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ABSTRACT: Thermoresponsive polymers formulated in non-
polar media are finding a plethora of applications in the oil and gas
and lubricant sectors. Their great adaptability mainly comes from
the possibility of tuning their cloud point (T,,), which is achieved
by copolymerizing two or more monomers. In this direction, good
control over the copolymer composition is crucial to ensure a sharp
phase separation and, as a consequence, a prompt and well-defined
response. For this reason, controlled radical polymerizations
(CRPs) are often used to synthesize these materials. However,
these pseudoliving polymerization techniques are still far from
industrial maturity because of their cost and low polymerization
rate. On the other hand, free-radical polymerization (FRP) is notoriously affected by the compositional drift of the copolymer
chains, which for thermoresponsive polymers is reflected in broad phase separations. To overcome the disadvantages of FRP and
guarantee remarkable control of the copolymer composition typical of CRPs, in this work we develop a semibatch power feed
process for the copolymerization of diethylene glycol methyl ether methacrylate (EG,MA) and lauryl methacrylate in Dectol (i.e., a
mixture of decane/toluene 50:50 v/v). First, their reactivity ratios were determined by analyzing the variation in the residual
monomer phase composition over time at different initial molar ratios of the two monomers. These were subsequently employed for
designing the inlet flow rate of the power feed strategy. Through this approach, we demonstrated for the first time that semibatch
FRP is a valuable strategy to afford compositionally well-defined copolymers with a controllable upper critical solution temperature
and sharp phase separations while maintaining high productivity and avoiding CRPs.
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1. INTRODUCTION

Thermoresponsive polymers have been extensively studied in
the past three decades due to their ability to undergo phase
separation in response to thermal stimuli.”> Indeed, these
polymers are able to switch from solvophilic to solvophobic at
a specific temperature, which is called cloud point (T,,), as it is
associated with a coil-to-globule transition, causing turbidity of
the mixture. Two main behaviors have been reported,
according to whether this sharp change in the solubility occurs
by decreasing or increasing the environment temperature. In
the former case, the binodal curve of the T, as a function of
the polymer volume fraction in the mixture has a maximum
defined upper critical solution temperature (UCST), while in
the latter the binodal curve shows a minimum defined lower
critical solution temperature (LCST).>~® This smart and
controllable behavior opened up a plethora of applications in
sectors as diverse as oil and gas,g_11 sensors, " and in
particular biomedicine,'*~'® where thermoresponsive polymers
are enabling fascinating and previously unexplored possibilities
in tissue engineering and regenerative medicine.
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While the majority of the syntheses are performed in water
due to its intrinsic safety and biocompatibility,'” ™" in the last
years thermoresponsive polymers in nonpolar media have
started to see a rise in their appeal due to their direct
application in the oil and gas sector, as lubricants,”~** or o/w
emulsifiers.'"**** In this case, the possibility of adapting the
smart polymer to a specific application comes from the
tunability of its LCST or UCST, most often through the
copolymerization of two or more monomers. In fact, the
copolymerization of a thermoresponsive monomer with a
solvophilic comonomer allows either increasing the LCST or
decreasing the UCST, while the incorporation of a solvophobic
comonomer has the opposite effect.'” Then, proper control of
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Scheme 1. Schematic Representation of the Synthesis of Thermoresponsive Copolymers Via FRP in Dectol. Batch syntheses
were performed with different molar ratios between the thermoresponsive (EG,MA, green dots) and solvophilic monomers
(LMA, red dots) to determine the reactivity ratios. In the end, the reactivity ratios were exploited to perform a power feed
semi-batch synthesis, which allowed to obtain copolymers with well-defined compositions and thermoresponsive behavior.
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the copolymer composition is crucial to ensure the expected
value of T, for all of the chains and hence sharp phase
separations, allowing well-defined bulk responses to even small
temperature gradients. To ensure this control, most of these
materials are synthesized through controlled radical polymer-
ization (CRP) techniques such as reversible addition-
fragmentation chain transfer (RAFT) polymerization or atom
transfer radical polymerization (ATRP).””**~*" Indeed, the
pseudoliving feature of CRPs is essential to reduce interchain
compositional drifts.”* " However, they suffer from high costs
of the controlling agents and a low polymerization rate, which
prevent their widespread diffusion on an industrial scale.”"*

In this context, free-radical polymerization (FRP) is the
preferred solution because of its low cost and simplicity,
coupled to high reaction rates and poor sensitivity to the
solvents and monomers used. These aspects have contributed
to its ubiquitous use for the industrial production of a large
variety of polymeric materials, such as adhesives, paints, and
coatings.33_3’5

Despite its advantages, the main drawback of FRP is the lack
of control over the copolymer composition, especially for
systems where the monomers are characterized by highly
different reactivities. Indeed, in the case of the common batch
syntheses, a compositional drift in the copolymer composition
is always in place, following the behavior described by Mayo
and Lewis and leading to an inhomogeneous material.**~*
This aspect is particularly of concern for thermoresponsive
polymers, whose phase separation is highly sensitive to the
copolymer chain composition. Indeed, this limitation is
recognized in the literature, where FRP is mainly used to
synthesize thermoresponsive homopolymers, which in turn
prevent any control on the T, or copolymers with broad
phase separations.””~**

To bridge this gap and combine the minimal compositional
drift of CRPs with the advantages and scalability of FRP, in this
work we develop a semibatch FRP process known as power
feed” ™ for the synthesis of thermoresponsive copolymers
with a narrow composition distribution in non-polar media.
The study is focused on a binary monomer mixture including
lauryl methacrylate (LMA) as a solvophilic monomer and
di(ethylene glycol) methyl ether methacrylate (EG,MA)
showing an UCST behavior in a decane/toluene 50:50 v/v
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mixture (Dectol), chosen as representative of both the
paraffinic and aromatic fractions of crude oil. While in previous
works the well-defined thermoresponsive behavior of these
copolymers was obtained by controlling their structure via
RAFT polymerization,””** in this work we demonstrate that
the same effect can be achieved by tuning the copolymer
composition through the implementation of a carefully
designed power feed process. This requires loading the reactor
with the whole mass of the less reactive monomer (LMA) and
a portion of the most reactive monomer, followed by
continuous feeding of the remaining fraction. The definition
of the mass of the most reactive monomer to be charged in the
reactor and the feeding policy require knowledge of the
reactivities of the two monomers. Therefore, their reactivity
ratios were first determined by analyzing the experimental
evolution of the residual monomer phase composition during
time in batch polymerizations through Skeist’s equation at
different initial mole ratios. The implementation of the power
teed allowed obtaining copolymers with well-defined compo-
sitions and as a consequence sharp phase separation by simply
choosing, through the system-specific Mayo—Lewis plot, the
correct initial molar ratio between the solvophilic and the
thermoresponsive units and the inlet flowrate for the LMA
(Scheme 1). To the best of our knowledge, this is the first
work demonstrating the possibility of controlling the cloud
point of a thermoresponsive polymer and of decreasing the
width of its phase separation by reducing the interchain
compositional drift through semibatch FRP.

Once the efficacy and potentialities of this method were
verified, the study was expanded to the use of poly(ethylene
glycol) methyl ether methacrylates with longer side chains to
add another degree of freedom and give the possibility to tune
the final T, of the material in a wider temperature range.

Eventually, the possibility of producing thermoresponsive
materials with well-defined properties through an easy and
scalable process paves the way for their applicability also on an
industrial scale, where these systems are scarcely implemented.

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), poly(ethylene glycol)methyl ether methacry-
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late (EG,MA, MW = 300 g/mol, Sigma-Aldrich), poly(ethylene
glycol)methyl ether methacrylate (EGsMA, MW = 500 g/mol, Sigma-
Aldrich), LMA (96%, MW = 254.41 g/mol), 2,2’-azobis(2-
methylpropionitrile) (AIBN, >98%, MW = 164.21 g/mol, Sigma-
Aldrich), tetrahydrofuran (THF, 99.9%, MW = 72.11 g/mol, Sigma-
Aldrich), and chloroform-d (CDCl;, >99.8%, MW = 120.38 g/mol,
Sigma-Aldrich) were of analytical-grade purity and used as received
unless otherwise noted.

2.2. Synthesis of Thermoresponsive Copolymers Via Batch
FRP. EG,MA, EG,MA, and EGgMA were polymerized with LMA via
FRP to produce thermoresponsive polymers with different cloud
points according to their composition.

In particular, the reactions were performed changing three
parameters, namely, the solid content (1S5, 20 and 30% w/w), the
initial mole fraction of the thermoresponsive monomer in the
monomer mixture f, (0.1, 0.3, 0.5, 0.7, and 0.9), and the molecular
weight of the poly(ethylene glycol)methyl ether methacrylate
(EG,MA, EG,MA, and EGgMA) used.

As an example, to synthesize an EG,MA—LMA copolymer with f,
= 0.7 and 15% w/w of solid content, 1.84 g of LMA and 3.17 g of
EG,MA were dissolved in 26.62 g of Dectol in a 100 mL round-
bottom flask sealed with a rubber stopper. Then, the solution was
purged with nitrogen for 20 min at room temperature and put in an
oil bath at 80 °C under magnetic stirring. To initiate the reaction, 50
mg of AIBN was dissolved in 2 g of Dectol, purged with nitrogen, and
injected with a syringe into the flask. The mixture was then left to
react for 21 h. Along the reaction time, small aliquots (0.1 mL) were
withdrawn from the system and immediately quenched by cooling
them down in a water/ice mixture. The sampling was designed in
order to impact the reaction volume by less than 3%. After 21 h, the
samples were left to equilibrate in a bath of ice and tap water up to
room temperature.

The copolymers were characterized via proton nuclear magnetic
resonance ('H NMR) spectroscopy by dissolving 10 mg of the
polymer/solvent mixture in 0.7 mL of CDCl; to determine the
monomer conversion. The analysis was performed on a Bruker 400
MHz spectrometer with 64 scans per measurement. Peak integration
was performed using MestReNova software. A typical spectrum for
the copolymer with peak recognition is shown in Figure 1. For a direct
comparison, the NMR spectra of the two monomers LMA and
EG,MA recorded under the same conditions are reported in Figure
Slab, respectively.

First of all, the following parameters were defined in order to
facilitate the calculations
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Figure 1. 'H NMR spectrum of a copolymer with f, = 0.5 after 2 h of
reaction at 80 °C and the corresponding peak recognition. The
reaction was performed with EG,MA as thermoresponsive monomer,
but the analysis can also be applied to the cases with EG,MA and
EGgMA.
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where A, C and B, D are the areas of the peaks related to the vinyl
hydrogens of EG,MA and LMA, respectively, while F and G are the
peaks associated to the hydrogens near the ester groups in the
EG,MA and LMA polymers, in agreement with the labeling in Figure
1.

The EG,MA mole fraction in the residual monomer mixture was
determined according to eq S.

_*
a+p

fEGzMA - (s)
The monomer conversions, as well as the overall conversion, can be
evaluated by eqs 6—38.

_ 14
Heama =TT 6)
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Awn = 5 7)
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(8)

where ypgma and yiva are the EG,MA and LMA conversions,
respectively, and y is the overall monomer conversion. On the other
hand, the cumulative copolymer composition was estimated according
to eq 9 in terms of the EG,MA mole fraction Fgg ya.

4

FEG,,MA = v +6

(9)

The residual monomer mixture composition was correlated to the
overall conversion through eq 10 (Skeist’s equation).

F EG,MA — f EG,MA

-1

df EG,MA
dy

(10)

The integration of this differential equation allowed the
determination of the reactivity ratios for the two monomers. In fact,
assuming the validity of the terminal model, the evolution of the
copolymer composition can be described by the four propagation
reactions shown in eq 11.

E +E2SE
pa T p+lq
LA L kp,LL LA

Pq + g+l
B L kp,EL L

)4 + g+l
L E kp/LE E

pq T 7 Ept1q

(11)
where E,; and L, are active polymer chains with a terminal EG,MA
or LMA unit, respectively, and with p units of EG,MA and g units of
LMA randomly distributed along the chains. k, ; is the rate coefficient
for the propagation between radical i-,, and monomer j. From this,
the well-known definition of reactivity ratio, as the probability of
homopropagation with respect to cross-propagation, can be obtained
as reported in eqs 12 and 13.

https://doi.org/10.1021/acsapm.3c02254
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By combining the Skeist’s equation with the Mayo—Lewis equation
based on the kinetic scheme shown above (eq 14), the following
differential eq 15, which links the composition of the residual
monomer phase to the monomer conversion can be derived

2
r _ rEGzMAf EG,MA + fEGZMAf LMA
EG,MA — 2 2
’ "eG,Maf; EG,MA +2fEGZMAfLMA + rivafina (14)
'ECszAféGZMA +feaomafiva —f
df, EG,MA "EGzMAféGZMA +2egmafiva t ERVIVEVN EG,MA
dy x—1 (15)

where f1\a = 1 — fgg,ma for a binary mixture. In Skeist’s equation, the

only parameters appearing are the reactivity ratios of the two
monomers.

These were determined through a two-dimensional optimization
performed in Matlab. In particular, batch experiments at f, = 0.1, 0.3,
0.5, 0.7, and 0.9 were performed, and the residual monomer phase
composition was tracked via NMR as a function of conversion. The
reactivity ratios were obtained as those values that minimized the
difference between the experimental evolution of the monomer
mixture composition and that predicted by integration of eq 15. The
minimization was obtained by exploiting the genetic algorithm routine
in Matlab (ga) followed by the Isqnonlin algorithm for the
determination of the absolute minimum.

Finally, the molecular weight distribution (MWD) of the
copolymers was analyzed via gel permeation chromatography
(GPC) on a Jasco LC-2000Plus apparatus. For GPC analysis, 4 mg
of polymer was dissolved in 1 mL of THF and filtered through a 0.45
um polytetrafluoroethylene (PTFE) membrane before injection. The
instrument comprised three styrene/divinylbenzene columns (Poly-
mer Standard Service; pore sizes 10% 10%, and 10° A; 300 mm length
and 8 mm internal diameter) and a precolumn (50 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 MWD based on a calibration made with
polystyrene standards from 580 to 3,250,000 Da (Polymer
Laboratories).

2.3. Synthesis of Thermoresponsive Copolymers Via Semi-
Batch FRP. To control the copolymer composition and avoid
interchain drifts, once the reactivity ratios were known, the semibatch
FRP named power feed was run. To do so, once the desired
copolymer composition (FMQYO,LMS) was chosen, the f, value was
determined from the Mayo—Lewis plot. Based on this, the desired
amount of the less reactive monomer (LMA) was charged in the
reactor together with an amount of the most reactive monomer
(EG,MA) to meet the required f,. Finally, the feed flow rate (ggc,ma)

for the residual portion of EG,MA has been calculated by eq 16.

X MWq yia

dp qEGZMA
— X

9EG,MA — dt

(16)

where MWgg ya and prg s are the molecular weight and density of

PEG,MA

EG,MA, respectively. dP/dt is the polymer accumulation rate
calculated by interpolating the batch conversion data. Finally, g ma

is derived from eq 17 by knowing the reactivity ratios.

. _ Fgma _fEGZMA
qEGZMA -

(17)

1- fEGZMA
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This equation leads to an EG,MA flow rate decreasing with
monomer conversion. This function was approximated in practice
through a series of steps at constant flow rate, adjusted every 15 min.
For the feed during the first 4 h, we employed the kinetic data for the
preliminary experiments, where the samples were taken every hour.
On the other hand, for the fourth and eighth hours of reaction, a
constant rate was adopted, chosen by simply dividing the residual
monomer to be fed by the remaining 4 h.

Through this approach, copolymers were synthesized using
EG,MA with n equal to 2, 4, and 8 as thermoresponsive monomers.
As an example, to synthesize a copolymer with EG,MA as a
thermoresponsive unit and with Fypyo_pewis = 0.75, 11.30 g of EG,MA
and 6.36 g of LMA were weighted in separated containers (f, = 0.706
and solid content 15% w/w). The less reactive monomer (i.e.,, LMA)
was directly charged in a 250 mL round-bottom flask together with
8.48 g of EG,MA and 116 g of Dectol. The remaining 2.82 g of
EG,MA were fed with a Harvard apparatus 33 syringe pump. The
flow rate of the EG,MA addition was changed in time according to
Table S1.

The solution was purged for 30 min at room temperature and put
in a heating bath at 80 °C, before starting the addition of EG,MA.
The initiator (0.21 g 1% w/w with respect to the total monomer
mass) was bubbled with nitrogen for S min and added all at once to
the solution once it reached the reaction temperature through the
rubber stopper. Aliquots of the reaction mixture were withdrawn and
quenched in an ice bath to stop the polymerization process. Then, the
samples were dried and dissolved in CDCl; with a concentration of 10
mg/mL to perform NMR analysis and determine the conversion and
composition of the monomer mixture and copolymer.

2.4. Cloud Point Measurement. The cloud points of the
copolymers were determined by turbidity studies. The samples were
diluted with Dectol to 1% w/w in each case and heated to 90 °C in an
oven or cooled to —20 °C in a freezer. A Jasco V-630 UV
spectrophotometer was used to record the absorbance at a fixed
wavelength equal to 500 nm while the samples were cooled or heated
to a stable room temperature. By tracking the temperature with a type
K thermocouple every 1 s, it was finally possible to obtain the
absorbance vs temperature plot and determine the T, of every
copolymer as the mean value of temperature at 10 and 90% of relative
absorbance.

For each sample, the temperature transition range AT\, gtion
defined as the difference between the value of temperature at 10 and
90% of relative absorbance, was also calculated, which is a parameter
useful to determine the broadness of the phase separation.

3. RESULTS AND DISCUSSION

3.1. Thermoresponsive Polymers Via Batch FRP. First,
we synthesized thermoresponsive EG,MA—LMA copolymers
via batch FRP at 15% w/w of solid content, varying the
parameter f, defined as the initial mole fraction of EG,MA in
the monomer mixture, between 0.1 and 0.9. The products were
characterized via GPC and NMR to determine the MWD,
conversion, and copolymer composition.

The results of GPC (Table S2 and Figure S2) show the
formation of copolymers with similar MWD, regardless of the
initial monomer mixture composition. On the other hand, the
NMR analyses confirmed that the syntheses are efficient and
allow to obtain copolymers with a conversion of both
monomers higher than 80% after 21 h, as summarized in
Table S2 and shown in Figure S3 for the synthesis with f, =
0.7, as an example. However, a difference in the reactivity
between the two monomers is clearly visible, with EG,MA
converted faster than LMA.

This difference in reactivity is reflected in EG,MA mole
fractions in the copolymer (Fgg in Table S2) always being

higher than the corresponding f, confirming the difficulty in

https://doi.org/10.1021/acsapm.3c02254
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Figure 2. Instantaneous conversion (a), residual monomer mixture molar composition f (b), and cumulative copolymer composition F (c) during
time for EG,MA (squares) and LMA (circles). The data were determined via NMR for a copolymer with a starting composition f, = 0.5.

properly controlling the copolymer composition via batch
FRP.

To validate this finding, for the reaction at f, = 0.5 and 15%
w/w solid content, the monomer conversion and composition
of both the residual monomer mixture and of the copolymer
were tracked in the first 2 h of the reaction, as shown in Figure
2.

Considering the instantaneous conversions (Figure 2a), it
can be seen that EG,MA has a higher reactivity than LMA, as
its conversion is always higher. As a result of this faster
consumption, the monomer mixture is depleted in EG,MA and
enriched in LMA (Figure 2b). This is reflected in a
compositional drift in the copolymer as the reaction
progresses, as at the beginning it is richer in EG,MA, the
most reactive component, while it incorporates more LMA
units toward the end of the reaction, where most of the
EG,MA is already consumed (Figure 2c). This phenomenon
leads to the formation of copolymer chains with a wide variety
of compositions. This interchain heterogeneity is particularly
detrimental in the case of thermoresponsive polymers, since
the transition between the soluble and insoluble states is
strictly related to the composition of the copolymer. This is
then expected to lead to copolymers with a broad range of T,

In the end, the thermoresponsive behavior was also assessed.
The samples reported in Table S2 (f, from 0.1 to 0.9) were
analyzed in a temperature range between —20 and 100 °C to
determine if they were able to undergo a temperature-driven
phase separation. As reported in Section 2.4, the thermores-
ponsive behavior was evaluated by tracking the mixture
absorbance at 500 nm with temperature.”* It was noted that
the samples with a content of EG,MA lower than 0.7 were
always transparent (i.e., low absorbance), meaning that the T,
of the copolymers was below —20 °C. On the other hand, the
sample with the highest content of EG,MA was turbid (i.e.,
high absorbance) in the whole range of temperatures
considered. In the end, the sample with f, equal to 0.8 was
the only one to show a transition between turbid and
transparent at fairly high temperatures, around 90 °C. A visual
representation of this behavior can be seen in Figure S4.

The wide difference in T, following a little variation in the
copolymer composition is an element usually not found in the
thermoresponsive polymers made via CRP. Therefore, these
findings were further investigated. In particular, we synthesized
copolymers with 15% w/w of solid content and different f,
between 0.7 and 0.8. The phase separation for these samples is
shown in Figure 3, where the sharp decrease in the mixture
absorbance when the temperature is increased confirms the
solubilization of the copolymer.
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Figure 3. Absorbance (4 = 500 nm) normalized with respect to its
maximum value against temperature for EG,MA—LMA copolymers
with 15% w/w solid content and different f, (black: f, = 0.725; red: f,
= 0.750; blue: f, = 0.775; green: f, = 0.800). The curves were used to
determine the T, for each copolymer.

The T, was calculated from these curves as the mean

temperature between 10 and 90% absorbance and is reported
in Table 1. This parameter increased with f,, confirming the

Table 1. Initial Monomer Mixture Composition and Mole
Fraction of EG,MA (Fyg y,) in the Copolymer at the End of
the Reaction as Measured Via NMR for EG,MA—-LMA
Copolymers”

fo [=] Frga [—] T,, [°C] ‘cansition [ C1
0.700 0.74 out of range
0.725 0.76 7.5 9.6
0.750 0.78 313 7.8
0.775 0.80 399 7.8
0.800 0.84 87.3 10.8

“The T, and the temperature transition range were determined via
UV as explained in Section 2.4.

possibility of synthesizing materials with tunable thermores-
ponsive behavior by acting on the initial molar ratios of the two
monomers. At the same time, these copolymers have
comparable MWDs (Table S2 and Figure S2); therefore,
their difference in T, can be ascribed only to their different
compositions. Interestingly, this increase is not linear with the
content of thermoresponsive monomer, as reported instead for
copolymers synthesized via RAFT polymerization.””*> More-
over, as testified by AT\, o the samples undergo the coil-to-
globule transition in a wide temperature range, probably due to
the broad copolymer composition distribution.
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Overall, FRP has shown to be a suitable technique to
produce copolymers with variable T . However, the
copolymers obtained via batch FRP have a hardly controllable
thermoresponsive behavior, as confirmed by the broad
transition and the strong dependence of T, from the mole
fraction of EG,MA in the copolymer. These issues represent a
big obstacle for the use of these materials in advanced
applications, where a sharp and precisely defined transition is
required.

To solve these problems and expand the application of FRP
to the synthesis of tunable thermoresponsive polymers, the
precise control of the copolymer composition becomes crucial,
as it ensures sharp phase separations and controllable cloud
points.

To better control the composition of a copolymer made
from monomers with different reactivities, two different
strategies can be implemented. The first one is based on
starved monomer conditions, which means that the monomer
mixture with the desired composition is fed to the reactor with
a feeding time much higher than the one required for their
polymerization. In this way, the monomers ideally react as
soon as they are fed to the system, producing a copolymer with
a fixed composition equal to that of the initial monomer
mixture. From one side, this strategy reduces the monomer
holdup in the reactor and, as a consequence, the risk associated
with thermal runawe1y.46’47 Nonetheless, this method requires
very long feeding times and is characterized by poor
productivity.****

The second possibility is called power feed and consists of
charging the whole amount of the less reactive monomer at the
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beginning of the process together with a fraction of the most
reactive one while feeding the remaining part in semibatch
mode to prevent chain compositional drift. Owing to its high
productivity, we decided to pursue the power feed approach,
although it requires detailed knowledge of the reactivity of the
system. Hence, we first estimated the reactivity ratios of the

50
two monomers.

3.2. Determination of the EG,MA and LMA Reactivity
Ratios. To determine the reactivity ratios for the binary
mixture EG,MA—LMA, we synthesized different copolymers
with variable f, (i.e, 0.1, 0.3, 0.5, 0.7, and 0.9) at 15% w/w
solid content. For each reaction condition, the composition of
the residual monomer phase as well as the cumulative
copolymer composition were tracked every 15 min via NMR
and related to the overall monomer conversion, as shown in
Figure 4a. These experimental data were fitted with the
integrated Skeist’s equation (see eq 15) and the reactivity
ratios determined by minimization of the error between the
experimental monomer phase composition and the simulated
one, as already reported in other works.”*>" We found the
optimal reactivity ratios to be 1.24 for EG,MA (rgg ) and

0.77 for LMA (ra)- These values confirmed the experimental
evidence of a higher reactivity of EG,MA compared to LMA.

In addition, the same values were able to predict the
evolution of the monomer phase composition with the overall
conversion at different solid contents, from 15 to 30% w/w
(see Figure 4b), confirming that the reactivity ratios are
influenced only by the chemical nature of the monomers
involved and not by the solid content. This, in turn, has only
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the effect of increasing the polymerization rate, as confirmed
by higher conversions reached at a given time (Figure SS).
The sensitivity of the results by imposing specific variations
on each reactivity ratio and evaluating the root-mean-square
error (RMSE, Figure 4c,d) between the experimental data and
the simulated ones has been verified.
From Figure 4c, it is possible to observe that rg¢ 4 = 1.24

and r s = 0.77 are the values leading to a minimum in the
RMSE. This is then more affected by a change in 7y, whose
slight variation causes a significant deviation of the model from
the experimental data, as confirmed in Figure 4d. On the other
hand, the system is less sensitive to rzg aa, Which only causes

an increase in the RMSE of 2% when +20% variations are
imposed.

In the end, the r, values were used to obtain the Mayo—
Lewis diagram (Figure S6), which gives information about the
deviation of the polymer composition from the monomer
mixture. Although a limited deviation from the diagonal was
observed, this is sufficient to cause an important compositional
drift in the copolymer, thus making the control over the
thermoresponsive behavior critical.

3.3. Thermoresponsive Polymers Via Power Feed
FRP. After having determined the reactivity ratios for the
system EG,MA—LMA, we investigated the implementation of
the power feed method to synthesize thermoresponsive
copolymers with a well-defined composition and T,. Even if
this method adds complexity with respect to the batch process,
it allows control of the composition of the copolymer while
maintaining high productivity, which is essential from an
industrial point of view.

The synthesis of EG,MA—LMA copolymers with a solid
content of 15% w/w and f; in the range 0.7—0.8 has been
performed, in order to be able to directly compare the T, of
the materials prepared with the batch and semibatch process.

The conversion of the two monomers followed a trend
similar to the batch cases (Figure S7), reaching high values
after 21 h (Figure S8).
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As expected, the conversion of the most reactive monomer is
lower in the semibatch case than in the batch one, since this
teeding strategy allows to decrease the EG,MA polymerization
rate and to make it more similar to the one of LMA.

As a result, the power feed process was able to efficiently
compensate for the rapid depletion of EG,MA experienced
during the batch FRP (Figure Sa). This was reflected in a
constant copolymer composition over time, preventing the
compositional drift observed for the batch synthesis, as shown
in Figure 5b. The same discussion can be applied to LMA. In
this case, the power feed prevented the enrichment of this
monomer during time (Figure Sc) and ensured its constant
mole fraction in the copolymer (Figure 5d).

The properties of the copolymers synthesized through the
power feed process at different f, are summarized in Table 2,
highlighting the proximity of the experimental copolymer
composition (Fpoyer reeq) to the one expected from the Mayo—
Lewis pIOt (PMayo—Lewis)'

Table 2. Properties of the copolymers synthesized via power
feed process at different initial EG,MA mole fraction in the
monomer mixture (f,) in terms of EG,MA mole fraction in
the copolymer predicted by the Mayo—Lewis plot
(Fayo—Lewis) and obtained experimentally (Fpoyer peed)s Teps
and temperature transition range (AT,

cansition) determined as
described in Section 2.4

fo[=]  Puyotewis (=] Frowerreed [—]  Tep [°C]  ATyunsition [°C]
0.76 0.800 0.83 S.1 5.3
0.79 0.825 0.85 26.8 2.1
0.82 0.850 0.88 48.2 5.2

In the end, the beneficial effect of a limited compositional
drift of the copolymer in guaranteeing a tunable thermores-
ponsive behavior, both in terms of T., and width of
temperature transition range (ATynion in Table 2), was
verified. The normalized absorbance as a function of
temperature for the samples produced via the power feed
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process is compared to those samples produced in batch in
Figure 6.
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Figure 6. Normalized absorbance (4 = 500 nm) as a function of
temperature for EG,MA—LMA copolymers synthesized through the
power feed method (continuous lines) or batch FRP (dashed lines).
The semibatch syntheses were performed at 15% w/w solid content
and different Fyjyo pewis Values (black: Fyfayo-Lewis = 0.800; red:
FMayo—Lewis = 0825) blue: FMayo—Lewis = 0850)

In addition to the possibility of regulating the T, it is
interesting to notice that the phase separation for copolymers
obtained via power feed is much sharper than the one for
copolymers synthesized via batch FRP. This is confirmed by

AT\ ansition Values reported in Table 2 being smaller than in the
case of materials prepared via batch FRP due to the more
homogeneous composition. This fact can also explain the shift
of the T, between copolymers with similar final compositions
but different synthesis processes. Indeed, in the case of batch
samples, F is determined by NMR and represents the mean
value of a broad composition distribution, as confirmed in
Figure Sb,d. For example, at the beginning of the process,
copolymers with a high content of EG,MA and, as a
consequence, higher T, are formed. However, as the reaction
proceeds, polymeric chains richer in LMA are produced, which
have higher solvophilicity and hence lower T,. On the other
hand, in the case of copolymers produced with the power feed
strategy, the polymeric chains all have the same composition
and uniform thermoresponsive behavior.

Eventually, the semibatch power feed approach was
confirmed to be a valid solution to synthesize thermores-
ponsive materials with well-defined composition and tunable
thermoresponsive properties, combining the advantages of
FRP with a precise control of the copolymer structure and
behavior, usually achieved via CRP techniques.

3.4. Extension of the Study to EG,MA—LMA System:s.
Once the advantages of the power feed for the system
EG,MA—LMA were demonstrated, the study was extended to
systems with thermoresponsive monomers with longer poly-
(ethylene glycol) side chains, namely EG,MA and EGgMA.
Indeed, increasing the length of the brush of the thermores-
ponsive unit allows to increase the T, of the copolymers for
the same LMA content. In this way, it is possible to introduce a
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Figure 7. Normalized absorbance (4 = 500 nm) vs temperature for EGyQMA—LMA (a) and EGgMA—LMA (b) copolymers with different f, values.
The curves were used to determine the T, for each copolymer. (c) fo vs n for EG,MA—LMA copolymers with comparable T, of 7 °C. Residual
monomer mixture composition during time using EG,MA (d) and EGgMA (e) as thermoresponsive monomers for power feed (full symbol) and
batch (empty symbol) processes. The reactions were performed with 15% w/w solid content and f; = 0.5. (c) Normalized absorbance (41 = 500
nm) vs temperature curves recorded for EGgMA—LMA copolymers with comparable T,. The continuous line refers to the power feed synthesis

while the dashed one refers to the batch case.
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further degree of freedom to modulate the T, of the final
material.

While this statement is true for polymers made via RAFT
polymerization,®” it had to be verified in the case of materials
made via FRP. Therefore, a library of copolymers was
synthesized with LMA as the solvophilic monomer and
EG4,MA or EGgMA as the thermoresponsive unit, varying f,
via batch FRP.

Interestingly, the change of the thermoresponsive unit led to
overall conversions and MWDs similar to the case with
EG,MA, as verified via NMR and GPC (Tables S3 and S4).

The phase separation of the samples was then analyzed and
is shown as normalized absorbance vs temperature in Figure 7a
for EGEMA—LMA and in Figure 7b for EGgMA—LMA. These
curves confirm the trend already highlighted for EG,MA, i.e,,
an increase in the mole fraction of thermoresponsive monomer
in the copolymer leads to a higher T,. Moreover, also in these
cases, the copolymers have a wide temperature transition range
since the batch FRP causes the formation of chains with a
broad composition distribution. Finally, it can also be noticed
that thermoresponsive units with longer side chains require less
amount of solvophilic monomer in the copolymer to obtain
materials with comparable T, (ie, 7 °C, Figure 7c). This
finding is of particular interest since it allows the synthesis of
materials with a specific thermoresponsive behavior but
different content in LMA.

After having confirmed the possibility of decoupling T, and
LMA content in the copolymer by exploiting different EG,MA,
we wanted to apply to this EG,MA—LMA system the power
feed process, with the aim of a precise control over its
thermoresponsive behavior.

First, we tracked the composition of the residual monomer
mixture during the batch FRP of LMA and EG,MA, with n = 2,
4, and 8 at fixed f, = 0.5 and 15% w/w solid content. As can be
seen from Figure S9, the difference between all of the tested
EG,MA is limited, which makes the prediction of the
experimental data with the same set of reactivity ratios
estimated for the system EG,MA—LMA (ie., rggpa = 1.24

and ry = 0.77) quite accurate.

For this reason, we concluded that these reactivity ratios
could also be exploited to design the power feed for EG;MA
and EGgMA, expanding the versatility of the investigation
reported herein.

Considering the same initial composition f, = 0.5, Figure 7d,
e compares the mole fraction of, respectively, EG,MA and
EGgMA in the residual monomer mixture during time for
batch (empty symbols) and power feed (full symbols)
processes.

We demonstrated that by directly applying the reactivity
ratios determined for EG,MA to the case of monomers with
longer poly(ethylene glycol) side chains, the power feed
process is able to significantly mitigate the depletion of these
monomers in the mixture during time and hence ensure a more
constant copolymer composition with respect to the batch
FRP. The deviation from a constant monomer mixture
composition is ascribed to a slight difference in the reactivity
of the different monomers, which becomes more and more
accentuated with increasing .

Still, it is worth pointing out that the direct application of the
same set of reactivity ratios allows both saving experimental
labor and the possibility of obtaining polymeric chains with
controllable thermoresponsive behavior. This is evident in
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Figure 7f, showing that for the EGgMA—LMA copolymers
made with the power feed approach, a narrower phase
separation (i.e., lower AT, . ion) can be obtained with respect
to the corresponding copolymer made via batch polymer-
ization (3.9 °C vs 5.6 °C).

4. CONCLUSIONS

The batch FRP of EG,MA and LMA in a non-polar medium
(Dectol) has been studied as an example of a system displaying
an UCST that can be controlled by adjusting the composition
of the copolymer. In our previous works, we demonstrated that
strict control over the copolymer composition and in turn on
its T, in Dectol could be obtained via RAFT polymerization,
which however is affected by high costs of the chain transfer
agent and low polymerization rates.'”?>*° On the other hand,
the batch FRP, despite being more industrially appealing,
causes a significant compositional drift that is reflected in a
broad phase separation.

After having determined the reactivity ratios for the two
monomers, we demonstrated in this work that the limited
interchain compositional drift ensured by the power feed
process allows obtaining well-defined thermoresponsive
properties and sharp phase separations even via FRP.

Moreover, it was verified that the thermoresponsive behavior
could be tuned not only by changing the composition of the
copolymer but also by employing thermoresponsive monomers
with variable lengths of the poly(ethylene glycol) side chain.
This finding is pretty interesting since it introduces a further
degree of freedom, which is useful to decouple the T, and the
LMA content in the copolymer, providing a way for a more
precise design of the materials for specific applications.
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