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ABSTRACT: Well-defined graft-copolymers of poly(2-ethyl-2-oxazoline)methacrylate macro- ooe

monomer (PEtOxMM), n-butyl methacrylate, and n-lauryl methacrylate were synthesized via ‘jﬁ%ﬁo (g

the grafting-through method. The effect of composition on the thermal properties and solution 9, Y 1 T T
behavior was investigated. Differential scanning calorimetry and thermogravimetric analysis 43

showed little dependency of the thermal properties on the terpolymer composition, while the

solution properties were found to be strongly dependent. Varying the PEtOxMM content, the o o
resulting graft- copolymers were found to be soluble in water or n-dodecane. A ¢ L.\,}\.é‘ AL0 /g \
thermoresponsive behavior was observed only for the graft-copolymers in water, as shown by &y 4,;( S N
turbidity measurements and dynamic light scattering analysis. Small-angle X-ray scattering _{,3»;,.(.{ 7 o
measurements at different temperatures were performed to investigate the self-assembly }-}-f_%l;.

behavior of the graft-copolymers in both n-dodecane and water. A range of temperature- '(f.s,‘.v{{- . . oD

triggered morphological transitions was observed in both solvents depending on the graft-
copolymer composition. These graft-copolymers were able to self-assemble into different
morphologies in both n-dodecane and water, exhibiting a high temperature stability.

B INTRODUCTION The combination of hydrophilic and hydrophobic monomers
into well-defined polymers with specific macromolecular
architectures results in amphiphilic compounds, which can
self-assemble in solution into nanoscale-sized objects.” The
solution self-assembly of amphiphilic copolymers has been
widely investigated in the literature, especially for block
copolymers, which can self-assemble into various well-defined
morphologies.” Furthermore, the self-assembly behavior of
polymers in solution can be triggered by external stimuli, such as
temperature, light, pH, mechanical forces, magnetic fields, and
other chemical stimuli.® Among all, temperature remains the
most employed trigger for the design of stimuli-responsive
polymers, predominantly in aqueous media, as can be observed
from the plethora of available review articles summarizing their
synthesis and applications, mainly in the biomedical field.”
Poly(2-oxazoline)s have recently emerged as a powerful class
of polymers with various potential applications due to their
relatively easy synthesis and their chemical and structural
designability. The cationic ring-opening polymerization
(CROP) of 2-oxazolines results in the synthesis of well-defined
(co)polymers, whose end-group functionalities can be con-

The properties and conformation of graft-copolymers depend
on various parameters, such as the grafting density, the flexibility
(or rigidity) of the backbone, and the chemical composition.'
Among all of these, the grafting density has the greatest effect on
the final properties and conformation. On one hand, densely
grafted side chains on a linear backbone result in steric repulsion
between adjacent grafts and, consequently, in an increase in the
main chain stiffness and in the hindrance of entanglements with
neighboring polymer chains. As a result, these macromolecules
form with a cylindrical or bottlebrush-like structure, with
backbone flexibility on the scale of the distance between
neighboring grafts.” At length scales longer than the side-chain
length, the macromolecules behave like semiflexible cylinders.
On the other hand, flexible comb-like polymers, characterized by
alow grafting density, exhibit a Gaussian chain behavior for both
side and main chains.’

The distinct molecular characteristics of graft-copolymers and
the ability of combining the properties of different polymeric
units within the same macromolecule have opened the
possibility of a variety of novel potential applications that
could not be achieved with linear (co)polymers.” This became
possible due to the development of advanced synthetic
techniques, which enabled a precise control over a range of
parameters, including the grafting density and the side-chain
length. Graft-copolymers are most frequently synthesized via
three methods: %rafting—through, grafting-from, and grafting-

onto approaches.
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trolled during the initiation and termination steps and whose
properties can be easily tuned by varying the length of the alkyl
side chains on the 2-oxazoline monomer.'” Furthermore,
poly(2-oxazoline)s can be easily incorporated into more
complex architectures, resulting in further control over their
properties.

Examples of well-defined brush and grafted architectures
containing 2-oxazolines synthesized via the grafting-through,"'
grafting-from,'> and grafting-onto approaches are present in the
literature, ">~ " evidencing the great versatility of this monomer
class. In the past decade, the focus of research into the self-
assembly of 2-oxazoline graft-copolymers has been investigated
in aqueous solutions. Depending on the self-assembly technique
used, the composition, and the hydrophobic/hydrophilic
balance of the 2-oxazoline-based graft-copolymers, spherical
and worm-like micelles,'® vesicles,"” and more complex
morphologies,'® such as multicompartment micelles and
vesicles, could be obtained. Furthermore, because of the well-
known thermoresponsive behavior of poly(2-oxazoline)s,"’
temperature-triggered self-assembly behaviors and morpholog-
ical transitions of 2-oxazoline graft-copolymers have also been
investigated. For example, a temperature-triggered morpho-
logical transition was observed for grafted copolymers consisting
of a linear poly(ethylene imine) backbone and poly(2-ethyl-2-
oxazoline) (PEtOx) side chains." Depending on the grafting
density and the length of both the backbone and the side chains,
the graft-copolymers were able to self-organize into ordered
structures with different morphologies and internal structures.
Upon heating, a change in morphology was observed due to the
thermoresponsive behavior of PEtOx. By carefully varying the
polymer composition and the temperature, rodlike anisotropic
particles, compact cylindrical aggregates with circular cross
sections, core—shell cylinders, and core—shell spheres could be
obtained."® Recently, thermoresponsive graft-copolymers con-
sisting of a polypeptide backbone and poly(oxazoline) side
chains showed temperature-induced phase transitions in water
due to the presence of the thermoresponsive oxazoline
units.”””" For example, graft-copolymers consisting of a
poly(tyrosine) backbone and PEtOx side chains, exhibiting a
lower critical solution temperature (LCST) behavior in water,
could self-assemble into micelles consisting of a hydrophobic
polypeptide core and hydrophilic PEtOx corona below their
cloud point temperature (T¢p) and formed micellar aggregates
above Tcp.”!

However, it is important to note that the study and
understanding of the self-assembly behavior of statistical
amphiphilic copolymers and, in particular, of statistical graft-
copolymers, are still limited. As in the case of diblock
copolymers, amphiphilic statistical copolymers can self-
assemble into a wide range of morpholo§ies, including
spheres,n’23 cylindrical micelles,”* vesicles,””*® and bowl-
shaped structures.”® Therefore, in this study, the synthesis of
well-defined statistical graft-copolymers based on 2-oxazoline
and methacrylate monomers via the grafting-through approach
is reported. The graft-copolymers are obtained via reversible
addition—fragmentation chain-transfer (RAFT) polymerization
of a poly(2-ethyl-2-oxazoline)methacrylate macromonomer
with n-lauryl methacrylate and n-butyl methacrylate. The final
polymer composition is systematically varied to evaluate the
effect on the thermal properties and solution behavior of the
graft-copolymers. The study of the thermoresponsive behavior
and self-assembly of the graft-copolymers in water and dodecane
is first assessed by turbidity measurements and light scattering
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techniques. Small-angle X-ray scattering (SAXS) measurements
at different temperatures are employed to investigate the self-
assembly behavior of the graft-copolymers in both solvents.

B RESULTS AND DISCUSSION

Synthesis of Poly(2-ethyl-2-oxazoline) Macromono-
mer (PEtOXMM). In the grafting-through approach (or the
macromonomer method), a low-molecular-weight monomer is
polymerized with a (meth)acrylate-functionalized macromo-
nomer, resulting in graft-copolymers bearing well-defined side
chains.”” In this study, a poly(2-ethyl-2-oxazoline) macro-
monomer (PEtOxMM) was synthesized via CROP of 2-ethyl-2-
oxazoline (EtOx) and subsequently end-capped with meth-
acrylic acid, yielding a methacrylate-functionalized final
polymer. The CROP of EtOx was carried out in acetonitrile
(CH4CN) at 100 °C using methyl tosylate (MeTos) as the
initiator (Scheme 1). The [monomer] to [MeTos] ratio was
25:1.

Scheme 1. Reaction Scheme of the Synthesis of the 2-Ethyl-2-
oxazoline Macromonomer (PEtOxMM)“
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“MeTos = methyl tosylate, MAA = methacrylic acid, DIPEA = N, N

diisopropylethylamine.

1. MeTos, CH3CN, 100 °C

2. MAA, DIPEA, CH3CN, 80 °C

After reaching full EtOx conversion, a solution containing
fivefold excess of methacrylic acid and N, N-diisopropylethyl-
amine (DIPEA) in CH;CN was directly added to the sealed vial
containing the living oxazoline chains. The methacrylate anions
generated in situ in the presence of DIPEA directly end-capped
the polymer chains bearing living oxazolinium species. "H NMR
spectroscopy was employed to evaluate the efficiency of the end-
capping reaction after the purification of the resulting macro-
monomer to remove the excess reagents (Figure Sl).

The PEtOxMM macromonomer showed a narrow molecular
weight distribution (M, = 2578 g mol™', M, gpc = 2400 g
mol™!, P = 1.10), which is expected from a controlled living
polymerization (Figure S2). Because of the difference in
hydrodynamic volume between the PMMA standards used in
the GPC calibration and that of the macromonomer, a
discrepancy between the theoretical and experimental molecular
weight distributions was expected.

Synthesis of Oxazoline/Methacrylate Graft-Copoly-
mers via the Grafting-Through Method. The second step of
the graft-copolymer synthesis via the grafting-through approach
is the copolymerization of the macromonomer with low-
molecular-weight monomers. In this case, PEtOxMM was
copolymerized with two hydrophobic methacrylates, namely, n-
butyl methacrylate (BuMA) and n-lauryl methacrylate (LMA),
via RAFT polymerization (Scheme 2). 2-Cyano-2-propyl
benzodithioate (CPBD) was employed as the chain-transfer
agent and dimethyl 2,2"-azobis(2-methylpropionate) (V-601) as
the initiator.

For all synthesized terpolymers, the polymerization was
performed at a monomer concentration of 0.5 M in chloroform
(CHCL;) at 70 °C. In order to evaluate the effect of the
composition on the properties of the final graft-copolymers,
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Scheme 2. Schematic Representation of the Synthesis of Graft-Copolymers via the Grafting-Through Approach by RAFT
Polymerization of Butyl Methacrylate (BuMA), Lauryl Methacrylate (BuMA), and PEtOxMM
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Table 1. Graft-Copolymers of PEtOxMM, BuMA, and LMA Obtained via the Grafting-Through Approach

sample  [PEtOxMM/BuMA/LMA]a” conversion (%) [PEtOxMM/BuMA/ LMA]ﬁmld M, (g mol™) ]Y/IWSECE (g mol™) b
PEtOXMM” BuMA® LMA®
GP1 9:43:47 88 >99 >99 8:43:47 38,925 25,900 1.17
GP2 9:55:32 87 >99 >99 8:55:32 36,815 26,600 1.17
GP3 9:29:64 86 >99 >99 8:29:64 41,259 27,500 1.19
GP4 16:38:41 83 >99 >99 13:38:41 49,583 30,700 1.19
GPS 17:48:28 81 >99 >99 14:48:28 50,276 29,000 1.20
GP6 17:27:58 81 >99 >99 14:27:58 54,923 29,900 1.21
GP7 25:42:43 86 >99 >99 22:42:43 73,871 33,200 1.18
GP8 25:44:27 88 >99 >99 22:44:27 70,085 35,100 1.14
GP9 25:27:54 86 >99 >99 22:27:54 74,537 35,100 1.21

“Determined from 'H NMR spectra at £, ’Determined by GPC

measurements. “Determined by 'H NMR spectroscopy. “Final polymer
composition calculated from the monomer conversion. “Measured in THF with 2% TEA using PMMA standards and a single column.

three series of terpolymers were synthesized. The PEtOxMM
equivalents were kept fixed to 8, 14, or 22 equiv, while the ratio
between BuMA and LMA was systematically varied to a
theoretical composition of 30:70, 50:50, and 70:30 (Table 1).
The exact initial monomer feed ratio, [PEtOxMM/BuMA/
LMA];,ay Was calculated from the "H NMR spectrum of each
terpolymer before starting the polymerization, as shown in an
example NMR spectrum (Figure S3). A total of nine grafted
terpolymers were obtained. The overall [monomer]/[CPDB]/
[V-601] ratio was kept constant at 100:1:0.25 for all
terpolymers. To increase the conversion of the PEtOx
macromonomer, 0.12 equiv of the initiator was further added
to the reaction mixture after 48 h from the beginning of the
polymerization. The reaction mixture was kept at 70 °C for
further 24 h, for a total of 72 h.

At the end of the polymerization, the BuMA and LMA
conversions were determined from the 'H NMR spectra
(Figures S4 and SS5), while the PEtOxMM conversion was
calculated from the GPC curves using the integration method, as
already reported in the literature (Figure S6)."

Subsequently, the terpolymers were purified by dialysis in
water for 10 days and analyzed by 'H and '"H—"*C HSQC NMR
spectroscopy to monitor the complete removal of the unreacted
water-soluble PEtOxMM (Figures 1 and S7). '"H-"C HSQC
spectroscopy was used to resolve the overlapping signals and to
detect the presence of a small amount of unreacted PEtOxMM.
As can be observed in Figure 1B, the peaks obtained in the 'H
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NMR spectrum correspond only to proton—carbon correlations
related to the grafted terpolymer, and no correlations were
found for the unreacted macromonomer, indicating its complete
removal.

GPC analysis of the graft-copolymers GP1—GP9 after dialysis
showed unimodal molecular weight distributions with narrow
dispersities (Figure 2). Due to the difficulty in discerning the
peaks related to PEtOx, BuMA, and LMA in the 'H NMR
spectra for the determination of the kinetics of the polymer-
ization of the three compounds, kinetic studies were performed
on the individual copolymerizations of BuMA/LMA, BuMA/
PEtOxMM, and LMA/PEtOxMM. The determination of the
reactivity ratios and the calculation of their products suggested
the synthesis of pseudogradient diblock graft-copolymers. The
graft-copolymers consisted of an initial BuMA-enriched
statistical region, followed by a gradient domain of the three
methacrylates and, finally, an LMA-enriched statistical region,
whose composition depended on the monomer feed ratio
(Table S4 and Figure S8).

Determination of the Thermal Properties of the Graft-
Copolymers. The thermal stability of the copolymers was
evaluated via thermogravimetric analysis (TGA). The polymers
were heated from 25 to 550 °C at a heating rate of 10 °C min™"
under air. All polymers showed thermal stability up to 200 °C
with similar thermal decomposition profiles (Figure S9).

Subsequently, the thermal properties of the copolymers were
investigated via differential scanning calorimetry (DSC). A first

https://doi.org/10.1021/acs.macromol.3c01308
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Figure 1. (A) '"H NMR spectra (400 MHz, CDCL;) of GP1—GP?9 after dialysis, showing the absence of the PEtOxMM peaks at 5.4—6.2 ppm and (B)
HSQC spectrum (400 MHz, CDCl;) of GP2, demonstrating the complete removal of the unreacted PEtOxMM. For brevity, the end-groups of the
graft-copolymer are not shown in the chemical structure.

fast heating/cooling cycle from —40 to 140 °C at 60 °C min™" The DSC curves of the terpolymers showed a single thermal
under nitrogen atmosphere was used to remove the thermal transition, corresponding to a glass transition (Figure $10). The
history of the samples, followed by two further heating/cooling measured glass transition temperatures (Tg) showed values
cycles from —40 to 140 °C at 20 °C min ™. between the T, of the EtOx macromonomer and the BuMA
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Figure 2. GPC traces of GP1—GP9 after purification using THF with
2% TEA as an eluent.

homopolymer (Table 2). However, a trend was not observed
since the GP1—GP9 graft-copolymers exhibited T, values in the

Table 2. Glass-Transition Temperatures (T,.,,) Obtained

,eXp
from the DSC Analysis of the BuMA and LMA
Homopolymers, PEtOxMM, and GP1—-GP9 Graft-

Copolymers

sample (PEtOXMM/BuMA/LMA)..,, Tyerp (°C)

PBuMA 0:102:0 20
PLMA 0:0:94

PEtOxMM EtOx DP 25 44
GP1 8:43:47 35
GP2 8:55:32 35
GP3 8:29:64 36
GP4 13:38:41 31
GPS 14:48:28 30
GP6 14:27:58 32
GP7 22:42:43 33
GP8 22:44:27 35
GP9 22:27:54 36

same range (30—36 °C). The measured T, values were not
dependent on the final chemical composition, probably due to
the statistical incorporation of the monomers within the
polymer chains. However, it is important to note that the
terpolymers presented only one thermal transition and not two,
providing more evidence of the formation of statistical or
gradient copolymers and not of block copolymers.

Evaluation of the Thermoresponsive Behavior of the
Graft-Copolymers via Transmittance Measurements.
The solution behavior of the terpolymers was investigated in
both water and dodecane in order to evaluate the effect of the
chemical composition on the final solution properties in two
solvents with very different polarities.

Solubility tests of the terpolymers in water and dodecane were
first performed by dissolving the polymers at a concentration of
S mg mL™". The terpolymers containing a high amount of
PEtOxMM (i.e., GP4—GP9) were only soluble in water, while
the terpolymers with the lowest PEtOxMM content (i.e., GP1
and GP3) were only soluble in dodecane (Table SS).
Interestingly, GP2 did not form a transparent solution in either
of the two solvents, suggesting that a high content of LMA was
necessary to achieve solubility in dodecane.

Afterward, the solution behavior of the terpolymers was
investigated via UV—vis spectroscopy. Poly(2-ethyl-2-oxazo-
line) has a well-known thermoresponsive behavior in water,
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exhibiting an LCST between 60 and 63 °C, depending on the
polymer molecular weight and concentration.”® Consequently,
the copolymerization of PEtOxMM with hydrophobic mono-
mers should decrease the overall T¢p to lower values. Moreover,
in the case of the dodecane-soluble terpolymers, the inclusion of
LMA in the composition might induce an upper critical solution
temperature (UCST) behavior due to the crystallization of the
alkyl chains, as previously reported for other polymers.29

The dodecane-soluble graft-copolymers GP1 and GP3 were
first analyzed at a concentration of S mg mL™". The samples were
subjected to two heating/cooling cycles from 15 to 85 °C at a
heating rate of 1 °C min™". As can be observed in Figure S11, the
graft-copolymers were completely soluble in dodecane and did
not show any thermoresponsive behavior, as indicated by
transmittance values close to 100% over the whole analyzed
temperature range. This suggested that the alkyl chains of the
LMA units might not have been long enough to form crystalline
domains, which could have been solubilized upon heating.
Alternatively, the statistical distribution of the LMA monomer
along the polymer chains, together with the long PEtOx side
chains, might have hindered the packing of the LMA alkyl chains
into crystalline domains. Finally, the BuMA units might have
disrupted the packing due to the presence of short alkyl chains,
which probably remained noncrystalline at higher temperatures.

On the contrary, the water-soluble graft-copolymers exhibited
an LCST behavior in water, which was dependent on the
polymer chemical composition and on the polymer concen-
tration. At S mg mL™', the T¢p values of the terpolymers
containing 14 equiv of PEtOxMM (ie, GP4—GP6) were
dependent on the content of the most hydrophobic monomer,
LMA (Figure 3A). For instance, a slight decrease in T from 64,
to 62, to 60 °C was observed with the increasing LMA content
from 28 equiv (GPS), to 41 equiv (GP4), to 58 equiv (GP6),
respectively. As expected for polymer solutions, a hysteresis
between the Tp values of the heating and cooling curves was
observed for all terpolymers (Figure 3C). This phenomenon was
less pronounced for GP6, containing the highest amount of
LMA units, due to its more hydrophobic nature compared to
GP4 and GPS.

In the case of GP7—GP9 with 22 equiv of PEtOxMM, this
trend was less pronounced, with the terpolymers showing similar
Tcp values at around 67 °C during the heating cycle (Figure 3B).
The overall hydrophobicity of the terpolymers might not have
been enough compared to the high PEtOxMM content to
induce a decrease in the T¢p values with increasing LMA
content, as observed for GP4—GPS. In this case, a narrower
hysteresis compared with GP4—GP6 was observed (Figure 3D).

The dependence of the thermoresponsive behavior on the
polymer concentration was investigated by increasing the
terpolymer concentration in water from S to 20 mg mL™'
(Figure S12). For all terpolymers, while the T¢p values for the
cooling cycle remained invariant or decreased, as expected for
more concentrated solutions, an increase in the hysteresis
between the cycles was detected, indicating that at higher
polymer concentrations the compounds required higher
temperatures to precipitate during the heating cycle. This
might have been caused by the formation of high-ordered
structures, as a consequence of their amphiphilic nature, which
hindered their aggregation at lower temperatures.

Dynamic Light Scattering Analysis of the Self-
Assembly Behavior of GP1—GP9. Since the combination
of hydrophobic and hydrophilic moieties in the same polymer
chain could result in the self-assembly into high-order structures
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of the polymer in solution, the graft-copolymers were analyzed
via dynamic light scattering (DLS) measurements in water and
dodecane depending on their solubility.

The thermoresponsive copolymers (GP4—GP9) were
dissolved in water at a polymer concentration of 20 mg mL™",
and the particle size was determined at 25 °C and at a higher
temperature just before the phase transition of each compound,
as previously measured by transmittance measurements
(Figures S13 and S14). For the dodecane-soluble terpolymers,
GP1 and GP3, the measurements were performed at 25 and 70
°C to evaluate if temperature would have an effect on their self-
assembly behavior. In this case, the concentration was decreased
to 12 mg mL™" since the polymers were not completely soluble
in dodecane at higher concentrations.

Interestingly, GP1, containing a lower amount of LMA and a
higher amount of BuMA, formed bigger particles (~33 nm) at
25 °C than the more hydrophobic GP3 (~18.2 nm), as reported
in Table S6. At 70 °C, the hydrodynamic diameter of the two
terpolymers did not significantly change, suggesting that the
increase in temperature did not have an effect on their self-
assembly behavior.

On the contrary, the DLS analyses of the terpolymers soluble
in water confirmed the existence of the thermoresponsive
behavior, as already demonstrated by transmittance measure-
ments (Table S6). An increase in the size of the particles was
detected for all terpolymers at temperatures close to their Tcp
values, where the solutions were still transparent and no
cloudiness was visually detected. In the case of the graft-
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copolymers containing 14 equiv of PEtOxMM, the particle size
was dependent on the LMA content, with the formation of
bigger particles with increasing LMA content, from 17.4 nm for
GPS, to 21.4 nm for GP4, to 35.4 nm for GP6. As expected, the
particle size increased with temperature, resulting in particles
with hydrodynamic diameters of 20.5, 28.5, and 43.3 nm for
GPS, GP4, and GP6, respectively. This trend was also observed
for the graft-copolymers containing 22 equiv of PEtOxMM,
which showed hydrodynamic diameters of 13.0, 14.2, and 15.0
nm for GP8, GP7, and GP9 at 25 °C, respectively. The increase
in temperature resulted in the formation of larger particles with
sizes of 19.0 nm for GP8, 20.9 nm for GP7, and 18.2 nm for
GP9.

It is important to note that due to the small dimensions of the
obtained aggregates, self-assembly might also refer to the folding
of an individual polymer chain into a single-chain nanoparticle.
However, further analyses need to be performed to gain more
insights about the observed behavior.

Small-Angle X-ray Scattering Analysis of the Self-
Assembly Behavior of GP1—GP9. In order to gain insights
into the morphology and internal structure of the polymer
assemblies observed by DLS, SAXS was used as a nondestructive
technique. The aqueous polymer solutions of GP4—GP9 were
prepared at a concentration of 20 mg mL ™', while the dodecane
solutions of GP1 and GP3 were prepared at 12 mg mL™". As for
the DLS measurements, the samples were analyzed at room
temperature and at a high temperature.
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Figure 4. SAXS data (points) and associated structural fits (lines) for (A) GP1 and (B) GP3 measured at 27 and 70 °C. Data collected at higher

temperatures have been vertically offset by a factor of 10 to aid clarity.

For the GP1 and GP3 graft-copolymers analyzed at 27 °C in
dodecane, a significant difference between the scattering
patterns could be especially observed at low values of Q,
where the decay in scattering intensity showed different
gradients (Figure 4). In the case of GP1, the decay in intensity
followed a Q' decay, indicating the formation of cylindrical
particles. Here, best fits to the data were achieved by using a
core—shell cylindrical form factor. In the case of GP3, Q"' decay
in scattering intensity at low Q was not observed. This suggested
the formation of less elongated particles, where best fits to the
data were achieved using a form factor describing core—shell
prolate ellipsoidal particles.

In the case of GPI, the total length of these core—shell
cylinders was not determinable within the achievable Q range,
and consequently, it was kept fixed throughout the analysis.
Nevertheless, these structures were characterized by a core
radius of around 3.3 nm and a shell thickness of around 4.1 nm
(Table 3).

It is worth noting that the SLD of the core was higher than
what would be expected for PEtOx in a good solvent. This
suggested that there was a higher electron density in the core,
indicating that PEtOx chains were collapsed and densely packed
together, driven by their insolubility in dodecane. Therefore, it is
suggested that the cylinders consisted of a dense core of
aggregated PEtOx chains surrounded by a stabilizing dodecane-
soluble BuMA—LMA shell.

By increasing the amount of LMA in the graft-copolymer, a
change in morphology was observed, as reported for LMA-
containing diblock copolymers in n-alkanes.”® The data
suggested the formation of core—shell prolate ellipsoids with a
core radius of ~3.6 nm, a core polar radius of ~9.8 nm, and a
shell thickness of ~2.5 nm. It is worth mentioning that, in this
case, the core SLD was considerably lower than the core SLD of
GP1, suggesting that either the core contained a large amount of
solvent or that the core—shell structure was not particularly
defined. This could indicate that the core consisted not only of
pure PEtOx segments but also of a mixed phase containing
BuMA and LMA segments. A change in morphology depending
on the amount of the most hydrophobic monomer has been
observed.
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Table 3. Parameters Obtained through Fitting the SAXS Data
for the Dodecane-Soluble Samples to Models Consisting of
Cylinders with a Core—Shell Structure (GP1) and Ellipsoid
Particles with a Core—Shell Structure (GP3) Form Factor”

GP1
cylinders 27 °C 70 °C
Poe/ X1076 A2 11.52 + 0.02 11.60 = 0.02
core radius/A 327+ 02 320 +£02
shell thickness/A 414 +0.1 402 + 0.1
length/A 2000 2000
core radius polydispersity 0.12 + 0.01 0.12 + 0.01
GP3
core—shell ellipsoids 27 °C 70 °C
Peore/ X107¢ A2 8.68 + 0.01 8.73 + 0.02
core equatorial radius/A 358 £ 1.0 364 + 1.2
core polar radius/A 98.45 + 3.28 109.2 + 4.4
shell thickness/A 24.8 + 0.9 23.5+1.0
core radius polydispersity 0 0

“SLD of the core (pco.), core radius, core equatorial radius, core polar
radius, shell thickness, length, and core radius polydispersity were
extracted from the fits. More detailed descriptions can be found in
Tables S1 and S2 (Supporting Information).

For both graft-copolymers, similar structural parameters were
observed in the data measured at 70 °C, in agreement with the
DLS measurements, indicating that temperature did not cause a
change in morphology, as instead reported for other LMA-
containing diblock copolymers in dodecane.”” The results also
highlighted the high stability of these assemblies even at a high
temperature.

The GP4—GP9 graft-copolymers in water exhibited higher
core SLD compared to the SLD of statistical BuMA—LMA
copolymers at both low and high temperatures (Table 4). This
suggested the formation of very compact and dense cores
consisting of BuMA and LMA segments that collapsed to
minimize their contact with water.

The graft-copolymers with 14 equiv of PEtOxMM (GP4—
GP6) were first analyzed. At room temperature, GP4 and GPS
exhibited similar scattering patterns, with a core axial ratio lower
than 1, indicating the formation of oblate, disk-like particles with
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GP4 GPS GP6 GP7 GP8 GP9
27 °C 60 °C 27 °C 60 °C 27 °C 55°C 27 °C 65 °C 27 °C 65 °C 27 °C 60 °C
Peore/ X100 A2 9.82 + 9.56 + 9.43 + 9.46 + 9.55 + 9.52 + 9.63+ 948 + 9.44 + 10.00 + 9.57 + 10.28 +
0.12 0.01 0.01 0.003 0.01 0.004 0.09 0.01 0.02 0.25 0.02 0.23
core equatorial 50.8 + 341+10 579+ 40.3+09 40.5+0.6 425+ 26.3 + 302 +1.7 319+ 10.6 +2.3 30.5 + 16.8 +
radius/A 2.3 1.5 0.6 2.6 LS 12 1.8
core pola{ 15.24 + 16641 + 3127 + 12896 + 158.76 + 26.3 + 168.52 + 319 + 105.79 + 55.21 + 71.40 +
radius/A 2.15 6.37 1.41 3.76 3.38 2.6 12.12 1.5 29.92 2.49 9.65
shell thickness/A  52.4 + 383+13 317+ 22.1+12 367+08 300+ 44.7 + 257 +2.1 285+ 402 +29 368 + 482 +
2.6 1.8 0.8 2.8 1.8 1.5 2.1
core radius 0 0 0 0 0 0.19 + 0.06 + 0 0.17 + 042 + 0 0
polydispersity 0.004 0.02 0.01 0.05

“SLD of the core (p..), core equatorial radius, core polar radius, shell thickness, and core radius polydispersity extracted from the fits. More

detailed descriptions can be found in Table S3 (Supporting Information).
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Figure 5. SAXS data (points) and the associated structural fits (lines) for (A) GP4, (B) GPS, and (C) GP6 measured in water at 27 °C and at high
temperature. Data collected at a higher temperature have been vertically offset by a factor of 10 to aid clarity.

core equatorial radii of 5.1 and 5.8 nm, respectively, and core
polar radii of 1.5 and 3.1 nm, respectively (Figure SA,B). While
still self-assembling into oblate ellipsoids, GPS exhibited a more
spherical morphology, probably due to the less compact
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structure of the core caused by the lower hydrophobicity of
BuMA compared to LMA. This was also suggested by the lower
value of the core SLD and a larger core polar radius.
Furthermore, the thickness of the PEtOx shell was thinner
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compared with that of GP4, with values of 3.2 and 5.2 nm,
respectively. Interestingly, the increase in temperature resulted
in a change in morphology from oblate to prolate particles, as
demonstrated by an increase in the core polar radius to ~16.6
nm for GP4 and ~12.9 nm for GPS. A reduction of the core
equatorial radius from 5.1 to 3.4 nm for GP4, and from 5.8 to 4.0
nm for GPS, was also observed. A decrease in the thickness of
the shell to 3.8 and 2.2 nm for GP4 and GPS, respectively, was
also detected. This was attributed to the thermoresponsive
behavior of PEtOx, which led to a collapse of the polymer chains
forming the corona.

Interestingly, a different scattering pattern was recorded for
GP6, the graft-copolymer having the highest amount of LMA,
compared to that of GP4 and GPS (Figure SC). For instance, a
core axial ratio greater than 1 indicated the formation of prolate
particles at both room and high temperatures, with the core
equatorial radii of 4.1 and 4.3 nm, respectively. The increase in
the equatorial axial core at a high temperature suggested the
formation of elongated particles with longer lengths compared
to the prolate particles formed at room temperature having a
core polar radius of ~15.9 nm. However, it should be noted that,
as with the cylindrical particles formed by GP1, the length of the
elongated particles formed by GP6 could not be determined
within the accessible Q range. Also in this case, a reduction of the
thickness of the PEtOx shell from 3.7 to 3.0 nm was observed
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with the increasing temperature, suggesting a similar thermor-
esponsive collapse of PEtOx chains, as seen with GP4 and GPS.

The increase in the content of PEtOxMM from 14 to 22 equiv
resulted in graft-copolymer assemblies with different morphol-
ogies, as shown by the scattering patterns in Figure 6A—C. At
room temperature, GP7 and GP8 exhibited a core axial ratio of
1, indicating the formation of core—shell spherical particles with
radii of 2.6 and 3.2 nm, respectively. Also, in this case, the
presence of a higher content of BuMA resulted in larger, less
compacted cores. In the case of GP9, a core axial ratio greater
than 1 suggested the formation of slightly prolate particles, with
a core equatorial radius of 3.1 nm and a core polar radius of 5.5
nm.

The increase in temperature also resulted in a change of
morphology for the GP7—GP9 graft-copolymers. For instance,
a spherical-to-prolate particle transition was observed for GP7.
Interestingly, the particles formed at higher temperatures were
characterized by a slightly bigger equatorial core radius
compared to the one measured at room temperature (3.0 and
2.6 nm, respectively), while the thickness of the PEtOx shell
decreased from 4.5 to 2.6 nm. As above, this was attributed to
the LCST-type phase transition of the hydrophilic segments,
which collapsed upon an increase in temperature. In the case of
GP8 and GP9, elongated particles were observed at high
temperatures, as demonstrated by the high core axial ratio
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values. For both graft-copolymers, the assemblies formed at high
temperatures were characterized by a much smaller core
equatorial radius compared to the particles obtained at room
temperature (1.1 and 1.7 nm, respectively) and by larger core
polar radii of 10.6 and 7.1 nm, respectively. Interestingly, a
decrease in the thickness of the PEtOx corona upon an increase
in temperature was not observed. The substantial increase in the
core SLD for both GP8 and GP9 indicated the formation of a
significantly dense and compact core, resulting from the change
in morphology. However, to explain the underlying mechanism
behind these interesting morphological changes, further
investigation needs to be performed.

Given the statistical composition, the synthesized statistical
copolymers showed unexpected self-assembly properties.
Core—shell elliptical particles have already been reported for
partially hydrolyzed bottlebrush copolymers obtained from the
RAFT polymerization of styryl-containing PEtOx macro-
monomers.”” However, SANS analysis revealed strong inter-
actions between particles at a lower polymer concentration, and
no changes in morphology were observed by varying the degree
of hydrolysis or temperature. Therefore, the results obtained in
this study demonstrated the unique ability of the graft-
copolymers to self-assemble into defined structures upon direct
dissolution in dodecane or water.

B CONCLUSIONS

In conclusion, a library of well-defined oxazoline/methacrylate
copolymers was synthesized using the grafting-through
approach. The methacrylate macromonomer of poly(2-ethyl-
2-oxazoline) was copolymerized via RAFT polymerization with
butyl methacrylate and lauryl methacrylate, and the final
composition was systematically varied.

The effect of the final composition on the thermal properties
was evaluated by TGA and DSC analyses. The GP1-GP9
grafted terpolymers showed thermal stability up to 200 °C, with
similar thermal decomposition profiles. DSC measurements
demonstrated the presence of a glass transition, with T, values in
the range 31—-36 °C, in between the T, values of the BuMA
homopolymer and PEtOxMM.

The solubility of the copolymers was evaluated in water and
dodecane. On the one hand, GP1 and GP3, containing the
lowest amount of PEtOxMM, were soluble in dodecane, where
no thermoresponsive behavior was detected. On the other hand,
the graft-copolymers having a high content of hydrophilic
PEtOxMM were soluble in water. GP4—GP9 exhibited an
LCST-type phase transition, with T values in the range 55—69
°C, depending on the LMA content and polymer concentration.

DLS studies of the polymer solutions in water and dodecane
demonstrated the self-assembly of the copolymers into bigger
aggregates. SAXS studies were performed to gain insights into
the morphology and internal structure of the polymer
assemblies. Depending on the composition, the graft-copoly-
mers were able to self-assemble into a wide range of
morphologies in both dodecane and water, with the formation
of well-defined structures, as demonstrated by the low core
radius polydispersities. In dodecane, the graft-copolymers
aggregated into cylinders or prolate ellipsoids, which did not
show any temperature-induced morphological changes, dem-
onstrating the high stability of these polymer assemblies even at
high temperatures. Depending on the content of PEtOxMM and
the ratio between BuMA and LMA, the graft-copolymers self-
assembled into spherical, oblate, or prolate particles at room
temperature. Interestingly, in all cases, the increase in the
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temperature resulted in well-defined morphological transitions.
Therefore, the morphology, and the solubility of the resulting
assemblies can be readily adjusted to meet specific application
requirements. This could be achieved by meticulous design of
the graft-copolymers, where the selection of the ratio between
the methacrylate monomers and the PEtOxMM plays a pivotal
role.
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