revealed the
characteristic resonances of PELA (e.g,, 63 = 5.00 ppm and &,
= 4.17 ppm) and PDMLA (e.g, &;, = 5.4 ppm) segments. The
copolymer composition was calculated from the integrated
signal of PELA CH—O group proton (6 = 5.0 ppm) with
respect to the same signal of PDMLA (6 = S.4 ppm).
According to the targeted DPs, 'H NMR analysis indicated a
PELA/PDMLA copolymer composition of 0.51/0.49 for BCP1
and 0.80/0.20 for BCP2. Importantly, when BCP1 was
dissolved in D,O, which is a good solvent only for the
PDMLA block, no precipitate was observed and only the
resonances attributed to the hydrophilic PDMLA block could
be detected in the "H NMR spectrum (Figure S20b), whereas
those stemming from PELA cannot be detected as the block is
collapsed and the solvent excluded. Overall, these observations
are consistent with the formation of self-assembled structures
of BCPI in water (e.g, micelles, vesicles) with an external
hydrophilic PDMLA shell and an internal hydrophobic PELA
portion with restricted motion. Microphase separation
behavior of the synthesized copolymers in the bulk state, but
with the possibility of partial mixing of the two constitutive
segments, was also proved by DSC and transmission electron
microscopy (TEM) (Figure S21 and the corresponding
discussion).

Self-Assembly Studies of Amphiphilic BCs in Water.
With two PELA/PDMLA copolymers with different compo-
sitions in-hand, their self-assembly abilities in water were first
evaluated by measuring the CAC using NR as the fluorescence
probe. The fluorescence quantum vyield of this molecule is
much higher in an apolar environment than polar. As can be
seen in Figure S22, the fluorescence intensity of NR increases
rapidly through a critical polymer concentration, indicating the
formation of nanoaggregates of BCP1 and BCP2 with apolar
pockets. The CAC determined at the onset of slope change
indicated that BCP1 acts as a container for NR above a
concentration of approximately 0.034 mg L™". However, BCP2
with a higher fraction of PELA hydrophobic segment
promoted aggregation to a greater extent as indicated by a
lower experimental CAC value (0.022 mg L™"). This is in line
with stronger interaction energy (N-y) for a longer block.
Some intensity could be observed below the CAC which
corresponds with the existence of monomolecular micelles.
The hydrodynamic size and morphologies of the self-
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Figure 4. (a) Schematic representation of the aqueous emulsion radical polymerization of MMA and S using BCP1 as stabilizer. (b) DLS size
distribution by intensity of PMMA and PS latexes stabilized by BCP1. (c) TEM image of the PMMA latex (scale bar is 100 nm). (d,e) Digital
images and DLS analysis of PMMA latex under various storage conditions.

assembled structures was further investigated by dynamic light
scattering (DLS) and cryo-TEM. BCP1 was added to water in
a concentration above the CAC (0.5 mg mL™"). A slightly
turbid solution was obtained, indicating the formation of
aggregates in solution (Figure S23). BCP1 consists of two
blocks with identical DP. However, whereas the hydrophobic
block (ELA) is collapsed in water, the hydrophilic block
(DMLA) is fully expanded. Thus, low packing parameters
(conical shape) corresponding to micelles were expected. DLS
analysis revealed an average size of 78 nm with a dispersity of
0.224 for the nanoparticles (Figure S24a). However, the size of
these particles was larger than one should expect for single
spherical micelles of BCP1. The hydrophobic part of BCP1 has
only DP = 50 and its contour length is smaller than half the
diameter of the aggregates. The larger size could result from
further aggregation of single spherical micelles because of the
existence of secondary interactions, bridging, between the
hydrophilic swollen micellar coronas,”* leading to large
compound micelles (LCMs) (Figure 2b). Such attractive
interactions may be supported by hydrogen bonding and
dipole—dipole. The cryo-TEM analysis confirmed the presence
a large number of clustered particles of about 80 nm size
(Figures 2d and S25), in agreement with the DLS measure-
ment. The nonuniformity of the clusters confirms that they
could not be simple micelles. The higher hydrophobic
character of BCP2 required a modified approach to study its
self-assembly in water. A dilute solution of BCP2 in THF (S
mg mL™") was injected into water at room temperature (final
concentration of 0.5 mg mL™") (Figure 2c, right). In this case,
a cloudy suspension was obtained, indicating the formation of
larger aggregates in water (Figure S23) that strongly scatter
light. Accordingly, DLS measurements showed a narrow size
distribution centered at 148 nm (Figure S24b). The self-
assembly of amphiphilic BCP2 was visualized with cryo-TEM
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(Figure 2e). The majority of the particles were unilamelar
vesicles with a diameter of 50—150 nm. The clear contrast
between the dark periphery and the hollow center indicates
that these spheres are vesicular. Vesicles with higher lamellarity
cannot be excluded by the injection method but were found in
minimal proportion.

The differences in lyothropic assembly between BCP1 and
BCP2 are in agreement with their molecular structure. In
BCP2, the ratio of hydrophobic to hydrophilic block is
increased, thus bilayer type of assembly that closed into
vesicles is expected.”” TEM image shown in Figure S26 was
used to evaluate the membrane thickness, which statistically
yields a thickness of 19 + 0.9 nm. Interestingly, a different
morphology was obtained when injecting the organic solution
of the copolymer into hot water (80 °C) and cooling down to
room temperature (Figure 2c, left). The assembly temperature
is selected to be higher than the highest T, of each block as
observed in the thermal analysis by DSC (Figure S21). In this
case, the cryo-TEM grid was prepared 30 min after sample
preparation, thus giving short time for structure evolution.
Cryo-TEM revealed aggregates consistent with the formation
of worm-like micelles, which were obtained with a diameter of
approximately 18 nm (Figure 2f left and Figure S27). This
diameter is in agreement with the thickness of the membrane
in the unilamellar vesicle. The formation of cylindrical micelles
on BCP2 when injection was carried out at high temperature
can be explained by a higher swelling of the hydrophilic block.
The larger hydrophilic volume causes the ratio of hydrophilic
interfacial area to become larger than the cross section of the
hydrophobic block, shifting the packing parameter to the range
of worm-like micelles at 80 °C. Because of the high molecular
weight and low mobility of the chains in the aggregate, the
worm-like micelles did not evolve to vesicles after 30 min at 25
°C. But is this system dynamic enough to observe a phase
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transition between lyotropic phases? To prove the dynamic
self-assembly behavior of the system, the same sample was
analyzed again after 7 days at room temperature (Figure 2f,
right). After this time, cryo-TEM imaging showed unilamellar
(yellow circle) and onion-like vesicles (green circle) but no
cylindrical micelles could be found. Hence, we observed an
interesting phase transition from cylindrical micelles to
unilamellar vesicles as, after some days, the hydrophilic block
size and consequently packing parameter goes back to what it
is when the injection is done at room temperature. Overall,
these results demonstrate that PELA/PDMLA amphiphilic
copolymer can self-assemble into different morphologies such
as LCMs, worm-like micelles, and unilamellar or onion-like
vesicles, depending on the relative block length of the
constitutive homopolymers and the preparation method of
the self-assemblies.

PELA/PDMLA Amphiphilic BCPs as Stabilizers in
Emulsion Polymerization. Aqueous emulsion radical
polymerization processes are industrially relevant in large-
scale synthesis of vinyl polymers.’®"” A basic emulsion
polymerization system involves the use of a monomer or a
mixture of monomers, typically in water and in the presence of
a surface active agent (surfactant). Commonly, low molecular,
short-chain stabilizers are used. However, the use of
amphiphilic BCP surfactants impart several advantages to the
properties of the resulting emulsion because they exhibit
unique properties in aqueous solution owing their low CAC
and low diffusion coefficient compared to those of conven-
tional low-molecular-weight surfactants.®*’

As a proof of concept test procedure, the emulsion
polymerizations of MMA and S were investigated using 1.0
wt % of either BCP1 or BCP2 as macromolecular stabilizer
with respect to the monomer (Figure 4a). Both reactions were
performed at a monomer content of 6 wt % using potassium
persulfate as an initiator at 75 °C. Under these conditions, no
stable latexes were obtained using BCP2 as a macromolecular
surfactant. However, BCP1 was found to be an efficient
stabilizer for both commodity monomers because no coagulum
was observed during the polymerization process up to high
conversion. DLS analysis revealed the formation of well-
defined PS and PMMA nanoparticles according to low PDI
values although the average diameter for PS particles was larger
(190 vs 98 nm) (Figure 4b). As can be seen in Figure S28, the
smaller particle size distribution after polymerization than the
initial droplet-size distribution is consistent with a predom-
inant emulsion polymerization mechanism. Uniform and
spherical latex particles were visualized by TEM (Figures 4c
and S29). Both PS and PMMA latex particles stabilized with
BCP1 remained stable for at least 30 days at room
temperature. The stability of the PMMA latex particles was
investigated under various conditions (Figure 4d,e). The
nonionic nature of the BCP1 endowed excellent pH stability to
the system. PMMA latex was stable when the pH was increased
to 14. When the pH of the system was decreased to 1, no
coagulation took place and DLS analysis after 24 h revealed
only a slight increase on diameter and PDI. A similar behavior
was observed after storing the PMMA suspension for 24 h in
the fridge (S °C). However, it broke after cooling at —20 °C
for 24 h and thawed at room temperature (Figure 4d, right
image). A promising stability to electrolyte addition was also
demonstrated as PMMA latex stabilized by BCP1 was stable
even after increasing the NaCl concentration until saturation.
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B CONCLUSIONS

In conclusion, our study demonstrates that environmentally
friendly solvents can be upgraded to functional amphiphilic
BCPs, suitable for applications as surfactants in nano-
fabrication. Efficient and sustainable functionalization of EL
and DMLA green solvents with acrylate moieties generated
monomers well-behaved under Cu(II)-mediated photoinduced
LRP to deliver narrow and high-end functional homopolymers
at near-quantitative monomer conversion. Most importantly,
the EL-based polymer is hydrophobic and water-insoluble but
switching the ethyl ester moiety to an N,N-dimethyl
substituted amide resulted in a water-soluble vinylic polymer
(PDMLA). Thus, we focused our attention on the preparation
of well-defined amphiphilic diblock copolymers, combining
both building blocks in one material. Several green chemistry
principles apply to this approach: (i) monomer synthesis is
conducted using minimal energy in a biomass-derived solvent
such as Me-THF avoiding chromatographic purification, (ii)
photoinduced Cu(II)-catalyzed polymerizations, conducted
under mild conditions using a simple reaction setup, offer
near-quantitative monomer conversions that enable block
copolymerization with no intermediate purification of the
first block, (iii) polymer purification protocols involves dialysis
on a small scale to minimize solvent waste. The synthesized
copolymers could self-assemble in water to generate nano-
aggregates with different morphologies such as LCMs, worm-
like micelles, and vesicles. In this regard, they exhibited
efficient performance as nonionic surfactants in the preparation
of well-defined PMMA and PS latexes via aqueous emulsion
polymerization, demonstrating their practical significance for
technological applications.
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