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ABSTRACT: We report the synthesis and solution properties of novel
biobased thermoresponsive amphiphilic copolymers prepared using
N,N-dimethyl lactamide acrylate (DMLA) and ethyl lactate acrylate
(ELA) as hydrophilic and hydrophobic monomers, respectively.
Copolymers with similar overall molecular weight but different
monomer distribution profiles, such as random, diblock, triblock, and
random−blocks, were prepared using photoinduced electron/energy
transfer-reversible addition−fragmentation chain transfer (PET-RAFT)
polymerization activated by a Zn-based photoredox catalyst. The
synthesized polymers show interesting self-assembly and thermores-
ponsive behavior in water, depending on the monomers distribution
along the chain. Different critical solution temperatures, in the range of
13−70 °C, were observed by tuning the monomers molar ratio and
distribution. The formation of aggregates of various types was proven by transmission electron microscopy (TEM). The prepared
polymers also display different surface activity with the fully random copolymer being significantly more surface active than block
systems. A study of emulsion stabilization was performed with oils of various polarity, showing promising results for applications of
these novel polymers as biobased surfactants and water/oil (w/o) emulsion stabilizers.
KEYWORDS: PET-RAFT, Amphiphilic polymers, Polymeric surfactants, Thermoresponsive, Bioderived, Self-assembly, Green solvent

■ INTRODUCTION
The synthesis of new materials from biobased sources is a
relevant topic in polymer research, especially since concerns
about climate change and sustainability have arisen.1−4 The
starting materials can be either biopolymers, such as starch5−7

and lignin,4,8,9 or bioderived monomers10−16 that can be further
polymerized. Particularly interesting results have been achieved
with biobased (meth)acrylic derivatives.17−20 This is because
the broad range of pendant groups available allows fine-tuning of
properties of the corresponding polymers, enabling their use in
various different materials such as bioplastics, superabsorbent
polymers, coatings, and paint formulations.21−25 Biobased
poly(meth)acrylates can be synthesized from many natural
synthons such as glucose, fatty acids, glycerol, terpenes, and
others.21 Recently, neoteric lactic acid derivatives have also been
considered in this respect.18−20

Lactic acid is obtained as a product from carbohydrates
fermentation26,27 or chemo-catalytic processes.28−30 As a
building block, it is mainly known as a monomer for the
synthesis of biodegradable polymer poly(lactic acid) (PLA), one
of the most successful bioplastics that is used in different fields
such as food packaging,31,32 cosmetics,33 biomedical materials,34

and others.35,36 Lactic acid can also be converted into fine and
commodity chemicals, making it one of the most known
biobased platform chemicals.21,37 In this respect, ethyl lactate
(EL) and N,N-dimethyl lactamide (DML) are well-recognized
green biosolvents that can be easily converted into their
respective (meth)acrylate derivatives; these can subsequently be
polymerized to yield homopolymers and block copolymers with
different intrinsic properties.20,38−40 In particular, as EL is
hydrophobic and DML is hydrophilic, their copolymers can be
amphiphilic.
Amphiphilic polymers have received great attention in the last

three decades due to their ability to self-assemble into stable
micelles or other aggregates in a selective solvent.41−45 This
makes them suitable for use in special applications such as drug
delivery or enhanced oil recovery.46−48 A typical technological
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application of amphiphilic polymers is emulsion stabilization, as
they prevent formulation breakdown mechanisms such as
flocculation and coalescence.49,50 Such polymeric surfactants
offer many performance advantages over conventional ones and
are increasingly employed to guarantee formulation stability in
the challenging applications mentioned above. Polymeric
surfactants impart excellent particle stability via steric
stabilization, as the repulsive barriers of the polymer chains
are better able to prevent coalescence and agglomeration. In
both aqueous and nonaqueous dispersions, the multiple
anchoring points of polymeric surfactants provide a superior
interaction between surfactant and substrate. Combined with
steric stabilization, this results in highly robust and stable
formulations. Polymeric surfactants are therefore able to
stabilize even highly loaded suspensions and still maintain
viscosity at acceptable levels.46,51−60

In this work, we report the value enhancement of lactic acid-
based solvents by transforming EL and DML to a series of green
copolymeric surfactants based on random and block copolymers
containing homopolymer or homopolymer/mixed segments.
The combination of ethyl lactate acrylate (ELA) and N,N-
dimethyl lactamide acrylate (DMLA) monomers and photo-
induced electron/energy transfer-reversible addition−fragmen-
tation chain transfer (PET-RAFT) polymerization enabled the
precisely production of a series of innovative amphiphilic
copolymeric surfactants with identical acrylic backbone
structure but different distribution profiles of groups having
different water affinities (i.e., ethyl ester and dimethyl
amide).57−59 Despite their overall compositions and molar
masses being similar, copolymers with different composition
profiles ranging from a poly(DMLA-r-ELA) random copolymer
(R) to a poly[(DMLA-r-ELA)-b-DMLA-b-(DMLA-r-ELA)]
triblock copolymer (RBR) with outer random segments showed
remarkable differences in surface activity and aggregation
behavior. Unexpectedly, some of them also showed thermores-
ponsive aggregation behavior, thus broadening their potential
applications as stimuli responsive polymers.52,60−62 Addition-
ally, considering the surfactant properties, surface tension
measurements and an emulsions stability study with different
oils were performed to evaluate the potential of these biobased
materials in related industrial applications.

■ EXPERIMENTAL SECTION
Materials. Carbon disulfide (Sigma-Aldrich, anhydrous, ≥99%),

potassium bromate (Sigma-Aldrich, ACS reagent, ≥99.8%), potassium
bromide (Sigma-Aldrich, ReagentPlus, ≥99.0%), potassium iodide
(Sigma-Aldrich, ReagentPlus, 99%), sodium thiosulfate (Sigma-
Aldrich, ReagentPlus, 99%), 1-butanethiol (Sigma-Aldrich, 99%),
methyl 2-bromopropionate (Sigma-Aldrich, 98%), 1,4-phenylenebis-
(methylene) didodecyl dicarbonotrithioate (BM1812, Boron Molec-
ular, 95%), 5,10,15,20-tetraphenyl-21H,23H-porphine zinc (ZnTPP,
Sigma-Aldrich, 98%), 2,2′-azobis(2-methylpropionitrile) (AIBN,
Sigma-Aldrich, 98%), N,N-dimethylformamide (DMF, Sigma-Aldrich,
for HPLC, ≥99.9%), anisole (Sigma-Aldrich, anhydrous, 99.7%),
dimethyl sulfoxide (DMSO, Sigma-Aldrich, dried ≤0.02% water),
chloroform (Sigma-Aldrich, contains 100−200 ppm amylenes as
stabilizer, ≥99.5%), acetone (Sigma-Aldrich, ACS reagent, ≥99.5%),
petroleum ether (Sigma-Aldrich, anhydrous), toluene (Sigma-Aldrich,
ACS reagent, ≥99.5%), ethanol (Sigma-Aldrich, anhydrous, dena-
tured), sodium hydroxide (Sigma-Aldrich, ACS reagent, ≥97.0%,
pellets), hydrochloric acid (Sigma-Aldrich, ACS reagent, 37%), paraffin
oil (Sigma-Aldrich, puriss., meets analytical specification of Ph. Eur.,
BP, viscous liquid), isopropyl palmitate (Sigma-Aldrich, technical
grade, 90%), and sunflower oil (Supelco, analytical standard) were used
as received. Dimethyl sulfoxide-d6 (DMSO-d6, Sigma-Aldrich, anhy-

drous, 99.9 atom % D) was used as deuterated solvents for NMR
studies. 2-(Butylthiocarbonothioylthio)propanoate trithiocarbonate
(MCEBTTC) was synthesized according to the procedure reported
in the Supporting Information of this paper. 2,2′-[Carbonothioylbis-
(thio)]bis[2-methylpropanoic acid] (BDMAT) was synthesized as
described in the literature.63N,N-Dimethyl lactamide acrylate (DMLA)
and ethyl lactate acrylate (ELA) were synthesized according to the
procedure reported in the literature using natural EL (98%, Merck) and
AGNIQUE AND 3L (DML) kindly donated by BASF SE
(Ludwigshafen, Germany).20

Characterization. 1H NMR spectra were recorded on a Varian
Mercury Plus 400 and 300 MHz spectrometers. Molecular weights (Mn
number andMw weight-average molecular weights) and dispersity (Đ)
of the samples were determined by GPC using DMF (containing 0.01
M LiBr) as the eluent in a Viscotek GPCmax instrument equipped with
a model 302 TDA detector based on refractive index and intrinsic
viscosity and two columns (Agilent Technologies-PolarGel-L and M, 8
μm, 30 cm) at a flow rate of 1.0 mLmin−1 and 50 °C. Narrow dispersity
PMMA standards (Polymer Laboratories) were used to make a
universal calibration curve. For sample preparation, the purified dry
samples were dissolved in the eluent, filtered through a PTFE syringe
filter (Minisart SRP 15, Sartorius stedim biotech, PTFE membrane
filter; pore size, 0.2 μm; filter diameter, 15 mm), and analyzed by GPC.
The collected spectra were analyzed with the use of an OmniSEC
instrument (v5.0) (Malvern). Dynamic light scattering (DLS)
measurements of the solution at different water concentrations were
carried out using a Malvern Zetasizer Ultra instrument. Surface tension
of water polymer solutions at different concentrations was measured
with an OCA 15EC tensiometer from Dataphysics using the pendant
drop method. The 633 nm (red light) photoreactor used in the present
study was constructed on the basis of a similar one reported in the
literature64 using the SMD 3528 5050 5630 RGB LED strip light. The 5
m strip of 300 LEDS was wound on the inside of a 10 cm diameter
aluminum jar with a hole in the base and the lid (Figure S1). The
temperature was controlled using a water jacket equipped with a Julabo
F12-ED thermos-controller. The measured irradiance of the LED
results to be 13.8W/m2. The irradiance of the red light was measured at
638 nm (closest wavelength of the power meter available) using a
ThorLabs S120C power meter equipped with a ThorLabs 400−1100
nm, 50 mW sensor. The morphology of the micelles was analyzed by
transmission electron microscopy (TEM) and cryo-transmission
electron microscopy (cryo-TEM) using an FEI Tecnai T20 operating
at 200 keV. Images were recorded under low-dose conditions with a
slow-scan CCD camera. For cryo-TEM, a few microliters of each
sample solution were placed on mesh carbon-coated copper grids
(Quantifoil 3.5/1, Quantifoil Micro Tools, Jena, Germany). Grids with
sample were vitrified in liquid nitrogen (Vitrobot, FEI, Eindhoven, The
Netherlands) and transferred to a FEI T20 cryo-electron microscope
operating at 200 keV. Images were recorded on a slow scan CCD
camera under low-dose conditions.
Synthesis of a Random Copolymer Poly(DMLA-r-ELA) via

PET-RAFT. DMLA (1.5 g) and ELA (0.8 g) (molar ratio 2:1),
MCEBTTC (0.04 g) as RAFT agent, DMSO (5.5 mL) as solvent,
ZnTTP (366 μL of a stock solution in DMSO having a concentration of
3.8 × 10−5 M) as photocatalyst, and DMF (0.5 mL) as internal
reference were added in a 20mL vial. The vial was closed using a rubber
septum. This solution was then degassed by argon bubbling for 30 min,
and the reaction was started when the red light (∼630 nm) was turned
on. Aliquots of solution were taken at specific times to follow the
kinetics and analyzed by 1H NMR. The reaction was stopped once it
reached high conversion values (≥90%) by switching off the light. The
polymer solution was dialyzed against acetone, refreshing the solvent at
least 3 times over a period of 2 days, using a membrane with a 1.0 kDa
molecular weight cutoff value. The final polymer was recovered as
yellowish solid by removing acetone using a vacuum oven over a period
of 24 h.
Synthesis of Poly(DMLA) Macro-RAFT Agents. Mono- and

difunctional poly(DMLA) macro-RAFT agents were synthesized via
PET-RAFT and thermally initiated-RAFT polymerizations, respec-
tively, according the following procedures. In the case of thermally
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initiated-RAFT polymerization, typically, DMLA (1.5 g), the RAFT
agent BM1812 (0.08 g), anisole (5.5 mL), DMF (0.5 mL) as internal
reference to track the monomer conversion via 1H NMR, and AIBN
(0.002 g) were added to a 20mL vial. The vial was closed using a rubber
septum. This solution was then degassed by argon bubbling for 30 min
and heated to 65 °C. When PET-RAFT was used, the procedure was
identical to the one just described, except the ZnTTP photocatalyst
(366 μL of a photocatalyst stock solution in DMSO having a
concentration of 3.8 × 10−5 M) instead of AIBN was added. In this
case, after the addition, the vial was closed using a rubber septum and
the solution was then degassed by argon bubbling for 30 min; the
reaction was then started by turning the red light on (∼630 nm). The
kinetic analysis and work up were performed as described above. The
final polymers were recovered as a yellowish solid by removing acetone
using a vacuum oven over a period of 24 h.
Chain-Extension of Poly(DMLA) Macro-RAFT Agents. The

chain extensions were performed via PET-RAFT polymerization as
follows: poly(DMLA) Macro-RAFT agent (2.0 g) (monofunctional if
the target polymer is a diblock copolymer or difunctional if it is a
triblock), the monomer (1.0 g) (ELA if the desired block is PELA or a
3:1 mixture of ELA and DMLA if the desired block is poly(ELA-r-
DMLA)), DMSO (6.5 mL) as solvent, DMF (0.5 mL) as internal
reference, and ZnTTP photocatalyst were added to a 20 mL vial. The
vial was closed using a rubber septum. This solution was then degassed
by argon bubbling for 30 min, and the reaction was started when the red
light (∼630 nm) was turned on. The kinetic analysis and work up were
performed as described above. The final polymers were recovered as
yellowish solids by removing acetone using a vacuum oven over a
period of 24 h.

■ RESULTS AND DISCUSSION
DMLA and ELA Synthesis from Green Lactic Acid-

Based Solvents. Although EL and DML are chemicals with
existing large volume uses as green solvents, their secondary
hydroxyl functionality also enables their exploitation as
precursors of reactive biobased (meth)acrylic monomers
(Figure 1a).19,20,40

As reported in a previous publication,19 EL solvent was
converted into the corresponding acrylic derivative using a low
environmental impact methodology that uses acrylic acid to
introduce the reactive moiety and T3P as an ester-coupling
promoter in the presence of TEA. Herein, this methodology was
also adapted to synthesize the water-soluble DMLAmonomer in
73% yield from the green solvent DML, which is marketed by
BASF under the name Agnique AML 3L. In both cases, Me-
THF was used as reaction media and chromatographic
purification protocols were avoided to maximize the sustain-
ability angle of the monomer synthesis step.
PET-RAFT to Produce ELA/DMLA Copolymers with

Different Composition Profiles. Model lactic acid-derived
(meth)acrylic block copolymers comprising two or more
homopolymer segments were recently prepared using various
reversible-deactivation radical polymerization (RDRP) meth-
ods.19,20 Herein, five linear amphiphilic DMLA/ELA copoly-
mers with comparable monomer composition (∼65 mol %
hydrophilic monomer) and number-average molar masses (Mn
∼ 15 000 g·mol−1) but different monomer distribution profiles
were prepared using PET-RAFT polymerization activated by
ZnTTP using a red light (633 nm). This RDRP method was
preferred because it satisfies multiple principles of green
chemistry, e.g., oxygen tolerance and room temperature
polymerization, while minimizing the side reactions that usually
are associated with poor control and poorly defined polymers.
First, a poly(DMLA-r-ELA) random copolymer precursor

(R) was synthesized by PET-RAFT at room temperature using
MCEBTTC as RAFT agent. The copolymerization using 150
ppm of ZnTTP at a DMLA/ELA molar feed ratio of 2.00
resulted in a monomodal polymer with low dispersity (Đ = 1.10,
Figure 1b) and experimental number-average molecular weight
in good agreement with the theoretical value calculated from the
monomer/CTA ratio and the monomer conversion (13 200 vs
15 100 g·mol−1). Kinetic analysis revealed a linear increase of

Figure 1. (a) Synthesis of DMLA and ELA acrylic monomers from the corresponding green solvents. (b) GPC trace of poly(DMLA-r-ELA) random
copolymer R. Numbers shown together with the GPC trace correspond toMn (GPC, kg/mol) and Đ. (c) Evolution of the ln([M]0/[M]) vs time for
the ON−OFF−ON PET-RAFT random copolymerization of DMLA and ELA. (d) Schematic representation of the targeted composition profiles of
DMLA/ELA copolymers together with the corresponding code, molar mass, and composition data for the synthesized copolymers. Additional
molecular characterization is reported in Table S1.
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ln([M]0/[M]) with time, which is in agreement with a constant
number of propagating chains throughout the polymerization

(Figure 1c). Moreover, efficient temporal control of polymer
chain growth was possible by ON−OFF light switching.

Figure 2. (a) Synthesis of DMLA/ELA copolymers BB and BR via PET-RAFT polymerization of ELA and ELA/DMLA, respectively, using a
poly(DMLA) macroinitiator (Mn = 9500 g·mol−1, Đ = 1.13). (b) GPC traces of poly(DMLA) macroinitiator and BB copolymer. (c) GPC traces of
poly(DMLA) macroinitiator and BR copolymer. Numbers shown together with the GPC traces correspond to Mn (GPC, kg/mol) and Đ.

Figure 3.DLS hydrodynamic diameter as a function of temperature for the polymers synthesized in this work. In particular, (a) solution at 2.5 mg/mL
of copolymer R, (b) solution at 10 mg/mL of copolymer BB, (c) solution at 10 mg/mL of copolymer BR, (d) solution at 0.5 mg/mL of copolymer
BBB, and (e) solution at 0.5 mg/mL of copolymer RBR.
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Although, the overlapping of vinyl signals prevented the
calculation of individual conversions by 1H NMR analysis, the
characteristic methine signals at ∼5.4 ppm for DMLA and ∼5.1
ppm for ELA allowed one to quantify the final ratio of 1.92
between the hydrophilic and hydrophobic monomers in the
isolated copolymer R, which is close to the feed (2.00).
Next, a series of block copolymer precursors were synthesized

applying the macroinitiator approach. The chemical route used
for the synthesis of the copolymers BB and BR is depicted in
Figure 2a. Briefly, a water-soluble DMLA homopolymer was
synthesized by PET-RAFT usingMCEBTTC as CTA and under
identical conditions as described above for the preparation of the
copolymer R, i.e., ZnTTP as photocatalyst and red light as the
activator. The RAFT polymerization proceeded up to 91%
conversion and afforded a monomodal poly(DMA) macro-
initiator with molecular weight in close agreement with the
theoretical value (9500 vs 11 800 g·mol−1). The produced
poly(DMLA) was isolated by dialysis and subsequently
employed as macro-CTA to produce two AB copolymers with
comparable molar mass but with differing composition profiles,
poly(DMLA-b-ELA) (BB) and poly(DMLA-b-[DMLA-r-
ELA]) (BR) (Figure 2a). Irrespective of the composition
profile, the PET-RAFT polymerization proceeded with linear
first-order kinetics, which can be regulated by ON−OFF light
switching up to high conversion (>90%) (Figures S2 and S3).
The successful formation of both copolymers was supported by
a clear and symmetrical displacement of the GPC peak
corresponding to the macro-CTA toward higher molecular
weights after the chain extension (Figure 2b,c).
Subsequently, the same approach was used to access ABA

triblock copolymer precursors with poly(DMLA) middle block
and either homopolymer or mixed outer blocks (Figure 1b). In
this case, BM1812 was used as CTA to produce a suitable and a
well-defined telechelic poly(DMLA) macro-CTA (Figure S4).
To solve solubility issues with BM1812, we resort to the use of
thermo-initiated RAFT polymerization in anisole to produce the
targeted bifunctional macroinitiator (Mn = 9500 g·mol−1, Đ =
1.30). 1H NMR monitoring of the polymerization process
showed that the integral of the proton signal associated with the
terminal −CH3 of the CTA Z-group at ∼0.9 ppm remained
constant over time and up to high conversion, thus suggesting a
high chain-end fidelity of the final polymer. Furthermore, the
difunctional poly(DMLA) macro-CTA was chain extended via
PET-RAFT at room temperature with ELA or a 3:1 mixture of
DMLA and ELA to yield triblock copolymers poly(ELA-b-
DMLA-b-ELA) (BBB) and poly[(DMLA-r-ELA)-b-DMLA-b-
(DMLA-r-ELA)] (RBR), respectively. The formation of both
macromolecular structures was demonstrated by the clear chain
extensions observed byGPC leading to final triblock copolymers
with narrow molecular weight distributions (Đ = 1.27 for BBB
and Đ = 1.26 for RBR, respectively) (Figures S5 and S6). These
results further demonstrate that PET-RAFT polymerization is a
versatile tool for the production of different lactic acid-derived
copolymers with comparable molar masses but differing
composition profiles.
Self-Assembly and Thermoresponsive Behavior. The

obtained series of polymers, consisting of linear structures with
comparable molecular weights but completely different
distribution of monomers, display distinct and interesting
solution behavior. All investigated polymers are directly soluble
in water giving a turbid or milky solution, typical of block
copolymer assembly. It was also noticed that some of the
polymers show temperature-dependent behavior in water, in

particular the presence of a lower critical solution temperature
(LCST).62 For example, the solution of copolymer R is turbid at
room temperature but becomes completely transparent by
cooling to 4 °C
For this reason, a more detailed study was carried out by DLS.

Low concentration aqueous solutions of the prepared polymers,
in the range from 0.5 to 10 mg/mL, were analyzed by DLS as a
function of the temperature in the range of 4−90 °C (Figure 3).
The polymer concentration was optimized for each case,
depending on visualization of the turbidity.
It has been previously shown that for some thermoresponsive

polymers the LCST can be tuned by the polymer composition
and architecture.65−67 Also in our case, polymers with different
architectures displayed different LCSTs and behaviors. In
particular, the polymer with random structure R displayed a
LCST of ∼17 °C, below which it is fully soluble (Figure 3a).
Conversely, the BB and BBB copolymers show turbidity and

the presence of some aggregates also at low temperature (much
more pronounced for BBB), but at their LCST (∼65 and ∼55
°C, respectively), the turbidity significantly increases, as well as
the hydrodynamic diameter measured by DLS (Figure 3b,d),
indicating the formation of new bigger aggregates. As the
polymers were already forming aggregates at lower temper-
atures, these are not LCSTs in the proper sense, but we will stick
to this nomenclature for lack of a better definition. The fact that
R is the only fully soluble polymer at low temperature can be
explained by the fact that all the other polymers have a blocky
nature, where the hydrophobic block either is only constituted
by ELA or is richer in it. This favors the formation of aggregates.
The LCST does not seem to be dependent on polymer
concentration (Figure S7); however, the cloud point temper-
ature may be, as shown visually by Video S1. However, we did
not perform a rigorous measurement of the latter.
It is noteworthy that the p(DMLA) structure is similar to that

of other well-known thermoresponsive polymers, containing
substituted amide groups (such as PNIPAM). However, it is
interesting that, in the specific case of DMLA, the thermores-
ponsive behavior arises in combination with ELA, while
polymers with long sequences of p(DMLA) do not show the
same feature.
The self-assembly of a diblock copolymer P(DMLA-b-ELA)

in water was previously reported in the literature,20 but in that
case, the thermoresponsive behavior was not investigated.
Notably, in the mentioned previous work, the polymer could
only be solubilized in water by transfer from a THF solution, and
not directly, indicating that this step was necessary in order to
achieve self-assembly. This can be ascribed to the fact that the
hydrophobic block in the previous work had comparable length
to the hydrophilic one, while in the present work it is
significantly shorter, likely favoring spontaneous self-assembly
by direct dissolution of the polymer in water. The dimensions of
the aggregates were significantly different from that observed
here with DLS (Figure 3), suggesting that the aggregation
phenomena were complex and different for each polymer. The
different size might be related to the differentMn (18 kDa of the
previously reported polymer vs 14.5 kDa of the polymer
synthesized in this work) and DMLA/ELA ratio (1 in the
previously reported polymer vs 1.76 of the polymer synthesized
in this work), but the data are insufficient to allow a clear
correlation at this stage.
DLS of the triblock BBB showed some transition happening

above its LCST. It must be noted here that, due to possible
multiple scattering phenomena in turbid systems, the measured
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hydrodynamic diameters in this particular case are only
indicative; however, changes in the correlation function and
the particle count rate clearly indicate aggregation phenomena
(see Figure S7). Those observations suggested that the triblock
copolymer may form a network of connected micelles, as already
reported in the literature for analogous systems.68 From these
observations, it was possible to conclude that the LCST depends
more on the polymer architecture than on the DMLA/ELA
ratio.
Analogous measurements were carried out on polymer

solutions of the poly(DMLA) chain-extended with random−
blocks (BR and RBR), but those copolymers did not display a
LCST.
As their hydrophobic block is comparatively richer in ELA

than R, one would expect to see further aggregation also in these
cases; however, none is observed (Figure 3c,e). For BR, there
seems to be a “jump” in particle size at high temperatures, but
visually, no further aggregation could be observed.
This may signify that the aggregation process did not depend

only on the hydrophobic block composition but also on the
overall polymer structure and composition.
The three copolymers that displayed thermoresponsive

behavior (R, BB, and BBB) were analyzed by cryo-TEM and
TEM to gain more information on the kind of aggregates
formed.
Despite the observation of a clear formation of aggregates for

R solution at 0.01 mg/mL, cryo-TEM was not able to detect
them when the sample was prepared at either 10 or 25 °C.
Negative staining TEM was carried out on the same solution,
drying the grid with an IR lamp (∼30−35 °C). In this case, TEM
showed the presence of spherical aggregates (r∼ 25 nm) (Figure
4a), confirming that above the LCST the polymer was able to
self-assemble into micelles. BB solutions did not show visible

aggregates at the TEM. More interesting were the results of the
triblock polymer solution (BBB at 0.01 mg/mL) analyzed by
TEM. The solution was turbid at 25 °C, and according to the
DLS data, the aggregates were big enough to suggest the
presence of a connected-micelle network typical of triblock
copolymer assembly. Indeed, at 25 °C, the TEM (Figure 4b)
showed the presence of numerous micelles (r ∼ 20 nm)
connected to each other formingmacroaggregates up to 800 nm,
in line with the DLS data. It can be noted here that TEM was
measured at lower concentrations than DLS due to specific
instrument requirements. However, as these polymers should
give kinetically “frozen” micellar aggregates, the concentration
should not have a significant effect. What happened at 65 °C
could be a transition to a different kind of aggregate (such as
worm-like micelles),69,70 but this should be further investigated.
Data about self-assembly, thermoresponsive behavior, and
morphology of the studied polymers are summarized in Table 1.
Surface Tension and Preliminary Emulsion Studies

with Different Oils. Given the possible application of such
biobased polymers as emulsifiers and/or emulsion stabilizers, we
further investigated polymer solutions from the point of view of
surface tension and emulsion stabilization of various oils.
Comparing the different surface tension values as a function of
the polymer concentration, no big difference was observed
between polymers having the diblock and triblock architecture
(Figure 5). It is worth mentioning that measurements of the
triblock with mixed outer segments (RBR) using the pendant
drop method resulted in a particular challenge due to poor
stability of the forming drop. The random copolymer R is
remarkably more surface active, as shown in Figure 5, displaying
a decrease of the surface tension up to 42 mN/m already at low
polymer concentration values. These results are in line with that
reported in the literature about the effect of the polymer

Figure 4.Negative staining TEMof the polymers synthesized in this work showing a thermoresponsive behavior. (a)R copolymer solution at 0.01mg/
mL and (b) BBB copolymer solution at 0.001 mg/mL.

Table 1. Summary of Polymer Solution Data

R BB BBB BR RBR

appearance at low T clear slightly turbid milky slightly turbid slightly turbid
LCST 17 65 55 none none
Dh (DLS) below LCST not detected ∼10 nm ∼1000 nma ∼10 nm ∼20 nm
Dh (DLS) above LCST >1200 nm ∼140 nm 2000−3000 nma

morphology of aggregates at 25 °C (TEM) spherical micelles not detected connected micelles
aProbably not accurate due to multiple scattering.
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architecture (random vs block copolymers) on surface
tension.53

As anticipated, we also carried out preliminary tests aimed at
evaluating how the prepared polymers behave as emulsion
stabilizers with three oils with different polarities (paraffin oil,
isopropyl palmitate oil, and sunflower oil). For this reason, equal
volumes of oil and aqueous polymer solutions at 5 mg/mL were
put in contact in a graduated test tube and shaken vigorously,
and emulsion formation was observed. As reported in the
literature, it is expected that oil polarity and the chemical nature

of the emulsifier affect the emulsion type, droplet size, and
stability of the emulsions.71,72

The stability over time was monitored by measuring the
volume of the emulsified phase until equilibrium (Figures S8−
S10).
In all cases, the bottom layer (water) remained transparent

(Figures S8−S10), indicating that water/oil emulsions are
formed, rather than o/w. For all the oils, the triblock copolymers
proved to be the most efficient stabilizers, stabilizing up to 40%
(v/v) of the water in the oil phase (Figure 6). In all cases, a
partial precipitation of the polymer (as confirmed by 1H NMR,
Figure S11) was observed after several hours, which did not
affect the stability of the emulsion.
Overall, no clear trend could be identified with respect to the

polymer architecture and type of oil. The random copolymer
was less effective in stabilizing paraffin and sunflower oil
emulsions compared to the other polymers, but it proved to be
the best stabilizer for isopropyl palmitate. The diblock
copolymers were less effective with isopropyl palmitate oil
emulsion but proved to be good emulsifiers in the other cases.
We can only conclude that many factors are at play at the same
time (hydrophobic/hydrophilic balance, hydrogen bonding,
distribution of hydrophobic groups, dynamics of the system),
making it difficult to find trends.
Given the thermoresponsive aggregation behavior, we also

preliminarily investigated the effect of temperature on emulsion
stabilization. The random copolymer (R) was the only one used
for this study. It showed better stabilization of paraffin oil

Figure 5. Comparison of surface tension as a function of the polymer
concentration for the different polymer architectures.

Figure 6.Comparison of the kinetic study of (a) the emulsion stability over time of the 50% v/v water/paraffin oil stabilized by 0.25% w/v of polymer;
(b) the emulsion stability over time of the 50% v/v water/isopropyl palmitate oil stabilized by 0.25% w/v of polymer; (c) the emulsion stability over
time of the 50% v/v water/sun flower oil stabilized by 0.25% w/v of polymer. (d) Images of the kinetic study of the water/paraffin oil emulsions
stabilized by copolymer R at 4 °C.
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emulsions at low temperature (4 °C) compared to room
temperature (Figure 6d). Moreover, in this case, the bottom
water phase appeared cloudy and not transparent as opposed to
the same emulsion at room temperature, suggesting the
presence of polymer aggregates in water. No clear correlation
between oil polarity, polymer structure, and emulsion stability
was found. We can conclude that the prepared polymers are
effective stabilizers of w/o emulsions and the best polymer was
dependent on the type of oil used to prepare the emulsion,
probably due to the different polarities. It is noteworthy that,
although being 2/3 composed of the hydrophilic monomer, this
polymeric surfactant promoted the formation of w/o emulsions,
apparently contradicting the Bancroft rule. This shows that
polymeric surfactants may have different dynamics than low
molecular weight ones.

■ CONCLUSIONS
In this work, we reported the synthesis, characterization, and
solution properties of thermoresponsive lactic acid-derived
polymeric surfactants characterized by different molecular
architectures. The use of two bioderived monomers such as
DMLA and ELA for the preparation of amphiphilic polymers
represent an advantage over other acrylic monomers in terms of
sustainability and green chemistry principles. To synthesize
polymers characterized by different architectures, PET-RAFT
activated by ZnTTP photocatalyst was used as a synthetic
strategy. The use of red light (633 nm) to initiate polymerization
unifies multiple aspects of green chemistry and minimizes
possible side reactions that usually lead to poor control and
poorly defined polymers in photoinitiated processes.59 More-
over, the use of a photochemistry-based method provides the
basis for polymeric materials manufacturing via 3D printing
techniques.
After preparing five copolymers with different monomer

distributions, we focused our attention on studying the solution
behavior of the prepared polymers in water solution. Some of
them were identified to be thermoresponsive, showing a LCST
in the range of 13−70 °C, depending on the molecular
architecture. Specifically, as confirmed first by DLS and then
by TEM, a random copolymer of DMLA and ELA (51:25) is
fully soluble at low temperatures and able to assemble into
spherical micelles above 17 °C. A thermoresponsive behavior
was also shown by the corresponding diblock copolymer, but in
this case, the polymer already aggregates at low temperature;
further aggregation was observed above 65 °C. The triblock
copolymer aggregates showed a significant difference in
morphology, since the presence of connected micelles was
already shown at low temperature, and even larger structures
seemed to form according to DLS at 55 °C. For the random−
blocks, no transitions were observed at any investigated
temperature. This suggests that the DMLA/ELA ratio in the
hydrophobic block may not be a determining factor of this
associative behavior, but rather, it is due to the overall
composition of the polymer.
In terms of surface activity, the random copolymer showed

significantly lower surface tension than the block copolymers.
Preliminary tests aimed at evaluating the prepared copolymers
as emulsion stabilizers showed that they all form w/o emulsions
with three oils characterized by different polarities with no
apparent correlation with the polymer structure. Notably, the
kind of emulsions formed are w/o, despite the polymers being
2/3 constituted by the hydrophilic monomer, apparently
contradicting the Bancroft rule. This goes to show the

complexity of polymeric surfactants compared to low-molecular
ones. The triblock copolymers were themost efficient stabilizers,
despite the minimal surface activity, while diblock and random
copolymer effectiveness seemed to be dependent on the type of
oil used.
The results obtained in this work are promising for a future

development of bioderived polymeric surfactants for industrial
applications. Further studies on the molecular weight effect and
different DMLA/ELA ratios can help to better understand how
to engineer the polymer composition in order to achieve the
desired final solution properties.
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