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ABSTRACT: Thermoresponsive polymer nano-objects able to dynam-
ically change their morphology in response to modifications in the local -

Solid content
temperature are finding growing attention for biomedical, optical, and oil N , —
& gas applications. This smart behavior can be accessed by precisely W }\“/O rec-loving  Vscous
controlling the microstructure of AB block copolymers, which can be :
obtained by leveraging the pseudoliving character of the reversible Bj/ A
addition—fragmentation chain transfer (RAFT) polymerization. Most of / Ve
the examples reporting the synthesis of highly controlled thermores-
ponsive nano-objects via RAFT dispersion polymerization currently refer %
to aqueous systems. However, the possibility of synthesizing thermor- T Iy
esponsive copolymers with a well-defined phase separation and bulk S T ;é“f
response in organic solvents is becoming more and more critical for jé“f
applications in the oil & gas field and in lubricants for heat engines. In
this study, we propose a convenient strategy for synthesizing modular
thermoresponsive block copolymers dynamically self-assembling into nano-objects with different morphologies in the hydrocarbon
blend dectol (50:50% v/v decane/toluene). Two macromolecular chain transfer agents (macroCTAs) with different degree of
polymerization were synthesized from lauryl methacrylate. The chain extension of these macroCTAs with di(ethylene glycol) methyl
ether methacrylate via RAFT dispersion polymerization led to copolymers forming, when the temperature is lowered below their
cloud point, nano-objects whose morphology could be controlled by modulating the solid content of the formulation and the length
of both blocks in the copolymer. We also revealed how the phase-separation temperature and bulk response is influenced by these
same parameters, allowing us to tune the material response to the needs of the final application.
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1. INTRODUCTION polymerization proved to be decisive in the fine modulation of
important properties of the produced nano-objects, including
their morphology, average size, and, more recently, their phase
separation in response to thermal stimuli.'*”"” As a matter of
fact, the so-called thermoresponsive polymers are interesting
materials able to sharply and often reversibly change their
miscibility with a given solvent at a critical temperature,
generally called cloud point (Tcp).m’19 According to how their
solubility changes with temperature, these materials can be
divided into polymers with a Lower or Upper Critical Solution
Temperature (LCST or UCST) if they become more insoluble
in the outer phase with increasing or decreasing temperature,
respectively.””~>* By starting from this general concept, it was

Free-radical emulsion polymerization (FRPe) is a versatile
technique allowing for the production of nanostructured
polymer-based materials that we encounter in our daily life,
including coatings, paints, adhesives, and personal care
products.l_3 However, FRPe only provides poor control over
the microstructure of the final polymer. Therefore, it hampers
the production of nano-objects with specific morphology and
predetermined size, useful in advanced applications like drug
delivery, optics, or cosmetics.*”’

In this context, the reversible addition—fragmentation chain
transfer (RAFT) polymerization offers an important alternative
when high control over the polymer composition and micro-
structure is required.”” An important example is represented by —
the possibility of synthesizing well-defined block copolymers Received: ~ September 13, 2022 EHEE”D
with high blocking efliciency, poor interchain compositional Accepted:  November 28, 2022
drift, and organized into nano-objects both in organic and Published: December 8, 2022
aqueous solvents via RAFT polymerization-induced self-
assembly (PISA).'"™"* The outstanding level of control over
the structure of the copolymer offered by this pseudoliving
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Scheme 1. Schematic Representation of the Synthesis of Thermoresponsive Nano-Objects with Three Degrees of Freedom,
Namely, n, p, and Solid Content, through the Combination of RAFT Solution and Dispersion Polymerization in Organic Solvent”
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“In this work, two macroCTAs with n = 20 and 40 were synthesized with LMA as oil-soluble monomer (green). Each one was chain-extended with
EG,MA (orange) via RAFT dispersion polymerization targeting p = 400, 600, 800, 1000, and 1200. Finally, three solid contents were investigated,
namely, 20, 30, and 40% w/w.

demonstrated that the bulk response of formulations of these fraction of crude oil and hence particularly suitable for screening
smart materials depends upon the polymer microstructure. In polymer additives aimed at oil & gas applications.”"** The oil-
particular, block copolymers comprising a solvophilic segment soluble macromolecular chain transfer agent (macroCTA),
and a thermoresponsive one can undergo a reversible self- deputed to provide colloidal stability to the system, was
assembly into nano-objects, whose morphology is dictated, as synthesized from lauryl methacrylate (LMA) via RAFT solution
for low molecular weight surfactants, by the packing polymerization. This macroCTA was chain-extended with
parameter.”* The most reported morphologies are worms, di(ethylene glycol) methyl ether methacrylate (EG,MA),
spheres, or vesicles, which in turn greatly influence the which exhibits a thermoresponsive behavior in the chosen
macroscopic behavior of the dispersion and its possible solvent. Indeed, polyEG,MA is mostly known for its LCST
applications.”>*° behavior in water,”** but we found out that it behaves like a
Despite the great potential and interest toward thermores- UCST-type polymer in dectol, as it is insoluble at low
ponsive nanostructured materials, the majority of the examples temperatures and becomes soluble above a characteristic critical
available in the literature refers to waterborne systems. This is temperature (T,,). Therefore, the addition of a polymeric block
ascribed to their intrinsic biocompatibility, essential for with an upper critical solution temperature leads to copolymers
polymers in the biomedical field, where the thermoresponsive soluble in dectol at temperatures higher than the cloud point
behavior is greatly and efficiently exploited.”"*”~** (T controllable in the range of 57—72°C) and able to
However, RAFT dispersion polymerization is a versatile rearrange spontaneously into nano-objects as soon as the
technique that was applied in organic solvents with excellent temperature is decreased below the T, As expected, we
results and interesting applications, such as for the synthesis of discovered that the morphology of these nano-objects is a
stabilizers for water/oil/water (w/o/w) emulsions and of function of the number of units in the stabilizing (nin Scheme 1)
lubricants for engine oils."**~* and in the core-forming (p in Scheme 1) blocks of the copolymer
In this work, well-defined diblock copolymers with a UCST as well as of its concentration. To elucidate the role of these
have been synthesized via RAFT dispersion polymerization in a degrees of freedom, precisely controllable via RAFT polymer-
poorly polar solvent, ie, a 50:50% v/v decane/toluene ization, a library of diblock copolymer formulations was
hydrocarbon blend (dectol). This solvent was chosen as a produced, and its thermoresponsive behavior was studied. In
model oil, able to simulate both the paraffinic and aromatic detail, two macroCTAs with n = 20 and 40 were produced, and
495 https://doi.org/10.1021/acsapm.2c01598
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each one was chain-extended with EG,MA to obtain p in the
range of 400—1200 at different solid contents from 20 to 40% w/
w. This allowed us to highlight the phase diagram for these block
copolymers, showing that different morphologies, including
spheres, worms, and vesicles, can be targeted by acting on the
reaction parameters. In particular, the formation of worms below
the T, allows for a temperature-driven thickening or, in some
cases, gelation of the system, an interesting property that can be
relevant in specific applications.

2. EXPERIMENTAL SECTION

2.1. Materials. Decane (DEC, >99%, MW = 142.28 g/mol, Sigma-
Aldrich), toluene (TOL, >99.5%, MW = 92.14 g/mol, Sigma-Aldrich),
di(ethylene glycol)methyl ether methacrylate (EG,MA, MW = 188.2
g/mol, Sigma-Aldrich), 2,2'-azobis(2-methylpropionitrile) (AIBN,
>98%, MW = 16421 g/mol, Sigma-Aldrich), lauryl methacrylate
(LMA, 96%, MW = 254.41 g/mol, Sigma-Aldrich), chloroform
(CHCl;, >99%, MW = 119.38 g/mol, Sigma-Aldrich), ethanol
(EtOH, >99.8%, MW = 46.07 g/mol, Sigma-Aldrich), 4-cyano-4-
(phenylcarbonothioylthio) pentanoic acid (CPA, MW = 279.38 g/mol,
Sigma-Aldrich), distilled H,O, tetrahydrofuran (THF, 99.9%, MW =
72.11 g/mol, Sigma-Aldrich), chloroform-d (CDCl;, >99.8%, MW =
120.38 g/mol, Sigma-Aldrich), deuterated dimethyl sulfoxide (DMSO-
dg, >99.7%, MW = 78.13 g/mol, Sigma-Aldrich), deuterium oxide
(D,0, 99.9%, MW = 20.03 g/mol, Sigma-Aldrich) were of analytical-
grade purity and used as received unless otherwise noted.

2.2. Synthesis of the Oil-Soluble MacroCTAs. LMA was
polymerized via RAFT solution polymerization to obtain oil-soluble
polymers with different chain lengths. In particular, two macroCTAs
were produced by setting the ratio between the monomer and CPA
mole concentrations (n in Scheme 1) to 20 and 40. These two
macroCTAs will be referred to as 20LMA and 40LMA, respectively.

As an example, to synthesize the 20LMA, 4 g of LMA (15.7 mmol)
and 0.22 g of CPA (0.8 mmol, i.e., n = 20) were dissolved in 38.6 mL of
chloroform in a 100 mL round-bottom flask equipped with a magnetic
stirrer. Then, the solution was purged with nitrogen for 20 min at room
temperature and heated to 65 °C in an oil bath under magnetic stirring.
To initiate the reaction, 43 mg of AIBN (0.26 mmol, one-third molar
ratio with respect to CPA) were dissolved in 1 mL of chloroform and
added to the reaction mixture, which was left to react for 24 h with a
condenser in order to prevent the evaporation of the solvent.
Considering initiator, CPA, and monomer, the solid content was
equal to 10% w/w.

After the process, the polymer was precipitated in an excess of EtOH
(9:1 ratio in volume) and centrifuged for 6 min at 6000 rpm. The upper
phase containing the unreacted monomer was removed, while the lower
phase was dried under a flux of air. Finally, the polymers were recovered
as viscous red liquids and stored at —20 °C.

The obtained macroCTAs were characterized before and after the
purification process via nuclear magnetic resonace (NMR) spectros-
copy by dissolving 10 mg of the sample in 0.7 mL of CDCl; to
determine the monomer conversion and degree of polymerization. The
analysis was performed on a Bruker 400 MHz spectrometer, with 64
scans per measurement. Moreover, the samples were analyzed via gel
permeation chromatography (GPC) on a Jasco LC-2000Plus
apparatus. For the GPC analysis, 4 mg of polymer were dissolved in
1 mL of THF and filtered through a 0.45 ym polytetrafluoroethylene
(PTFE) membrane before injection. The instrument comprised three
styrene/divinylbenzene columns (Polymer Standard Service; pore sizes
103, 10%, and 10° A; 300 mm length and 8 mm internal diameter) and a
precolumn (S0 mm length and 8 mm internal diameter), paired with a
refractive index (RI) detector to record the signal. The separation was
performed using THF as eluent at 35 °C with a flow rate of 1 mL/min.
Through GPC analysis, it was possible to assess the molecular weight
distribution (MWD) based on a calibration made with polystyrene
standards from 580 to 3250 000 Da (Polymer Laboratories).

2.3. Synthesis of Thermoresponsive Block Copolymers. The
synthesized poly(LMA) macroCTAs were chain-extended with
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EG,MA to grow a thermoresponsive block able to make the copolymer
to self-assemble into nano-objects with different morphologies
according to controllable parameters such as solid content and number
of solvophilic and solvophobic units.

These diblock copolymers were prepared via RAFT dispersion
polymerization in dectol (a 50/50% v/v mixture of toluene and decane)
by targeting different degrees of polymerization of EG,MA (p),
achieved by modulating the molar ratio between EG,MA and the
nLMA macroCTA.

In particular, EG,MA was used to produce copolymers with
increasing p, from 400 to 1200, and the reactions were performed
with different solid content, from 20% up to 40%. Hereinafter, these
diblock copolymers will be referred to as iLMA-pEG,MA, to highlight
the tuned process parameters. As an example, to synthesize 40LMA-
600EG,MA, 1.5 g of EG,MA (8 mmol) and 0.14 g of 40LMA (13 ymol,
ie., EG,MA/LMA = 600 mol/mol) were dissolved in 6.6 g of dectol in a
50 mL round-bottom flask equipped with a magnetic stirrer. The
solution was then purged with nitrogen for 30 min at room temperature
and placed in an oil bath at 65 °C. Subsequently, 0.73 mg of AIBN (4
umol, i.e., AIBN/40LMA = 0.33 mol/mol) was dissolved in 0.5 g of
dectol and injected in the flask to initiate the reaction, which was left to
proceed for 21 h.

The final product was analyzed via NMR and GPC, to determine the
conversion of EG,MA, p, CTA efficiency, and the MWD of the
copolymer. The analytical procedures are reported in the previous
section.

The nanoparticle (NP) cloud point (T,), volume-average diameter
(Dv), and polydispersity index (PDI) were assessed via dynamic light
scattering (DLS) on a Malvern Zetasizer Nano ZS instrument at a
scattering angle of 173°. The samples were first heated to 80 °C for 2 h
and then equilibrated at 25 °C in a water bath with temperature
controlled through a heating plate and a thermocouple. Finally, they
were diluted to 0.5% w/w in dectol before the analysis, and the
measurements were performed in triplicate. For the determination of
T, the samples were heated and cooled in a specific temperature range
(50—65 °C), and both the NP size and relative scattering intensity
(RSI) were measured every 1 °C, with an equilibration time of S min
before each measurement. In particular, T, was considered as the
inflection point of the size vs temperature curve.

Eventually, for a temperature below the cloud point (e.g, 25 °C) a
phase diagram was built, and transmission electron microscopy (TEM)
was employed to visually assess the morphology of the nano-objects in
the different regions of the diagram. TEM micrographs were acquired
with a Philips CM200 electron microscope at 200 kV, equipped with a
field emission gun filament. The samples were diluted to 0.1% w/w in
dectol, and 30 uL of the dispersion, after being carefully mixed, was
deposited onto a 200 mesh carbon-coated copper grid and dried. A
Gatan US 1000 CCD camera was used, and 2048 A ~ 2048 pixel images
with 256 gray levels were recorded.

Rheological measurements were performed using a rotational
rheometer (AR-1500 TA Instruments) coupled to a 20 mm flat-plate
geometry at different temperatures, namely, 25 and 90 °C. The storage
component (G’, Pa) and loss component (G”, Pa) were determined by
a strain sweep test ranging from 0.1 to 100% at an oscillatory frequency
of 10 rad/s with a gap between plates equal to 1 mm.

3. RESULTS AND DISCUSSION

3.1. Qil-Soluble MacroCTAs. First, two oil-soluble macro-
CTAs based on poly(lauryl methacrylate) were synthesized via
RAFT solution polymerization in chloroform. The employment
of a pseudoliving polymerization technique allowed us to
control the number of LMA units incorporated in the final
polymer and therefore the degree of polymerization (n), which
was set to 20 and 40. In this way, it was possible to carefully vary
one of the three degrees of freedom considered in this work and
obtain macroCTAs with different stabilizing properties.

The products have been characterized in terms of average
chain length, molecular weight distribution, and monomer

https://doi.org/10.1021/acsapm.2c01598
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conversion. These properties are summarized in Table 1 and are
complemented by the GPC chromatograms in Figure S1 and the

Table 1. Conversion (), n, Number-Average Molecular
Weight (Mn), and Dispersity (D) of the nLMA macroCTAs

sample x (%) n[-] Mn [Da] D[]
20LMA 95.2 23 4200 1.16
40LMA 89.3 40 9000 1.14

NMR spectrum shown in Figure S2. In particular, the actual
degree of polymerization n of lauryl methacrylate was computed
according to eq. S1. Thanks to the pseudoliving feature of the
RAFT polymerization, it was possible to synthesize macroCTAs
with narrow molecular weight distribution (i.e., P < 1.2), and n
close to the desired value (Table 1). Moreover, in both the
syntheses, high LMA conversions (>89%), as determined via
NMR according to eq. S2, could be obtained.

3.2. Modular Diblock Copolymers. After having con-
firmed the possibility of obtaining macroCTAs with controllable
chain length and narrow MWD, these were chain-extended with
EG,MA via RAFT dispersion polymerization in dectol to
produce well-defined diblock copolymers with tunable micro-
structure.

The polymerization kinetics for the sample 20LMA-
600EG,MA was tracked via NMR and is shown in Figure 1 in
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Figure 1. In(M,/M) and conversion as a function of time for one of the
RAFT dispersion syntheses in dectol (i.e., 22LMA-600EG2MA at 20%
w/w).

terms of In(M,/M) versus time, where M, and M are the
monomer concentration at time zero and at the considered time
point, respectively. Here, three different regimens can be clearly
distinguished, as it is typical of the RAFT dispersion polymer-
ization." In particular, an induction period was observed during
the first 4 h of the process. This was followed by an increase in
the polymerization rate until 8 h, ascribed to a homogeneous
polymerization occurring in the bulk and finally followed by
micellar nucleation. This caused an increase in the monomer
concentration in the solvophobic microenvironment repre-
sented by the micelle core and was thus responsible for the
drastic increase in the polymerization rate, which led to
monomer conversion greater than 90% after 21 h. The linear
increase in In(M,/M) during time suggests a constant radical
concentration in the system, a typical feature of the RAFT
polymerization. This confirms its good control throughout the
three phases of the process.
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Based on these preliminary results, we synthesized a library of
modular diblock copolymers by independently modulating
three degrees of freedom. In particular, we tested two chain
lengths for the solvophilic block 1, equal to 20 and 40, different
degrees of polymerization for the thermoresponsive block p,
namely, 400, 600, 800, 1000, and 1200, and three different dry
contents 20, 30, and 40% w/w. The products were characterized
via GPC to determine the MWD. '"H NMR instead allowed us to
determine the actual p and the EG,MA conversion, according to
egs. S3 & S4. An illustrative NMR spectrum, instrumental for
showing the characteristic peaks considered during the analysis,
is shown in Figure S3 for the sample 40LMA-600EG,MA. The
properties measured for all the diblock copolymers in terms of
monomer conversion, p, CTA efliciency, and MWD are
summarized in Tables S1—S3 for the three different solid
contents.

High monomer conversions have been achieved in dectol,
with the final copolymers having a measured p close to the target
one. This confirms the possibility of reliably controlling the
number of EG,MA units incorporated in the thermoresponsive
portion, a useful tool to modulate the physicochemical
properties of the nano-objects produced.

In addition, the GPC chromatograms, reported in Figure 2a
for the copolymers produced at 20% w/w and with n = 40,
confirm high blocking efficiency and narrow MWDs for these
copolymers. The small high-molecular-weight shoulders re-
corded for the different samples can be ascribed to the formation

40LMA-800EGHMA  40LMA-600EG)MA  40LMA-400EGyMA

a) Mp,=154'900 My=113'40 Mp,=92'900

b=1.44 D=1.36 p=123
40LMA-1000EGMA o
M=179'200 i
p=1.32

10LMA-1200EGYMA

300000 4

250000 1

200000

150000

Mn [Da]

100000 1

50000

800 1000 1200 1400

p[-]

400 600

Figure 2. (a) GPC chromatograms for the 40LMA-pEG,MA 20% w/w
syntheses. (b) Mn vs p for the 40LMA-pEG2MA 20% (black squares),
30% (red circles), and 40% (blue triangles) copolymers. The dashed
lines represent the linear fits of the experimental data, obtained with R
= 0.9728 (20% syntheses), R* = 0.9885 (30% syntheses), and R* =
0.9771 (40% syntheses).
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of cross-linked polymer, due to the presence of dimethacrylate
impurities in the commercial EG,MA.** As expected, the
copolymer number-average molecular weight (Mn) increases
linearly with the measured p according to eq 1.

Mncopolymer = XeGaMma Xp X MEGZMA + anoly(LMA)

1

Here, ypgama is the monomer conversion, Mn gpoiyme: and
Mny,y(Lma) are the number-average molecular weights of the
final copolymer and of the macroCTA, respectively, while
Mggoma is the molecular weight of EG,MA. The theoretical
trend deduced from eq 1 was experimentally confirmed by the
linear increase in molecular weight of the copolymers with p at
all the investigated solid contents, as shown in Figure 2b for n =
40. Similar trends were observed for the copolymers with n = 20
(see Figure S4).

Overall, well-defined diblock copolymers with controllable n
and p could be produced at different dry contents via RAFT
dispersion polymerization in a hydrocarbon blend, confirming
the great versatility of this technique in a non-polar medium and
its good control over the polymerization.

3.3. Thermoresponsive Behavior and Phase Diagram.
Starting from the obtained modular diblock copolymers with
controllable microstructure, we investigated the thermores-
ponsive behavior of these materials. In particular, the diblock
copolymers are expected to show a UCST-like behavior in
dectol. Indeed, in this non-polar solvent, poly(EG,MA) is
soluble at high temperatures and phase separates from the
solution as the temperature is decreased below the T, (see
Figure SS). In this configuration, the oil-soluble poly(LMA)
provides colloidal stability to the formed nano-objects, whose
morphology is dependent on the copolymer microstructure and
solid content.

To demonstrate this thermoresponsive behavior, the average
size and relative scattering intensity (RSI) were tracked by DLS
at increasing temperature, as shown in Figure 3a for the sample
40LMA-600EG,MA, as an example. The RSI is a useful
parameter, since it is proportional to the NP concentration
and size at the sixth power.47 Therefore, its decrease testifies a
progressive solubilization of the copolymer and provides a useful
indication of the phase separation. A steep decrease in both size
and RSI was experienced for this sample in proximity of a
temperature of 57 °C.

The temperature in correspondence of these phenomena was
taken as the cloud point for that specific diblock copolymer. The
same procedure was repeated for each 40LMA-pEG,MA
copolymer, and the cloud points measured were collected and
plotted as a function of p in Figure 3b. This highlights a linear
dependence between the length of the thermoresponsive block
and the cloud points of the copolymers, which can then be finely
tuned in a wide range (i.e., from 57 up to 72 °C) by targeting the
desired p through RAFT polymerization.

Intriguingly, the phase separation below the cloud point led to
different bulk behaviors depending upon n, p, and solid content.
To highlight this dependency, two phase diagrams were created
by fixing a temperature below the cloud point (25 °C) and
analyzing the macroscopic behavior of both 23LMA-pEG,MA
and 40LMA-pEG,MA dispersions as a function of p and solid
content (Figure 4a,b).

From the graphs, it is possible to notice four different regions
defined by the parameters considered and associated to the
following behaviors: (i) free-flowing cloudy liquid, (ii) viscous
cloudy dispersion, (iii) self-standing clear gel, and (iv)
precipitation of a polymer-rich phase from dectol. The
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Figure 3. (a) Volume-average size and RSI measured via DLS for the
copolymer 40LMA-600EG,MA at 30% w/w. The T, was determined
from this plot as the value where both size and RSI curves reached an
inflection point at increasing temperature. (b) Linear correlation
between the T, and the length of the thermoresponsive block for
40LMA-pEG,MA copolymers at 30% w/w. The dashed line represents

the best fit of the experimental data, with R* = 0.98.
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visualization of these four macroscopic behaviors is available
in Figure S6.

The two diagrams are slightly different due to the greater
stability provided by the longer macroCTA in the case of the
40LMA-pEG,MA copolymers. This led to a wider region for the
free-flowing liquid behavior, which we associated to with the
formation of spherical nanoparticles as testified by the exemplary
TEM micrograph in Figure 4c and, in turn, a narrower portion
characterized by precipitated polymer. It is worth highlighting
that, based on the concept of packing parameter, higher-order
morphologies (e.g., vesicles, bilayer structures) would have been
expected for such asymmetric block copolymers. Apparently,
important kinetic limitations prevent the nano-objects from
reaching the most thermodynamically favored morphology, so
that a wide region of spherical nanoparticles was actually
observed.

The spherical NPs formed in the region of low solid content
were extensively characterized via DLS, to relate the main
colloidal properties to the structural parameters of the
constituting block copolymers. This analysis confirmed a narrow
particle size distribution for all the samples (PDI < 0.22 for
samples at T < T, as shown in Table $4), whose volume-average
diameter linearly increases with p (Figure S). The narrow
distribution further confirms the actual formation of isotropic
particles. In addition, the linear increase in the NP size with the
length of the core-forming block can be predicted by eq 2, which
was already demonstrated in our group for different systems and
further supports the evidence of spherical nano-objects.*®
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Here, prgauma is the density of the poly(EG,MA) segment, N,, is
the Avogadro number, and A, is the area of the nanoparticle
surface covered by a single stabilizing block.

To assess how the NP size is influenced by changing the
temperature, all the samples were analyzed via DLS at 25 and 90
°C, representative of the conditions below and above their T,
Figure Sa,b demonstrates once more the UCST behavior of
these copolymers. Indeed, the block copolymers self-assemble
into nanoparticles whose size sharply decreases above the cloud
point, as a result of the increased solubility of the
thermoresponsive block in dectol. Given this increased
solubility, the actual p contributing to the realization of the
core of the NPs decreases, while the colloidal stability increases.
Both these aspects determined a reduction in the average size,
which can still be described according to eq 2. At both
temperatures, the PDI is below 0.2, suggesting the presence of
isotropic spherical nanoparticles. When overcoming the cloud
point, a decrease in this parameter was experienced as well,
confirming the increased solubility of the thermoresponsive
segment of the copolymer.

xp EG2MA
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In addition, it could be observed that the nanoparticle size has
a clear dependence on both # and p, independently of the
temperature chosen (25 or 90 °C). For fixed values of n, an
increase in the number of repeating units in the thermores-
ponsive block leads to a linear increase in the nanoparticle size,
with a more pronounced slope in the case of copolymers with a
short stabilizer block (Figure Sc). In the same direction, by
keeping p constant, the size of the nanoparticles has an inverse
dependence on n. Both these behaviors agree with the
predictions of eq 2 under the hypothesis that the stabilizer
block disposes tangentially to the nanoparticle surface. Under
this circumstance, the coverage area (A,,) was demonstrated to
be a linear function of the repeating units in the macroCTA, n in
this case. As such, a longer macroCTA covers a larger portion of
the NP surface, thus reducing their average size.

At higher solid contents, the copolymer morphology depends
on the number of EG,MA units, as evident from a visual
inspection of the samples (see Figure S6). For low values of p
(<600) and solid content, viscous and cloudy dispersions were
experienced, while the formation of a self-standing gel can be
appreciated by increasing the solid content and p.

The increase of the viscosity of the liquid is due to the
rearrangement of the nanoparticles into rod-like particles, as can
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Figure 6. G’ (black squares) and G” (red squares) for the 23LMA-600EG,MA 30% gel sample at increasing shear strains: (a) behavior at T = 25 °C;
(b) behavior at T = 90 °C.

be observed in the TEM micrograph of the sample 40LMA- the sample 40LMA-600EG,MA at 40% w/w, as an example.
600EG,MA at 30% w/w (Figure 4d). Moving to higher values of p, this gel phase appears also at lower
On the other hand, the gelation of the system was ascribed to a solid content, due to the larger core-forming block. However,
worm-like morphology for the nano-objects produced in dectol, once the solid content is further increased, the system becomes

as confirmed by the TEM micrograph reported in Figure 4e for more and more unstable until it precipitates out of dectol.
500 https://doi.org/10.1021/acsapm.2c01598
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Figure 7. Storage modulus G’ as a function of p for different copolymers. (a) Comparison between 23LMA-pEG,MA 30% w/w (red squares) and
40LMA-pEG,MA 30% w/w (black squares). (b) Trend for the 40LMA-pEG,MA copolymers at 40% w/w solid content.

The rheological behavior of the samples in the gel region was
characterized through a strain sweep test performed at 25 and 90
°C, to highlight their response to changes in temperature. The
results from the sample 23LMA-600EG,MA 30% w/w are
shown in Figure 6, as an example.

At 25 °C, the storage modulus (G’) is greater than the loss
modulus (G”) for shear strains lower than 50%. This suggests a
viscoelastic behavior for low strains, reflected in the gel
appearance at room temperature. A shear-induced degelation
can then be appreciated for this sample, with G” overcoming G’
at 50% shear strain (Figure 6a). On the other hand, when the
temperature is increased above the T, the copolymer becomes
liquid as testified by G” being higher than G’ in the whole range
of shear strains considered (Figure 6b). Therefore, this analysis
confirms the possibility of synthesizing copolymers with a
temperature-induced sol/gel transition in a non-polar medium
like dectol and to exploit this interesting feature in different
contexts, from lubricants to oil extraction.

To demonstrate how the rheology of these temperature-
induced gels can be modulated by acting on the copolymer
microstructure, G’ measured at 25 °C and 1% shear strain was
related to the number of thermoresponsive repeating units (p)
and solid content (Figure 7).

It is possible to observe that the storage modulus grows
monotonically with p for both the 23LMA-pEG,MA 30% w/w
and 40LMA-pEG,MA 30% w/w copolymers (Figure 7a),
suggesting the possible modulation of the rheological properties
of the gel by acting on the length of the thermoresponsive
portion. It is then worth highlighting that G’ is always smaller for
the samples produced from the 40LMA macroCTA than for
those obtained from the 23LMA. This can be ascribed to the
higher colloidal stability offered by the longer oleophilic block,
responsible for a reduction in the length of the worm-like
particles formed at 25 °C.

However, the influence of the length of the thermoresponsive
block seems to become less relevant when the solid content is
increased to 40% w/w, as the samples show nearly the same
storage moduli independently of the value of p (Figure 7b).

Overall, the physicochemical properties and the thermores-
ponsive behavior of the synthesized copolymers either in the
form of a suspension of NPs or as gels can be tuned by precisely
controlling the solid content and the length of both the
poly(LMA) block and the thermoresponsive block exploiting
the living feature of RAFT polymerization. This allows the
synthesis of modular diblock copolymers in a non-polar solvent

like dectol, thus paving the way to applications in hydrocarbon
blends commonly used in the oil & gas industry.

4. CONCLUSIONS

In this work, we studied the properties and thermoresponsive
behavior of a library of well-defined diblock copolymers
produced via RAFT dispersion polymerization in the non-
polar solvent dectol. This technique allowed for finely
controlling the length of the solvophilic poly(LMA) block n
and that of the thermoresponsive poly(EG,MA) block p, in
addition to the copolymer dry content.

It was found that the cloud point of the system linearly
increases with the number of thermoresponsive units. This
parameter, together with the dry content, strongly influences
also the morphology of the nano-objects produced in dectol.
Spheres and worms could be obtained in specific regions of the p
vs dry content phase diagram when the temperature was
decreased below the T,. A good control over the thermores-
ponsive behavior can be then accessed with these modular
copolymers. In addition, the region of pure worms is particularly
interesting because it leads to the gelation of the system. The
rheological behavior of these gels can be finely controlled by
acting on the microstructure of the constituent copolymers.
Therefore, these block copolymers can be conveniently
employed when on-demand thickening or sol—gel transitions
by lowering the environmental temperature are required.
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