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Introduction

A green solvent-to-polymer upgrading approach
to water-soluble LCST poly(N-substituted
lactamide acrylate)s+
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We report a green solvent-to-polymer upgrading transformation of chemicals of the lactic acid portfolio
into water-soluble lower critical solution temperature (LCST)-type acrylic polymers. Aqueous Cu(0)-
mediated living radical polymerization (SET-LRP) was utilized for the rapid synthesis of N-substituted lac-
tamide-type homo and random acrylic copolymers under mild conditions. A particularly unique aspect of
this work is that the water-soluble monomers and the SET-LRP initiator used to produce the corres-
ponding polymers were synthesized from biorenewable and non-toxic solvents, namely natural ethyl
lactate and BASF's Agnique® AMD 3L (N,N-dimethyl lactamide, DML). The pre-disproportionation of Cu(i)
Br in the presence of tris[2-(dimethylamino)ethyllamine (MegTREN) in water generated nascent Cu(0) and
Cu(i) complexes that facilitated the fast polymerization of N-tetrahydrofurfuryl lactamide and N,N-
dimethyl lactamide acrylate monomers (THFLA and DMLA, respectively) up to near-quantitative conver-
sion with excellent control over molecular weight (5000 < M,, < 83 000) and dispersity (1.05 < b < 1.16).
Interestingly, poly(THFLA) showed a degree of polymerization and concentration dependent LCST behav-
ior, which can be fine-tuned (T, = 12-62 °C) through random copolymerization with the more hydro-
philic DMLA monomer. Finally, covalent cross-linking of these polymers resulted in a new family of
thermo-responsive hydrogels with excellent biocompatibility and tunable swelling and LCST transition.
These illustrate the versatility of these neoteric green polymers in the preparation of smart and biocompa-
tible soft materials.

ous commercial products today with wide applications
in agriculture, oil recovery, food, cosmetics, and green

Growing government regulations and concerns regarding
environmental preservation and depletion of natural resources
require expanding the currently dominating polymer portfolio
with sustainable solutions based on renewable resources.'”
Water-soluble polymers are important components of numer-
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technologies.”™” In particular, stimuli-responsive designs fea-
turing a reversible and sharp coil-to-globule transition upon
exceeding a certain temperature are highly valuable for a
number of specialized applications.®® Most of these polymers
rely on a controlled balance between their hydrophobic back-
bone and side groups usually hydrated via hydrogen bonding.
An increase in the temperature changes this balance by releas-
ing water molecules with concomitant desolvation.>"® This
results in a phase separation at a cloud point (T.,) associated
with a lower critical solution temperature (LCST) because of
unfavorable entropy changes. Typical examples of water-
soluble polymers with remarkable performance with regard to
their LCST behavior are poly(N-isopropylacrylamide) [poly
(NIPAM)],"*  poly[oligo(ethylene glycol) (meth)acrylate]s,"
N-alkyl-substituted poly[aminoethyl (meth)acrylate]s,"> poly
(meth)-acrylates bearing an amide functionality,"**® and
N-substituted poly(meth)acrylamides,'® which are attainable
via reversible deactivation radical polymerizations (RDRP)."”"'®

This journal is © The Royal Society of Chemistry 2022
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However, the thermo-responsive polymers mentioned above
are based on non-renewable resources and more attractive
counterparts from the standpoint of being biobased have been
relatively underexplored and mostly limited to amino acid-
derived polymers.'®?

In recent years, massive efforts have been made to produce
and implement sustainable (meth)acrylic polymers by efficien-
tly coupling (meth)acrylic acid with a large variety of alcohols
derived from renewable resources, and polymerizing the result-
ing monomers in a controlled manner.”*>> The successful
conversion of biobased synthons such as glucose,® fatty
acids,”” isosorbide,*® terpenes,”® and aromatic lignin®** and
phenylpropanoid®! derivatives into functional RDRP (co)poly-
mers with well-defined primary structures illustrates the poten-
tial of this approach. In the same vein, neoteric green solvents
such as alkyl lactates and Cyrene™ have been used as
monomer precursors (vide infra).>**® However, the vast
majority of studies are concerned with mostly hydrophobic
polymers, which are water-insoluble, designed for applications
in the solid state, e.g., coatings, elastomers, and adhesives. For
this reason, the precise synthesis of polymers from renewable
resources of appropriate performance with regard to their
thermo-responsive water solubility, whilst also ensuring that
the chosen pathways of production are well aligned with the
green chemistry principles, is a challenge.

Ethyl lactate (EL)** and BASF’s Agnique® AMD 3L (N,N-
dimethyl lactamide, DML)** are commercially available pro-
ducts of the green solvent portfolio, produced from sustainably
sourced lactic acid obtained from fermentation of carbo-
hydrate biomass.*® These abundant biobased solvents show an
excellent sustainability profile as they offer an appealing com-
bination of properties including high boiling point, high sol-
vency power, negligible toxicity, and fast biodegradability.>*>
These features have stimulated their use as solvents in many
industrial applications including specialty coatings,>” pro-
duction of polymeric membranes,*®**° agrochemicals,*’ and
cleaners.*>** Meanwhile, chemists are also paying increasing
attention to use these environmentally benign solvents as reac-
tion media in organic synthesis’**> and RDRP processes.*®*”
Furthermore, intensive efforts have recently been made by our
laboratories to introduce newer applications as monomer pre-
cursors to subsequently produce sustainable and functional
(meth)acrylic polymers.****° For instance, in a previous
work, the different water solubility of poly(EL acrylate)s (hydro-
phobic and water-insoluble) and poly(DML acrylate) (hydro-
philic and water-soluble) was exploited to design amphiphilic
block copolymers that could self-assemble in aqueous solution
into different nanostructures.'® However, none of the polymers
reported so far have been shown to manifest LCST behavior in
aqueous solution.

In this current work, we report a green solvent-to-polymer
upgrading chemical transformation of EL and DML into
thermo-responsive water-soluble acrylic (co)polymers via
aqueous Cu(0)-mediated living radical polymerization
(SET-LRP).>'">* The combination of nascent Cu(0) and Cu(m)
complexes, generated by the disproportionation of Cu(1)Br in
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the presence of an aliphatic tertiary amine (tris[2-(dimethyl-
amino)ethyl]Jamine, MesTREN), enabled the preparation of a
series of water-soluble lactic acid-derived (co)polymers with
excellent control over molecular weight and dispersity (D),
exhibiting thermo-sensitive phase separation (T, = 12-62 °C)
in aqueous solution. A particularly unique aspect of this work
is that the water-soluble monomers and the SET-LRP initiator
used to produce these polymers are green solvent-derived.
Finally, non-cytotoxic network polymers (hydrogels) showing
LCST behavior have also been prepared by aqueous polymeriz-
ation in the presence of a bisacrylamide cross-linker to illus-
trate the potential of this neoteric class of nonionic water-
soluble polyacrylates in the preparation of smart biobased soft
materials.

Experimental

Synthesis of N-tetrahydrofurfuryl lactamide (THFL) from EL
solvent

Natural 1-(—)-ethyl lactate (20 mL, 174.4 mmol) was added in a
round-bottom flask under an Ar atmosphere. Then, tetrahydro-
furfuryl amine (22 mL, 213.2 mmol) was added carefully and
the flask was sealed and heated to 75 °C. The reaction was
monitored by "H nuclear magnetic resonance (NMR) spec-
troscopy and stopped when full conversion was achieved. After
that, the reaction mixture was cooled to room temperature,
and the formed ethanol was evaporated under reduced
pressure. Finally, the crude product was purified by vacuum
distillation to afford THFL (26.8 g, 87%) as a pale-yellow oil.
[@]® = —13.37 deg dm ™" cm® g7 (50.0 mg mL™", MeCN). 'H
NMR (401 MHz, CDCl,) 6 6.79 (s, 1H), 4.24 (qd, J = 6.8, 1.7 Hz,
1H), 3.98 (dddd, J = 10.1, 7.2, 5.2, 2.8 Hz, 1H), 3.87 (dt, J = 8.3,
6.6 Hz, 1H), 3.76 (dtd, J = 8.3, 6.8, 1.4 Hz, 1H), 3.59 (dddd, J =
13.8, 6.6, 4.7, 3.3 Hz, 1H), 3.18 (dtd, J = 13.9, 7.3, 5.1 Hz, 1H),
2.84 (s, 1H), 2.09-1.79 (m, 3H), 1.61-1.48 (m, 1H), 1.44 (dd, J =
6.8, 1.1 Hz, 3H). *C NMR (101 MHz, CDCl;) § 174.71, 77.84,
68.36, 68.16, 42.87, 28.64, 25.84, 21.34.

Synthesis of N-tetrahydrofurfuryl lactamide acrylate (THFLA)

Acrylic acid (1.5 mL, 21.9 mmol), triethylamine (TEA) (7.5 mL,
52.3 mmol) and propylphosphonic anhydride solution (T3P®)
(12.5 mL, 21.0 mmol) were added to a solution of THFL
(3.04 g, 17.6 mmol) in 2-methyltetrahydrofuran (Me-THF)
(25 mL). The reaction mixture was stirred for 24 h at room
temperature and was subsequently washed with saturated
NaHCO;, prepared from brine. Next, the aqueous phase was
separated and extracted with 2 x 25 mL of Me-THF. Then, the
combined organic layers were subsequently washed with
25 mL of 1 M HCI (prepared from brine) and 25 mL of brine.
Finally, the organic layers were dried with MgSO, and filtered,
and the solvent was eliminated under vacuum to afford THFLA
(3.02 g, 77%) as a yellowish oil. The monomer was used
without further purification. In order to characterize the
product, a small amount was purified by vacuum distillation
in the presence of 5 w/w% of hydroquinone. The obtained
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colorless oil was filtered through a small column of basic
alumina to remove hydroquinone traces. [a]y’ = —16.74 deg
dm™ cm® g7 (54.7 mg mL™', MeCN). 'H NMR (401 MHz,
CDCl;) & 6.52-6.40 (d + bs, 2H), 6.18 (ddd, J = 17.3, 10.4,
1.7 Hz, 1H), 5.92 (ddd, J = 10.5, 2.6, 1.3 Hz, 1H), 5.29 (qd, J =
6.8, 3.1 Hz, 1H), 4.01-3.91 (m, 1H), 3.89-3.70 (m, 2H),
3.60-3.51 (m, 1H), 3.28-3.16 (m, 1H), 2.03-1.82 (m, 3H),
1.58-1.45 (m, 4H). **C NMR (101 MHz, CDCl;) § 170.5, 164.8,
132.3,127.9, 77.7, 70.9, 68.37, 42.92, 42.73, 28.62, 26.06, 18.09.
HRMS (HESI-Orbitrap) calculated for [M + Na]" C;;H;,N NaO,"
(m/z): 250.1050; found: 250.1048.

Synthesis of the DMLBr initiator from DML solvent

Agnique® AMD 3L solvent (DML) (4.8 mL, 42.9 mmol) and
TEA (9 mL, 64.6 mol) were diluted with anhydrous Me-THF
(20 mL) under a positive flow of argon. The solution was
stirred for 30 min in an ice bath before adding dropwise a
solution of a-bromoisobutyryl bromide (6.5 mL, 52.8 mmol) in
anhydrous Me-THF (20 mL). The reaction was allowed to
proceed overnight at room temperature. The reaction mixture
was then filtered, and the solvent was removed under reduced
pressure. The crude product was purified by column chromato-
graphy (AcOEt/Hx 1:1) to afford DMLBr (6.12 g, 54%) as a
white solid. [@]® = —-11.73 deg dm™" cm® g~" (52.8 mg mL ™"
MeCN). '"H NMR (401 MHz, CDCl;) 6§ 5.37 (q, J = 6.7 Hz, 1H),
3.04 (s, 3H), 2.94 (s, 3H), 1.97 (s, 3H), 1.90 (s, 3H), 1.45 (d, J =
6.8 Hz, 3H). '*C NMR (101 MHz, CDCl;) § 171.38, 169.59,
68.56, 55.56, 36.83, 35.99, 30.79, 30.75, 16.36. HRMS
(HESI-Orbitrap) calculated for [M + Na]" CoH;cBrNNaO;" (m/z):
288.0206; found: 288.0205.

Random copolymerization of THFLA and DMLA via aqueous
SET-LRP

The copolymerization of poly(THFLA-r-DMLA) with [THFLA],/
[DMLA],/[DMLBr],/[Cu(1)Br]o/[MecTREN], = 20/20/1/0.8/0.6 is
described. This procedure is generic for all the copolymeriza-
tions conducted herein. A Schlenk tube was charged with Cu(i)
Br (7.0 mg, 49 pmol), sealed, and deoxygenated through three
Arfvacuum cycles. Meanwhile, H,O (1 mL) and MesTREN
(9.37 pL, 39 pmol) were charged into a vial and the mixture
was bubbled with argon for 10 min. Then, the degassed
ligand/water solution was cannula transferred to the Cu(i)Br
containing Schlenk tube. The resultant blue suspension con-
taining the Cu(0)/Cu(u)Br mixture was stirred for 5 min at
room temperature and then cooled down with an ice bath.
Simultaneously, to a vial also immersed in the ice bath, a solu-
tion of DMLBr (12.6 mg, 59 pmol), DMLA (248.3 mg,
1.45 mmol), and THFLA (214.5 mg, 0.94 mmol) in water
(1.2 mL) was deoxygenated with argon for 15 min. Next, the
monomer/initiator solution was cannula transferred to the
Schlenk tube with the Cu(0)/Cu(1)Br,/MesTREN catalyst. The
Schlenk tube was sealed, and the solution mixture was allowed
to polymerize at 0 °C for 1 h. Samples of the reaction mixture
were withdrawn for 'H NMR and size-exclusion chromato-
graphy (SEC) analysis. Catalyst residues were removed by fil-
tration through a column of basic alumina prior to SEC ana-

8316 | Green Chem., 2022, 24, 8314-8323

View Article Online

Green Chemistry

lysis. The sample for 'H NMR spectroscopy was directly
diluted with acetone-ds, which confirmed >99% conversion
according to the comparison of the integrals of vinyl signals
(5.5-6.5 ppm) with the lactamide methine (-CH-) signal at
5-5.5 ppm. The reaction was then quenched by opening the
Schlenk tube to the air. Next, the reaction mixture was dialyzed
(MWCO 2000) against acetone, refreshing the solvent 3 to 4
times for 2 days. Finally, the solvent was removed to recover
the synthesized polymer as a white solid. 'H NMR (401 MHz,
D,0) § 5.5-5.3 (br s, 20H), 5.2-4.9 (br s, 20H), 4.1-3.9 (br s,
20H), 3.9-3.7 (br s, 40H), 3.4-3.2 (br s, 40H), 3.2-3.0 (br s,
60H), 2.9-2.8 (br s, 60H), 2.8-2.3 (br s, 40H), 2.2-1.3 (br s,
280H), 1.2-1.1 (br s, 6H).

Results and discussion
Monomer synthesis from lactic acid-derived solvents

In this study, the green solvents EL and DML were employed
as platform chemicals to develop novel sustainable LCST-type
acrylic (co)polymers with well-defined primary structures.
Initially, the monomer N-tetrahydrofurfuryl lactamide acry-
late (from now on THFLA) was synthesized in a two-step pro-
cedure from commercial grade EL solvent (Scheme 1). The
first step involved the bulk highly efficient aminolysis of
the solvent using the furfural-derived tetrahydrofurfuryl
amine,”**® to produce the corresponding primary lactamide
(Fig. S1f). When the reaction was run without a catalyst at
75 °C (1.2 eq. of amine), approximately 70% of EL was con-
verted into the target product after 4 h but complete trans-
formation (100% conversion) required 3 days. In an attempt to
accelerate the aminolysis reaction, we also investigated the use
of TBD as an organocatalyst (10 mol%).’® As expected, under
these conditions the reaction proceeded faster (100% conver-
sion after 24 h). However, aiming at reducing the number of
reagents, the scale-up of the reaction (20 g) was carried out in
the absence of a catalyst, and N-tetrahydrofurfuryl lactamide
(THFL) was isolated by distillation with a 90% yield as a yellow-
ish liquid. Upon acrylation of the secondary hydroxyl group
with acrylic acid, which is also potentially biobased and avoids
the use of toxic acryloyl chloride,’” using T3P® and Me-THF as

2 Cu(l)Br

H0 l MesTREN 5
detive,, <j/\NH
§’ ey X g/: y é/: Cu(0) + Cu(ihBr, %\
3 ) o
2 : d o, o o Aqueous SET-LRP
é\7S:uaf~\ —< ::_4 -
o S HN s /N— Br
wo L, 3
Y R DMLBr
I THFLA DMLA HOI0C Lo LA, v =0)
A A A poly(DMLA), (x=0) N
ELR =OEt iii i W poly(THFLA,-r-DMLA,) NS

DML R = NMe,

Scheme 1 Synthesis of THFLA and DMLA monomers and the DMLBr
initiator from the corresponding green solvents and subsequent
polymerization by aqueous SET-LRP to yield well-defined homopoly-
mers and random copolymers. Conditions: (i) tetrahydrofurfuryl amine
(1.2 eq.), 75 °C, 2 days, (ii) acrylic acid (1.2 eq.), T3P®, TEA, Me-THF, rt,
12 h, and (jii) a-bromoisobutyryl bromide (1.2 eq.), TEA, Me-THF, rt, 12 h.
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a sustainable ester-coupling promoter®® and a solvent, respect-
ively, a non-chromatographic purification protocol provided
the pursued optically active acrylic monomer THFLA as a yel-
lowish viscous liquid. The structure of the new fully biobased
acrylic monomer was confirmed by 'H and *C NMR (Fig. S2
and S31) and high-resolution mass spectrometry (HRMS)
analyses.

Homopolymerization by aqueous SET-LRP and LCST behavior
studies

Since the monomer was soluble in water, aqueous SET-LRP
mediated by nascent Cu(0) and Cu(u)Br, produced “in situ” by
the pre-disproportionation of Cu(1))Br/Me,TREN in water was
selected to provide an effective route for the controlled syn-
thesis of the corresponding polymers under mild conditions
(Scheme 1; y = 0).>**° Commercial grade DML solvent functio-
nalized with a bromoisobutyryl group (from now on DMLBTr)
was employed as the water-soluble initiator for the first time
(Fig. S4-S67). To target a THFLA homopolymer with a theore-
tical molar mass (M) of around 9000 g mol™, the aqueous
SET-LRP of THFLA was initially investigated using the follow-
ing conditions; [THFLA],/[DMLBr]y/[Cu(1)Br]o/[MesTREN], =
40/1/0.8/0.6.

As depicted in Fig. S7,t the required amount of Cu(1)Br was
added into a Schlenk tube fitted with a magnetic stirrer bar,
which was subsequently sealed and deoxygenated with argon.
Then, a degassed solution of the ligand (Mes,TREN) in H,O
was carefully added into the tube via a cannula. The resulting
mixture was allowed to fully disproportionate at room tempera-
ture under vigorous stirring. As can be seen in Fig. S8, the
aqueous disproportionation of Cu(i)Br in the presence of
Me,TREN immediately produced a precipitate of purple-red-
colored Cu(0) particles.®>®" With the aggregation and depo-
sition of these colloidal particles, the solution progressively
turned bright blue due to the presence of Cu(u) complexes.
Meanwhile, an aqueous mixture of the monomer and initiator
(THFLA and DMLBE, respectively) was degassed and carefully
cannulated into the catalyst mixture at 0 °C to start the
polymerization. Full monomer conversion was attained within
30 min as determined by the comparison of the integrals of
the lactamide methine resonance (5.2 ppm) with the vinyl
signals (5.5-6.5 ppm). SEC analysis of the resulting polymer
revealed a sharp symmetrical molecular weight distribution (b
= 1.14) with excellent agreement between the experimental
molecular weight (MSEC and MYMR) and M calculated from
the monomer/initiator molar ratio and monomer conversion
(11280, 9900, and 9600 g mol™*), indicating good control of
the polymerization (Fig. 1a inset, trace 2).

In the next stage, a set of polymerizations was conducted at
different degrees of polymerization (DP) by simply adjusting
the monomer/initiator ([THFLA],/[DMLBr],) ratio between 20
and 320 (Table S1}). Although a subtle adjustment of the [Cu
()Br]o/[MesTREN], ratio was necessary to maintain good
control over the molecular weight distribution between about
5000 and about 65000 g mol™", the monomer conversions
were near quantitative in all cases. Fig. 1a shows the relation-

This journal is © The Royal Society of Chemistry 2022
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Fig.1 (a) Dependence of experimental M, (SEC) and D on the

[THFLAIo/[DMLBr]p ratio (DP) for the polymerization of THFLA by
aqueous SET-LRP. The inset shows SEC traces for (1) DP = 20, (2) DP =
40, (3) DP = 80, (4) DP = 160, (5) DP = 320 (see Table S17} for polymeriz-
ation conditions). (b) Transmitted laser light intensity (measured by UV/
Vis) and the hydrodynamic diameter measured by DLS vs. temperature
for poly(THFLA) (DP = 20, ¢ = 5 mg mL™Y) (close and open symbols were
obtained upon heating and cooling, respectively). The inset shows the
representative digital images of poly(THFLA) with DP = 160 at 5 °C (left)
and 25 °C (right). The ON/OFF label refers to polymer chains in a
globule/flexible coil state.

ship of the MSE¢ (close squares) and P (open squares) with
the [THFLA],/[DMLBr], ratio for the aqueous SET-LRP
polymerization. The feasibility to control the molecular
weight was confirmed by a linear increase in M5E¢ when tar-
geting higher DPs, while retaining precision over dispersity
(1.08 < P < 1.16). Moreover, excellent agreement between
MSEC) MNMR and M™ was observed up to a high molar mass
range (Table S11). The representative "H NMR spectrum in
D,O of poly(THFLA) prepared at DP = 40 is shown with
assignments in Fig. 2a.

Unexpectedly, the aqueous solutions (5 mg mL™") of all syn-
thesized poly(THFLA)s were clear at low temperature (5 °C) but
become cloudy at room temperature (Fig. 1b, inset). These
observations suggest that poly(THFLA)s, comprising a hydro-
phobic backbone and two hydrogen-bonding motifs in the
side groups, exhibit temperature responsiveness.

Green Chem., 2022, 24, 8314-8323 | 8317
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Fig. 2 *H NMR spectra in D,O of (a) poly(THFLA) (M,, = 11200 g mol™?,
D = 1.14), (b) poly(DMLA) (M, = 7900 g mol™, P = 1.08), and (c) poly
(THFLA-r-DMLA) containing 40% DMLA (M,, = 11300 g mol™, B = 1.11).

IH NMR resonances from residual nondeuterated solvents are indicated
with *.

Hence, the thermo-responsive behavior of poly(THFLA)s of
various DPs was characterized in detail by optical transmission
measurements of their aqueous solutions prepared at 5 mg
mL~" (Fig. 1b, circles). The temperature at which the transmit-
tance of poly(THFLA) (DP = 20) dropped to 50%, also referred
to as a cloud point (T.,), was determined to be at 23.0 °C
(Fig. 1Db, circles). The assignment of this transition to a cloud
point associated with a LCST was confirmed by variable temp-
erature dynamic light scattering (DLS) measurements (Fig. 1b,
diamonds). When the aqueous solution of this polymer (¢ =
1 mg mL™") was heated from 15 to 22 °C, DLS measurements
showed a relatively narrow size distribution of ~5 nm,
suggesting the presence of unimers. Further heating above
23 °C caused a dramatic increase in the average hydrodynamic
radius to hundreds of nanometers, suggesting that the
polymer chains changed from a hydrated (OFF) state to an
agglomerated insoluble (ON) state. This transition was
observed to be reversible upon cooling. Increasing the polymer
chain length showed a moderate influence on the temperature
response (Table S1 and Fig. S9f). For example, the T,
decreases from 23.0 °C to 18.1 °C as the MSEC increases from
5900 to 11 200 g mol ™", but seems to reach a plateau at around
just above 10 °C when further increasing the chain length.
This behavior is attributed to an increase in functional THFL
pendant moieties per polymer chain with increasing chain
length. As a consequence, the net gain of free energy increases
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with an increased number of temperature-induced hydro-
phobic associations and released water molecules.®*

Tuning LCST behavior of poly(THFLA) by random
copolymerization

The copolymerization of monomers of different hydrophilici-
ties could lead to the formation of thermo-responsive polymers
with a tunable LCST.®*® Accordingly, we copolymerized
THFLA with a more hydrophilic acrylic monomer, N,N-
dimethyl lactamide acrylate (from now on DMLA), prepared
via the direct acrylation of DML, produced by BASF under the
trade name Agnique® AMD 3L solvent (Scheme 1). Previously,
we confirmed that DMLA, containing a tertiary amide group,
also behaved excellently under aqueous SET-LRP conditions.
As can be seen in Fig. 3, this versatile methodology enabled
the preparation of poly(DMLA) homopolymers with near quan-
titative conversion, with the retention of a monomodal, narrow
molecular weight distribution (b = 1.08) up to M3E¢ ~ 83000 g
mol ™, in <1 h (Scheme 1; x = 0, Table S2}). The representative
"H NMR spectra in D,O of poly(DMLA) (DP = 40) with assign-
ments are depicted in Fig. 2b to demonstrate the high purity
of the synthesized products. According to our previous study,*’
poly(DMLA) was found to be water-soluble over the entire
temperature range investigated (20-70 °C) up to DP = 640 (data
not shown).

To manipulate the hydrophilic-hydrophobic balance, copo-
lymerizations via aqueous SET-LRP at 0 °C were conducted
with different THFLA : DMLA molar ratios under the following
conditions; ([THFLA], + [DMLA],)/[DMLBr]/[Cu(1)Br]o/[Meg-
TREN], = 40/1/0.8/0.6 (Scheme 1). Irrespective of the comono-
mer ratio in the feed (THFLA: DMLA = 80:20, 70: 30, 60 : 40,
50:50, 40:60, 30:70), copolymers with an MSEC of around
10000 g mol™" and P ~ 1.10 were obtained quantitatively at
0 °C after 1 h (Table 1). Kinetic monitoring by gas chromato-
graphy of the equimolar copolymerization revealed that the
individual monomer conversions proceeded without a signifi-

: 123456 | | o
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L 1 (0] X
L o X
% [ 0 o
2 0'8.- \\fo
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= 04f 2 40 8200 1.13
E ! 3 80 16500 1.08
2 gl 4 160 28200 1.07
“L 5 320 46300 1.08
1 6 640 82800 1.08
o " <l - N PR S S S T Y
3 4 5 6 7

log MW
Fig. 3 SEC traces (normalized to the peak height) of poly(DMLA) pre-

pared via aqueous SET-LRP, targeting various DPs ranging from 20 to
640 (see Table S27 for polymerization conditions).
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Table 1 Aqueous SET-LRP copolymerization of THFLA with DMLA using DMLBr as the initiator?

Entry Feed ratio (THFLA : DMLA) Conv.” (%) M e MBFC 4 p? THFLA : DMLA? (%) T,/ (°C) Tep? (°C)
1 80:20 100 8800 10 800 1.16 78:22 64.7 26.7

2 70:30 100 8900 11400 1.14 67:33 65.8 32.6

3 60:40 100 9100 11 300 1.11 58:42 66.1 37.5

4 50:50 100 8300 11 000 1.13 49:51 66.8 43.5

5 40:60 100 8100 10300 1.14 39:61 67.6 51.3

6 30:70 100 7900 9700 1.08 31:69 69.2 62.3

“Reaction conditions ([DMLA], + [THFLA],)/[DMLBr]o/[Cu(1)Br]o/[MesTREN], = 40/1/0.8/0.6, reaction time 1 h. ? Determined by 'H NMR after 1 h.
¢ M™ = (227.26 x THFLA ratio + 171.20 x DMLA ratio) x ([THFLA], + [DMLA],)/[DMLBr], x conv. + 266.14. ¢ Determined by SEC using PMMA stan-
dards. % comonomer molar composition determined by "H NMR. / Determined by DSC at 20 °C min~". € Determined by UV/Vis spectroscopy

(5 mg mL™).

cant variation in the monomer feed composition, suggesting
similar reactivity for THFLA and DMLA (Fig. S10%). This result
could be expected since they have very similar chemical struc-
tures. The exact composition of the synthesized random copo-
lymers was calculated from the "H NMR spectra (Fig. 2c).

Comparison of the integrals of H8 (4.9-5.2 ppm, for THFLA
repeating units) with the integral of H18 (5.2-5.5 ppm, for
DMLA and THFLA repeating units) provided an excellent agree-
ment between the exact and feed compositions. Differential
scanning calorimetry (DSC) analysis revealed the amorphous
nature of the synthesized copolymers, with their glass-tran-
sition temperature (T,) increasing from 64.7 to 69.2 °C with
the increasing content of DMLA.

Visual analysis demonstrated different thermo-responsive
characters for aqueous solutions of the prepared random copo-

24°C

v

28°C

34°C

39°C

45°C

53°C

64 °C

Fig. 4 Digital images of aqueous solutions of poly(THFLA-r-DMLA)s
with various DMLA contents ranging from 22 to 69 mol% (DP = 40, c =
5 mg mL™Y) obtained at different temperatures. The ON/OFF label refers
to polymer chains in a globule/flexible coil state.

This journal is © The Royal Society of Chemistry 2022

lymers with different compositions. As shown in Fig. 4, the
aqueous solutions of the different copolymers were clear at
24 °C, suggesting the existence of well-solvated polymer coils
(OFF state). However, the solutions turned opaque (ON state)
one by one while progressively increasing the temperature up
to 64 °C. The OFF-to-ON change corresponds to the coil-to-
globule transition of polymer chains in solution. Next, we
measured the T, of the different copolymers by optical trans-
mission measurements (Fig. 5a). The transmittance decreased
sharply in all aqueous solutions at a specific temperature on
heating, indicative of a sharp phase transition (LCST type).
Furthermore, all samples redissolved fully upon cooling. The
T.p increased linearly from about 25 °C to about 63 °C with
the increase of DMLA content in the copolymer, due to the
increased hydrophilicity of the polymer.'® Hence, this would
allow the precise programming of T, values at specific biologi-
cally relevant values, e.g. living body temperature (37 °C) or
virus inactivation treatment temperature (60 °C), for given
desired applications by simply combining two monomers and
changing the copolymer composition. In fact, higher T,
values could not be achieved only due to the temperature limit-
ation of the spectrophotometer used.

In addition, we could also cover a wide T, window using a
single copolymer composition (51 mol% DMLA content) by
simply adjusting the copolymer molar mass, concentration,
and the presence of salts in the aqueous solution (Fig. 5b). For
example, when the copolymer (DP = 40, ¢ = 5 mg mL™') was
dissolved in sea water (SW) the T, decreased from 43.5 to
31.5 °C due to the so-called “salting-out”-effect.®® On the other
hand, with decreasing copolymer concentration from 5 to
1 mg mL™", the T, increased up to 50 °C. This effect is based
on the preferential intermolecular hydrophobic aggregation of
the copolymer at a high concentration. Additional measure-
ments at few different concentrations permitted the tentative
construction of the corresponding Tp-concentration phase
diagram, showing a very flat phase diagram above a concen-
tration of 20 mg mL™' with the curve expectedly sloping
upward toward a lower concentration (Fig. S11}). Decreasing
the DP from 160 to 20 led to a drop in T, of about 20 °C.
Conversely, no significant variation in the T, value was
observed after stirring one of the copolymers in an aqueous
HCI solution at pH = 4.0 for 1 h, although using a basic NaOH

Green Chem., 2022, 24, 8314-8323 | 8319
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Fig. 5 (a) Relationship between the T, value and the DMLA comono-

mer content for poly(THFLA-r-DMLA) (DP = 40 and ¢ = 5 mg mL™). See
Table 1 for polymerization conditions. (b) The effect of different targeted
DPs, different polymer concentrations and the influence of NaCl con-
centration or SW on the T, of poly(THFLA-r-DMLA) (51 mol% DMLA
content) determined by UV/Vis spectroscopy. Sample codes: (1) DP =
40, c = 5mg mL™, [NaCl] = 1 M; (2) DP = 40, ¢ = 5 mg mL™?, dissolved
in sea water; (3) DP = 160, ¢ = 5 mg mL™%; (4) DP = 40, c = 5mg mL™%,
[NaCll = 0.2 M; (5) DP = 40, c = 5 mg mL™%; (6) DP = 40, c = 2 mg mL™%;
(7Y DP=40,c=1mgmL™%; (8) DP =20, c=5mgmL™™%

solution (pH = 10.0) “switched off” the LCST behaviour due to
the saponification of ~30% of the pendant ester groups in the
copolymer (Fig. S127). The results of this study are summar-
ized in Table S3.f Thus, our system provides excellent LCST
control, enabling the precise tuning of the thermo-responsive
behavior for a given desired application.

Preparation and characterization of LCST-type hydrogels.
Overall, the results described above indicate that the reported
system has great potential as a biobased platform to construct
smart functional materials. We envision that poly(THFLA-r-
DMLA) can contribute to the design of temperature-responsive
network polymers (hydrogels), which are valuable materials in
biomedical applications.®” Accordingly, a proof of concept
sample was prepared using a 1:1 mixture of THFLA and
DMLA monomers, N,N'-methylene bisacrylamide (MBA) as the
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crosslinker and the ammonium persulfate (APS)/N,N,N',N-
tetramethylethylenediamine (TEMED) couple as a polymeriz-
ation initiator system in water at 5 °C. Details for hydrogel
preparation are found in the Experimental section. After gela-
tion, the resulting mechanically-stable and transparent hydro-
gels were peeled off from the containers in the form of discs
(d =1 cm, h = 0.5 cm), and soaked in pure water prior to
further testing. First, cytotoxicity assays were conducted to
determine the biocompatibility of the material which is an
essential issue for prospective safe applications. The cyto-
toxicity of the poly(THFLA--DMLA) hydrogels was studied in
direct contact with human dermal fibroblast and
J774A1 macrophage cell lines by MTT, during 24 and 72 h in
culture (Fig. 6a). Regardless of the exposure time, the viability
of both cell lines in contact with hydrogel surfaces did not
differ significantly with the cells which were not exposed to
the hydrogels (culture medium as a negative control).

Also, the viability values obtained in the cells exposed to
the hydrogels were significantly higher than those obtained
with a cytotoxic agent (latex or LPS as a positive control).
Photomicrographs shown in Fig. S131 support high viability of
the human fibroblast cells after direct exposure to the poly-
mers. The dermal fibroblasts are spindle-shaped with cyto-
plasmic extensions along the cytoskeleton, indicating that the
hydrogels do not affect the cell morphology, thus confirming
the biocompatibility of the poly(THFLA--DMLA) hydrogels
according to these in vitro assays.

As mentioned above, linear poly(THFLA--DMLA) contain-
ing 51 mol% of DMLA prepared by aqueous SET-LRP exhibited
a LCST behavior with a T., of 43.5 °C. Therefore, it was
hypothesized that the synthesized hydrogels would also show
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Fig. 6 (a) Cytotoxicity studies, (b) temperature induced water release
and (c) reversible changes between the swelling (5 °C) and deswelling
(50 °C) states for poly(THFLA-r-DMLA) hydrogels containing 50 mol%
DMLA. Insets in panel b are digital images showing the reversible hydro-
gel hydrated (left) and dehydrated (right) state of the hydrogel upon
moderate temperature change.
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thermo-responsiveness at around the same temperature. In
fact, the prepared hydrogel was transparent at 5 °C, turned
turbid at around 30 °C, and eventually became opaque and
shrunk above 40 °C (see Fig. 6b, inset). The disparity in T,
between a linear copolymer and a hydrogel containing the
same comonomer ratio in the feed can be ascribed to the pres-
ence of the MDA crosslinker, which decreases the distance
between the interacting segments of the polymer chains,
which is connected with the increased influence of repulsive
hydration forces resulting in a decrease of the T,. Such tran-
sition was associated with a change in the swelling ratio and
diameter which corresponds to a change in the hydrated/de-
hydrated state of the polymer chains upon heating. Moreover,
the hydrogel was found to reabsorb water by soaking it in
water at low temperature with no fragmentation during the
reabsorption process. Finally, the material was also cycled
between two temperatures across the T.,. Fig. 5c depicts the
thermo-responsive change in the swelling ratio upon tempera-
ture cycling between 5 °C and 50 °C for 1 h. The poly(THFLA-r-
DMLA) hydrogel was found to repeatedly release/uptake a con-
siderable amount of water, thus demonstrating that the
reported system provides a valid avenue to biobased soft
materials with tunable temperature response. In this line, we
are currently developing surface-attached hydrogel coatings
based on THFLA, DMLA, and other N-substituted lactamide
monomers to enhance the biocompatibility of different poly-
meric materials.®®

Conclusions

The production of (meth)acrylic polymer precursors from bior-
enewable and sustainable synthons is a promising method to
bypass their traditional fossil fuel derived counterparts.
However, the vast majority of sustainable poly(meth)acrylates
reported in the literature are mostly hydrophobic and this is
limiting their use in aqueous applications. To address this
drawback, we report the synthesis of smart water-soluble
acrylic polymers from commercially available chemicals of the
lactic acid portfolio. Aqueous SET-LRP was utilized to produce
N-substituted lactamide-type homo and random acrylic copoly-
mers under mild conditions. A particularly unique aspect of
this work is the use of biorenewable and non-toxic solvents,
i.e. EL and DML, as platform chemicals to synthesize mono-
mers and the SET-LRP initiator used to produce the corres-
ponding polymers in a controlled manner. The pre-dispropor-
tionation of Cu(1)Br in the presence of MesTREN in water gen-
erated nascent Cu(0) and Cu(u) complexes that facilitated the
homopolymerization of both THFLA and DMLA up to near-
quantitative conversion with excellent control over molecular
weight (5000 < M,(SEC) < 83 000) and dispersity (1.05 < D <
1.16). Interestingly, poly(THFLA) showed a DP and concen-
tration-dependent LCST behavior, which can be fine-tuned
(Tep = 12-62 °C) through random copolymerization with the
more hydrophilic DMLA monomer. Finally, the copolymeriza-
tion of equimolar amounts of THFLA and DMLA in water, in

This journal is © The Royal Society of Chemistry 2022
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the presence of MBA (a bisacrylamide crosslinker), provided
smart network polymers (hydrogels) that could repeatedly
absorb/desorb water and consequently expand and contract via
a LCST-type phase transition. These results, together with
their negligible cytotoxicity against human dermal fibroblast
and ]J774A1 macrophage cell lines, illustrate the utility of
these neoteric biobased polymers and warrant further investi-
gations in the field of biobased soft materials with smart
functions.
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