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ABSTRACT: Free-radical emulsion polymerization (eFRP) is
widely adopted in industries due to the great advantages that this
technique offers in terms of a high polymerization rate, good heat
management, and conduction in a non-toxic solvent like water. On
the other hand, eFRP requires surfactants to stabilize the produced
polymer nanoparticles (NPs). At the same time, the recovery of a
bulk material from a NP suspension needs the addition of salts or
alkali for the destabilization of the emulsion and the precipitation
of the polymer. These can contaminate the final product and affect
its properties. For this reason, alternative strategies able to
coagulate the NP latex avoiding the addition of exogenous
compounds are needed. In this work, we synthesized thermo-
responsive polymeric surfactants that are able to promote the NP
formation during the eFRP and to allow the recovery of the bulk polymer by simply increasing the environment temperature.
Surfactants with a tunable hydrophilic−lipophilic balance were produced through reversible-addition fragmentation chain transfer
(RAFT) emulsion polymerization by chain-extending a polyethylene glycol-based macromolecular chain transfer agent with butyl
methacrylate, in order to obtain a series of block copolymers with high blocking efficiency, controlled molecular weight distribution,
and well-defined thermo-responsive behavior. Then, the RAFT agent was removed to avoid the further extension of the block
copolymers, and the surfactants were tested in the eFRP of different monomers (i.e., butyl methacrylate, methyl methacrylate, and
styrene) to produce stable NP latexes. Finally, the possibility of triggering the NP aggregation and of guaranteeing the recovery of
both surfactants and bulk material by simply changing the temperature of the system was assessed.

KEYWORDS: surfactant, emulsion polymerization, hydrophilic−lipophilic balance, HLB, RAFT, CMC, thermo-responsive,
temperature-induced aggregation

1. INTRODUCTION

With an annual production above 370 million tonnes,1−3

polymer materials are currently playing a leading role in a
variety of everyday commodities, including synthetic rubbers,
plastics, adhesives, paints, and coatings. Most of these products
are processed and used as bulk materials. However, bulk
polymerization faces many limitations, including the important
increase in the product viscosity at high monomer conversion,
which prevents an effective stirring of the reaction mixture and
a difficult thermal control over the reactor, further exacerbated
by the prevention of an effective heat exchange, bringing about
the risk of thermal runaway.4

On the other hand, emulsion polymerization (eFRP) is a
convenient route to produce nanostructured, high molecular
weight polymers at a high polymerization rate using an
environmentally friendly solvent.5 Because the polymerization
is conducted inside nanoparticles (NPs) dispersed in a non-
solvent, typically water, the viscosity is maintained low even at
high conversion. In addition, the great advantage compared to
a bulk process is represented by the water acting as a thermal

flywheel, thus enabling a more facile thermal control over the
reactor. Despite these advantages in the conduction of the
process, eFRP presents several drawbacks when a solid product
is required. In particular, a bulk material can only be obtained
following the latex coagulation. This can be achieved by water
evaporation, which is often disregarded due to the high energy
demand, or by precipitation following the addition of huge
amounts of salt, acid, or alkali. Of course, this leads to the
product contamination and to the production of high volumes
of wastewater.
A milestone in the literature is the adoption of switchable

stabilizers during the emulsion polymerization of vinyl
monomers.6 The phase separation of these surfactants in
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response to external stimuli allows producing reversibly
dispersible and coagulatable latexes. Different stimuli have
been investigated so far in the destabilization and redispersion
of polymer colloids. In a series of papers, for example, the
Zhu’s group exploited the pH-reversible protonation/deproto-
nation of weak polyacids (i.e., polyacrylic acid7) or polyalkalis
(i.e., poly[N,N-(dimethylamino)ethyl methacrylate]8) to turn
on and off the stabilizing effect of macromolecular surfactants
produced by reversible addition−fragmentation chain transfer
(RAFT) polymerization. Other stimuli investigated so far
include redox potential9 and above all CO2/N2 bubbling.

10,11

Many of these approaches suffer the limitation that the
surfactants are chemically linked to the polymer particles so
that the produced material is contaminated by the surfactant
itself.
In addition, to make this approach appealing on an industrial

scale, the stimulus applied to destabilize the latexes should be
inexpensive and easily operated and should prevent the
contamination of water and hence the necessity for further
treatments. A stimulus that meets these requirements is the
application or removal of heat. Polymers that are able to
respond to temperature modifications in the surrounding
environment with a discontinuous and sharp phase transition
are called thermo-responsive and are currently finding
increasing interest for oil−water separation,12−14 chromatog-
raphy,15,16 smart optics,17,18 and biomedical applications.19−23

Two opposite responses to temperature stimuli are reviewed,
namely a lower critical solution temperature (LCST) behavior
and an upper critical solution temperature (UCST) behavior.24

The former is the minimum of the binodal curve that
delimitates the region in the polymer/solvent phase diagram
where separation in a polymer-rich phase occurs.25,26 At the
opposite, the UCST is the maximum of the binodal curve
delimitating the region where the polymer phase separates.27,28

Polymers with a LCST in water are the most common, mainly
due to the poor sensitivity of this critical temperature to
environmental properties such as pH, ionic strength or
concentration, and the relative facility in tuning the cloud
point (Tcp) in the desired range.28

In this work, we report the synthesis of thermo-responsive
polymeric surfactants with a LCST behavior. These switchable
surfactants allow the production of stable polymer latexes
below their Tcp, and their coagulation by temperature increase
(Scheme 1a,b), without the addition of exogenous compounds
(i.e., salts, alkali, CO2, etc.) that may alter the properties of the
produced material. The van der Waals forces between the
coagulated particles prevent their redispersion upon cooling.
At the opposite, the release of surfactant micelles at low
temperature (Scheme 1c) paves the way for the surfactant
reutilization in a further eFRP, in agreement with the
recommendations of the circular economy. In fact, differently
from other reported strategies, the surfactant is not covalently
bound to the final polymer particles. This has the additional

advantage of avoiding the product contamination and the
deterioration of its thermo-mechanical properties. It is worth
mentioning that the choice of the Tcp is extremely important
in designing these systems. In fact, it appears clear from the
mechanism described above that the Tcp chosen should be
sufficiently high to be compatible with the most commonly
used thermal initiators since the eFRP can be conducted only
at temperatures lower than Tcp. However, too high Tcps are
reflected in additional thermal energy required to lead to NP
aggregation and polymer recovery. For these reasons, in order
to address both these issues, surfactants with a Tcp in the
range 60−70 °C have been selected as a good compromise.
The thermo-responsive surfactants were synthesized via RAFT
emulsion polymerization, by chain extending a poly[oligo-
(ethylene glycol)methyl ether methacrylate] macromolecular
chain transfer agent (macro CTA) with butyl methacrylate.
The adoption of a controlled radical polymerization enabled us
to control the molecular weight distribution of the copolymer
and then the hydrophilic−lipophilic balance (HLB) of the
surfactant. We have already reported in a previous study29 the
important role that this parameter plays, together with the NP
concentration, in determining the stability and the size of the
NPs and the reversibility of their thermo-responsive behavior.
This information was used as a starting point to design thermo-
responsive surfactants able to produce, in the following
emulsion polymerization, stable and controlled NPs and to
selectively mediate their precipitation avoiding the formation
of a gel that would turn out in an inefficient polymer recovery.
The thermo-responsive surfactants were tested in the

synthesis of stable NPs from various monomers, including
butyl methacrylate, methyl methacrylate, and styrene. Finally,
the possibility of inducing the NP coagulation and the
surfactant recovery by changing the environment temperature
was assessed.

2. MATERIALS AND METHODS
2.1. Materials. 2,2′-azobis(2-methylpropionamidine)-

dihydrochloride (V-50, MW = 271.19, 98%, Acros Organics),
2,2′-azobis(2-methylpropionitrile) (AIBN, MW = 164.21,
≥99%, Sigma-Aldrich), 4-cyano-4-(phenyl-carbonothioylthio)-
pentanoic acid (CPA, MW = 279.38, 99%, Sigma-Aldrich),
4,4′-azobis(4-cyanovaleric acid) (ACVA, MW = 280.28,
Sigma-Aldrich), acetone (≥99.5%, MW = 58.08, Honeywell),
butyl methacrylate (BMA, ≥99%, MW = 142.20, Fluka
Chemika), styrene (STY, ≥ 99%, MW = 104.15, Sigma-
Aldrich), deuterochloroform (CDCl3, 99.8%, MW = 120.38,
Sigma-Aldrich), dimethyl sulfoxide (DMSO, ≤0.02% water,
MW = 78.13, Sigma-Aldrich), ethanol (Etoh, MW = 46.07,
≥99.8%, Sigma-Aldrich), hydrogen peroxide (H2O2, MW =
34.0147, 35%, Steris), methyl methacrylate (MMA, ≥99%,
MW = 100.12, Fluka Chemika), pyrene (98%, MW = 202.25,
Sigma-Aldrich), poly(ethylene glycol)methyl ether methacry-
late (EG4MA, MW = ca300, Sigma-Aldrich), and tetrahy-

Scheme 1. Schematic Representation of: (a) Production and (b) Coagulation of Polymer NPs When Thermo-Responsive
Surfactants Are Used; (c) Recovery of the Surfactant as Micelles after Temperature Decrease
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drofuran (THF, ≥99.9%, MW = 72.11, Sigma-Aldrich) were
used as received except when specifically noted. All the
solvents used were of analytical purity and used as received.
2.2. Synthesis of the Thermo-Responsive Block. The

thermo-responsive portions of the surfactant were synthesized
via RAFT polymerization of EG4MA with CPA as the RAFT
agent, ACVA as initiator, and ethanol as solvent. The average
degree of polymerization (n) was varied by changing the
monomer to CPA molar ratio in order to obtain two different
stabilizers with n equal to 20 and 40, respectively. The initiator
to the agent RAFT molar ratio (IA) was kept equal to 1/3. The
solution mass concentration was set equal to 20%.
As an example, to synthesize the macro CTA with n = 40,

hereinafter 40EG4, 10 g of EG4MA (33 mmol), 0.232 g of the
RAFT agent (0.83 mmol, i.e., EG4MA/RAFT agent = 40 mol/
mol), and 0.078 g of ACVA (0.28 mmol, i.e., IA = 1/3 mol/
mol) were dissolved in 41 g of ethanol and poured in a round-
bottom flask equipped with a magnetic stirrer. The solution
was purged with nitrogen for 20 min at room temperature and
heated to 65 °C in an oil bath under magnetic stirring for 24 h.
At the end of the polymerization, the product was recovered by
precipitation in 10-fold excess diethyl ether, performed twice.
Finally, the suspension was centrifuged at 5000 rpm for 10
min, and the polymer was recovered, dried under a flow of
nitrogen, and stored at −20 °C. In order to calculate the
conversion (eq S1), 10 mg of polymer was dissolved in 0.7 mL
of deuterated chloroform (CDCl3) and analyzed via nuclear
magnetic resonance (1H NMR) (spectrum in Figure S1) on a
Bruker Ultrashield 400 MHz spectrometer with 32 scans per
sample.
The number-average molecular weight (MnGPC) and

dispersity (D̵) were evaluated via organic gel permeation
chromatography dissolving 4 mg/mL polymer in THF, filtering
the solution through a 0.45 μm polytetrafluoroethylene filter,
and injecting it in a Jasco LC-2000Plus GPC apparatus. The
analysis was performed at 35 °C and at a flow rate of 1 mL/
min using three styrene/divinyl benzene 5 μm columns in
series (300 × 8 mm, pore size 1000, 105, and 106 Å,
respectively) and a pre-column (50 × 8 mm). Polystyrene
standards were used to calibrate the instrument.

2.3. Synthesis of the Thermo-Responsive Surfactants
via RAFT Emulsion Polymerization. The chain extension of
the two different macro CTAs (with n = 20 and 40) with butyl
methacrylate was carried out via RAFT emulsion polymer-
ization. In this reaction, V-50 was used as initiator. nEG4-
pBMA block copolymers with different HLB were synthetized
by modulating p, with p being the degree of polymerization of
the poly(butyl methacrylate) segment. In particular, the HLB
was calculated according to Griffin’s method (eq 1).30

=
M
M

HLB 20 h
(1)

Where Mh is the molar mass of the hydrophilic portion of the
surfactant, while M is the molar mass of the surfactant. The
desired HLB can be obtained at fixed Mh by changing M
through the modulation of p. With this approach, we
synthesized 40EG4-pBMA surfactants with the HLB equal to
0.5, 1.5, 3, 5, 7, 9, 11, and 13 and 20EG4-pBMA surfactants
with the HLB equal to 5, 7, 9, 11, and 13.
For all the reactions, the initiator to the macro CTA molar

ratio was set to 1/3, and the solid content was equal to 10% w/
w. As an example, the 40EG4-100BMA (i.e., theoretical HLB =
11) surfactant was synthesized by mixing 0.225 g of BMA (1.6
mmol), 0.275 g of 40EG4 (0.016 mmol, i.e., BMA/40EG4 =
100 mol/mol), and 1.4 mg of V-50 (5.6 μmol, i.e., V-50/
40EG4 = 1/3 mol/mol) in 4.5 g of distilled water. The reaction
was carried out in 10 mL round-bottom flasks equipped with a
magnetic stirrer operated at 600 rpm. The mixture was purged
for 15 min by bubbling nitrogen inside the reaction
environment to remove all the oxygen and was then placed
in an oil bath pre-heated at 50 °C for 24 h. The product was
finally dialyzed against distilled water for 48 h using a
regenerated cellulose membrane (Spectra/Por) with a
molecular weight cut-off of 3.5 kDa.
An aliquot of the sample was freeze-dried using a Telstar

Lyoquest freeze-dryer operated at −56 °C and 0.1 mbar and
analyzed by GPC according to the procedure described in
Section 2.2. The molecular weights and dispersities of the
samples are listed in Table 1. The monomer conversion was
evaluated both via 1H NMR (Figure S2), according to the
procedure described in Section 2.2, and via thermogravimetric

Table 1. List of All the Polymers Synthesized with Their Properties, Where n and p Are the Degrees of Polymerization
Calculated from 1H NMR for the Poly(EG4MA) and the Poly(BMA) Blocks, Respectivelya

entry sample HLB [-] nH NMR [-] pH NMR [-] MnGPC [Da] D̵GPC [-] XH NMR [%] CMC [mg/L]

1 20EG4 20 23 6900 1.04 97
2 40EG4 20 49 11,400 1.02 94
3 20EG4-32BMA 13 23 37 8000 1.09 98 5.73 ± 0.31
4 20EG4-48BMA 11 23 50 7100 1.05 94 5.01 ± 0.40
5 20EG4-72BMA 9 23 71 10,700 1.12 97 2.44 ± 0.32
6 20EG4-110BMA 7 23 107 20,700 1.03 95 0.31 ± 0.35
7 20EG4-176BMA 5 23 170 57,400 1.03 93 0.49 ± 0.11
8 40EG4-40BMA 13 49 40 12,900 1.07 96 8.76 ± 0.71
9 40EG4-66BMA 11 49 70 12,300 1.06 99 8.63 ± 0.23
10 40EG4-100BMA 9 49 103 14,900 1.06 94 1.27 ± 0.12
11 40EG4-150BMA 7 49 148 37,200 1.01 96 0.14 ± 0.54
12 40EG4-229BMA 5 49 231 45,200 1.09 97 0.26 ± 0.09
13 40EG4-522BMA 3 49 530 50,600 1.01 97 0.12 ± 0.08
14 40EG4-1000BMA 1.5 49 980 83,800 1.22 98 0.11 ± 0.06
15 40EG4-3000BMA 0.5 49 2970 102,500 1.08 99 0.09 ± 0.06

aMnGPC represents the number-average molecular weight, D̵ represents the dispersity, XH NMR represents the conversion calculated via 1H NMR,
and CMC represents the critical micelle concentration determined via the fluorescent method using pyrene as the probe.

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.1c01266
ACS Appl. Polym. Mater. 2022, 4, 270−279

272

https://pubs.acs.org/doi/suppl/10.1021/acsapm.1c01266/suppl_file/ap1c01266_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.1c01266/suppl_file/ap1c01266_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.1c01266/suppl_file/ap1c01266_si_001.pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.1c01266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


analysis performed on an Ohaus MB35 moisture analyzer
according to the procedure reported in a previous work.31

The micelle suspensions were analyzed via dynamic light
scattering (DLS) in order to determine the Tcp, particle size
(Dn), and polydispersity index (PDI). The measurements were
performed in triplicate, 11 runs each, on a Zetasizer Nano ZS
at a scattering angle of 173°. The samples were diluted to 0.5%
w/w before the analysis. The Tcp was determined as the
inflection points of Dn versus temperature curves. These
curves were obtained by increasing/decreasing the temperature
by 2 °C and leaving the sample to equilibrate at that specific
temperature for 10 min before each measurement.
2.4. Determination of the CMC. The critical micellar

concentration (CMC) of the nEG4-pBMA polymers was
evaluated via fluorometric analysis using pyrene as a hydro-
phobic fluorescent probe.
In particular, a pre-determined amount of pyrene was

dissolved in acetone, placed into different vials, and put on a
heating plate in order to allow the evaporation of acetone.
Then, 5 mL of polymer suspensions at different concentrations
(0.01, 0.05, 0.1, 0.5, 1, 5, 10, 50, and 100 mg/L) were added in
order to have a final concentration of pyrene equal to 6 × 10−7

M (4.854 × 10−7 g per vial). The vials were vortex-stirred for 1
min and placed in a closed box for one night. Pyrene emission
spectra were then recorded on a Jasco FP8500 spectrofluor-
ometer setting the excitation wavelength to 335 nm and the
emission wavelength in a range from 350 to 450 nm. Excitation
and emission band widths were set at 5 and 2.5 nm,
respectively.
The intensity ratio of the third band (i.e., 384 nm, I3) to the

first band (i.e., 373 nm, I1) was analyzed in order to determine
the CMC as a function of the polymer concentration. In
particular, the CMC was considered as the intersection
between the horizontal asymptote of I3/I1 at a low

concentration and the logarithmic function of I3/I1 with the
polymer at a high concentration.19,32

2.5. Removal of the Thiocarbonylthio Group through
the Addition of AIBN. The removal of the thiocarbonylthio
group from the chain end of each polymeric surfactant,
important to avoid its chemical incorporation in the forming
polymer NPs, was achieved through the addition of a 100 mg/
mL solution of AIBN in DMSO.
The reactions were carried out in 10 mL round-bottom

flasks equipped with magnetic stirrers.
The AIBN to nEG4-pBMA was set equal to 40 mol/mol. In

order to remove all the oxygen from the flasks, the mixtures
were purged for 15 min by bubbling nitrogen inside the
reaction environment. Then, the flasks were placed in an oil
bath pre-heated at 50 °C under magnetic stirring, and the
reaction was carried out for 12 h. At the end of the reaction, 1H
NMR measurements were performed following the same
procedure described in Section 2.2.
Finally, the Dn of the micelles was analyzed via DLS.
2.6. Emulsion polymerization Using nEG4-pBMA

Surfactants. nEG4-pBMA polymers were used as surfactants
for the eFRP of butyl methacrylate, methyl methacrylate, and
styrene. For all the reactions, the initiator was V-50. The
initiator amount was set equal to 1.5% w/w with respect to the
monomer, and the surfactant to monomer weight ratio was
equal to 10% w/w, and the solid content was equal to 10% w/
w.
As an example, 1 g of BMA, 0.1 g of 40EG4-100BMA, and 15

mg of V-50 were mixed in 9 g of distilled water. The reaction
was carried out in a 10 mL round-bottom flask equipped with a
magnetic stirrer. The oxygen from the flasks was removed by
bubbling nitrogen for 15 min inside the reaction environment.
The flasks were placed in an oil bath pre-heated to 50 °C

Figure 1. (a) ln(M0/M) as a function of time in the case of 40EG4 (squares) and 20EG4 (circles). (b) Number-average molecular weight as a
function of the monomer conversion in the case of 40EG4 (squares) and 20EG4 (circles). (c) Chromatograms of the polymers synthesized from
20EG4 having the HLB equal to 5 (yellow), 7 (black), 9 (red), 11 (green), 13 (purple), and 20 (blue), respectively. (d) Chromatograms of the
polymers synthesized from 40EG4 having the HLB equal to 0.5 (dark yellow), 1.5 (burgundy), 3 (azure blue), 5 (black), 7 (red), 9 (blue), 11
(purple), 13 (green), and 20 (yellow), respectively.
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under magnetic stirring at 900 rpm, and the polymerization
was carried out for 24 h.
The conversion was evaluated via thermogravimetric analysis

according to the procedure described in Section 2.3. The NP
size and PDI were characterized by DLS. Finally, the
temperature-mediated NP coagulation was obtained by
incubating the suspension at 80 °C for 30 min. After the
polymer precipitation, the temperature was lowered to 25 °C
to favor the surfactant desorption and migration in the aqueous
phase. The bulk polymer obtained after precipitation was then
recovered by filtration, dried under a flow of nitrogen, and
characterized in terms of molecular weight via GPC, following
the same procedure reported in Section 2.2.

3. RESULTS AND DISCUSSION
3.1. Thermo-Responsive Polymeric Surfactants. Ther-

mo-responsive surfactants, in the form of amphiphilic block
copolymers, were synthesized by chain extending PEG-based
macro CTAs with BMA via RAFT emulsion polymerization.
First, we synthesized via RAFT solution polymerization the

thermo-responsive portions of the surfactants, namely 20EG4
and 40EG4, reported with an LCST of approximately 64
°C.19,33 The good control of the RAFT polymerization over
the process is confirmed by the low polymer dispersities D̵
(<1.04, Table 1) and by the linear evolution of ln(M0/M) with
time, as shown in Figure 1a. This is typical for those pseudo-
living polymerizations characterized by a constant radical
concentration in the system. In addition, the number-average
molecular weight Mn grows linearly with the monomer
conversion (Figure 1b), as expected from eq 2, valid for the
RAFT polymerization under the assumption of negligible
amount of initiator compared to the chain transfer agent.34

= +M nMn XMCPA EG MA4 (2)

Where Mn is the polymer number-average molecular weight, n
is the degree of polymerization that coincides with the molar
ratio between the monomer and CTA, X is the monomer
conversion, and MCPA and MEG4MA are the molecular weights of
the CPA and EG4MA, respectively.
These thermo-responsive macro CTAs were then chain-

extended with BMA via RAFT emulsion polymerization to
obtain amphiphilic block copolymers. For each macro CTA,
different lengths p of the hydrophobic segment were targeted.
The target p for this lipophilic block was determined a priori
by fixing the desired HLB, which was calculated with Griffin’s
method (eq 1).30 In fact, the adoption of a controlled radical
polymerization like the RAFT polymerization enables the

expression of both Mh and M in eq 1 as a function of n and p,
respectively, according to eq 3, derived under the hypothesis of
complete monomer conversion.

=
+

+ +
M nM

M nM pM
HLB 20

CPA EG MA

CPA EG MA BMA

4

4 (3)

Where MCPA, MEG4MA, and MBMA are the molecular weights of
the CPA, EG4MA, and BMA, respectively. Once the macro
CTA is selected, and hence n is fixed, it is possible to
determine the required p for achieving the desired HLB.
The adoption of the RAFT polymerization is crucial at this

stage, since it enables the achievement of good control over the
polymer microstructure and the access to well-defined block
copolymers with high monomer conversion (X > 94%, Table
1), low dispersities (D̵ < 1.22), and high blocking efficiencies,
as observed from the chromatograms reported in Figure 1c,d.
Furthermore, since the polymers are produced via RAFT

emulsion polymerization, the polymeric surfactants are
expected to be obtained in the form of micelles. As a matter
of fact, we obtained micelles whose size (Dn) depends on the
HLB of the polymeric surfactant. In particular, the lower the
HLB the bigger the micelles, as shown in Figure 2a. Moreover,
it is possible to distinguish between a plateau region and an
exponential region depending on whether the hydrophobic or
hydrophilic contribution is predominant (i.e., the HLB is lower
or higher than 9). Interestingly, the threshold HLB
delimitating the two regions is the same for both the macro
CTAs used (20 and 40EG4).
The trend in the exponential region is due to the

contribution of the progressively growing lipophilic block,
determining a linear increase in the micelle size with p, as
clearly shown in Figure 2b. This trend is in accordance with
that already reported in the literature for similar systems and
summarized in eq 4.35

ρ
=D

pM
A N

6
n

BMA

cov avo pBMA (4)

Where Navo is the Avogadro number, ρpBMA is the density of
the lipophilic segment of the copolymer, and Acov is the surface
of the micelle that the hydrophilic portion can cover, which in
this case is directly related to its length n.
Conversely, when the hydrophilic contribution became more

important (HLB higher than 9), the further reduction in Dn is
probably counter-balanced by the micelle swelling.
Despite the broad difference in size, narrowly dispersed

particles were achieved in all of the cases (see Table S1). In

Figure 2. (a) Dn as a function of the HLB for both 20EG4- (square) and 40EG4-based micelles (circle). (b) Dn as a function of the degree of
polymerization p of the lipophilic block for the 40EG4-based micelles.
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addition, p does not affect appreciably the cloud point of the
system. In particular, all of the samples show a sharp phase
separation at 64 °C (Table S1), leading to the reversible
formation of micrometric aggregates with a very limited
hysteresis in the heating and cooling behavior. This is clearly
shown in the example reported in Figure 3a by the sharp
change in the NP size occurring at the same temperature (i.e.,
64 °C) in the heating (squares) and cooling (circles) cycles.
This behavior is due to the fact that the micelles are sterically
stabilized by their thermo-responsive segments, which above
the Tcp collapse on the micelle surface. In this scenario, the
van der Waals interactions are no longer balanced by the steric
repulsion forces between the EG4 chains, thus causing the
micelle coagulation. Nevertheless, once the temperature is
lowered back below the Tcp, the EG4 chains extend in the
bulk, thus re-stabilizing the micelles that recover their original
size (see the circles in Figure 3a). This reversibility is impacted
by the block copolymer microstructure that needs to be
carefully designed in order to allow the NP redispersion.29

These sharp transitions, fundamental to guarantee a rapid
and efficient coagulation of the polymer NPs produced during
the successive eFRP (Scheme 1b), underline the homogeneity
of the micelle response to the external stimuli.
The reversibility of these systems was proved to be

maintained for at least 10 heating/cooling cycles, as shown
in Figure 3b. This result is particularly important for the final
application of these materials because it allows several recycles
of the same polymer, thus reducing both production and
process costs.
Finally, the possibility of using these systems as surface

active agents was assessed by evaluating their CMC, a
distinctive feature of the surfactant molecules. In particular,
the CMC was determined according to the procedure
described in Section 2.4. As can be retrieved from Table 1
and Figure 4, all of the polymers synthesized showed a CMC,
confirming their ability of forming micelles and hence of being
effectively used as surfactants. Moreover, the values of the
CMC, considerably lower than those of the commercial
surfactants (e.g., SDS, CMC = 2.45 g/L36), pave the way for
the employment of these materials on an industrial scale
without any particular change in the synthesis recipes.
Interestingly, the CMC resulted to be, after an initial plateau,

a linear function of the HLB. This is not surprising, and in fact,
polymeric surfactants with a high HLB are more hydrophilic
and hence characterized by more thermodynamically stable
polymer−water interactions that make them less prone to
assemble and form micelles. This can justify also the higher

CMC that the 40EG4-based surfactants have with respect to
that of the 20EG4-based ones.
Once the possibility of producing polymeric surfactants with

a tunable HLB and defined values of the CMC is
demonstrated, an important step is the removal of the
thiocarbonylthio group from the polymer chain end. This is
necessary in order to avoid the chemical incorporation of the
surfactant in the polymer NPs produced in the following eFRP
(Scheme 1). This is a key point for the sustainability of the
process because it prevents the contamination of the polymers
produced and at the same time allows the recovery and recycle
of the surfactants.
In fact, in the case in which the RAFT agent is not removed,

the polymerization proceeds via chain extension of the
lipophilic block producing multiblock copolymers and
preventing its separation from the latex once the temperature
is increased (Figure 5a). On the contrary, when the RAFT
agent is removed, the new monomer and initiator added to the
mixture can polymerize following the same rules as those of a
traditional eFRP, while the macro-surfactants act as stabilizers
(Figure 5b).
The removal of the thiocarbonylthio group was carried out

with an excess of AIBN. The effective removal of the RAFT
agent can be easily seen visually. In fact, as soon as the
thiocarbonylthio group is removed, the polymeric suspension
changes its color from pink to white. However, the
confirmation of the success of the reaction was obtained
noticing the disappearance of the peaks associated to the
aromatic ring in the 1H NMR spectrum of the polymers
reacted with AIBN, as shown in Figure 5c.
Moreover, the reaction with AIBN does not modify the Dn

and the CMC of the macro-surfactants, as visible in Table S2.

Figure 3. (a) Dn as a function of temperature for 40EG4-229BMA during heating (squares) and cooling (circles) cycles. The analysis was
conducted by DLS with a temperature increase/decrease of 2 °C per each measurement and leaving 10 min of equilibration at each temperature
before the analysis. (b) Dn below (squares) and above (circles) the Tcp in the case of 40EG4-229BMA.

Figure 4. CMC as a function of the HLB for surfactants synthesized
employing 20EG4 (squares, entries 3−7 in Table 1) and 40EG4
(circles, entries 8−15 in Table 1) as a macro CTA, respectively.
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Because during the eFRP, the stabilizers may be subjected to
variations of pH, we tested their stability, by measuring the
average size and polydispersity of the micelles formed by the
thermo-responsive surfactants in diluted HCl and NaOH
solutions, at pH = 3 and 11, respectively. As shown in Table
S3, these parameters are only poorly affected by the pH, with
random fluctuations around the values assumed in a neutral
environment. At the same time, these fluctuations are within
the experimental error, which allows us to conclude that the
behavior of these surfactants is stable in the range of
investigated pH.
3.3. Free-Radical Emulsion Polymerization with

Thermo-Responsive Surfactants. In order to verify the
effective capability of these surfactants to allow both the
production of stable polymer NPs and their coagulation via
thermal stimulation, we first explored the eFRP of butyl
methacrylate.
As shown in Table S4, all of the thermo-responsive

surfactants allowed the production of NPs with narrow particle
size distribution, in line with what is normally obtained
performing an eFRP with commercial surfactants. Moreover,
surfactants with a different HLB resulted in NPs with a
different size, as clearly visible in Figure 6a. In particular, for
both 40EG4- and 20EG4-based surfactants, smaller NPs can be
achieved at a high HLB. This testifies that the size of the
micelles formed by the surfactants, decreasing with the HLB,
contributes to the final hydrodynamic diameter of the colloids
produced.
The latexes produced proved to be stable until the

temperature is kept below the Tcp of the surfactant. In fact,
when the latex is incubated at a temperature above the Tcp,

the NPs start to aggregate as it can be inferred from the high
size and the broad dispersity reached, as reported in Table S4.

Figure 5. Emulsion polymerization in case the RAFT agent is still present (a) or has been removed (b). (c) Surfactant 1H-NMR spectrum before
(left) and after (right) the removal of the RAFT agent with AIBN. The complete removal of the thiocarbonylthio group is testified by the
disappearance of the signal originating from the aromatic ring in the CPA, in the region 7−8 ppm, and by the change of the micelle color, from pink
to white, as shown in the inset.

Figure 6. (a) Dn of the butyl methacrylate NPs synthesized via eFRP
as a function of the HLB of the thermo-responsive surfactants. (b)
NPs before (left) and after (right) thermal stimulation above the Tcp.
(c) Normalized chromatograms of the polymer recovered from the
eFRP using 20EG4-32BMA as a surfactant (black) and of the same
surfactant before the emulsion polymerization (red). (d) Normalized
chromatograms of the polymer recovered from the eFRP using
40EG4-40BMA as a surfactant (black) and of the same surfactant
before the emulsion polymerization (red).
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At the same time, once the temperature is decreased again
below the Tcp, the surfactant molecules tend to migrate in
water, while the bulk polymer remained at the bottom of the
vial, as visible in Figure 6b, thus allowing its recovery. In fact,
the detached surfactant molecules form again micelles with a
size comparable to the one before the eFRP, as shown in Table
2. This suggests that the RAFT agent was properly removed

and that the surfactants were not chemically incorporated in
the polymer chains. This evidence is further supported by the
molecular weight distribution of the polymer recovered after
the coagulation, as reported in Figure 6c,d. In fact, the residual
surfactant that could not be resuspended after lowering the
temperature generates a small shoulder in the chromatogram at
approximately 29 min (black curve). To confirm that this
actually corresponds to the surfactant, its chromatogram before
the eFRP has been superimposed as a red curve. The molecular
weight distributions of the produced polymer and the
surfactants are clearly distinguished, which confirms that the
surfactant was not incorporated in the product. If the opposite
was true, the surfactant would have been chain-extended by the
new monomer, producing a unique polymer and therefore a
single peak in the chromatogram.
These surfactants proved to be versatile, allowing the

production of narrowly distributed NPs also when methyl
methacrylate and styrene were used as monomers in the eFRP,
as can be seen from Table S5. These results confirm the
suitability of these thermo-responsive surfactants in the
production and easy recovery of high molecular weight
polymers.
Finally, even if the price of these surfactants is higher than

that of the traditional ones, the possibility of re-using these
polymers more than once coupled with the possibility of
directly recovering the bulk material without contamination
(i.e., addition of aggregating molecules) paves the way for the
possible commercialization of these systems. To prove the
reutilization of the surfactants, the sample 20EG4-32BMA was
reprocessed over 3 consecutive recovery/reutilization cycles.
The results in terms of molecular weight distribution and
surfactant recovery efficiency are reported in Table 3.
High molecular weight poly(butyl methacrylate) could be

produced in all of the cycles using the same surfactant without
reintegration. A peculiarity is represented by the recovery
higher than 100% in the first two cycles. This was attributed to
the redispersion of polymer fines when the temperature was

lowered below the Tcp to recover the surfactant micelles.
However, this is not necessarily a drawback, since the polymer
dispersed in the aqueous phase can be exploited as a seed
during the following eFRP, as it is typically done in industrial
polymer production. The seeded eFRP that was actually
performed during cycles 2 and 3 might also be responsible for
the significant increase in the average molecular weight of the
produced polymer, significantly different from the one
produced during the first cycle when a fresh surfactant was
used. As a matter of fact, despite being significantly different
from the value measured after the first cycle, the Mn and D̵
measured for cycles 2 and 3 are quite comparable, within the
experimental variability.
Overall, we demonstrated that the reversible surfactants

reported in this work can be recovered and reutilized up to
three times, thus contributing to the sustainability of the
process.

4. CONCLUSIONS
In this work, we developed a new class of thermo-responsive
surfactants for the production of high molecular weight
polymers via eFRP.
The use of a controlled and pseudo-living polymerization

technique was fundamental to produce surfactants in the form
of block copolymers with a high blocking efficiency and
controlled HLB. In particular, the first parameter resulted to be
extremely important in the obtainment of surfactants able to
homogenously and rapidly answer to an external stimulus. On
the other hand, the HLB resulted to be a key parameter that
allowed to tune the CMC of the surfactants, the size of the
micelles formed above the CMC, and the particle size
distribution of the final latexes.
The peculiarity of the produced surfactants is their

sensitivity to temperature stimuli. In fact, the polymer micelles
are stable and can stabilize polymer NPs as long as the
temperature is below the Tcp, while collapse leading to the
aggregation of the polymer NPs following the phase separation
of the thermo-responsive block above the Tcp. A key step for
the recovery and reutilization of the surfactants is the removal
of the thiocarbonothioylthio end-group, which prevents the
chemical grafting of the surfactant in the growing polymer
chains. This is also useful to avoid the polymer contamination
with the surfactant, which could affect the final thermo-
mechanical properties of the material.
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1H NMR spectra of the thermo-responsive surfactants,
size and PDI of the surfactant micelles, of the same
micelles after the elimination of the RAFT agent with
AIBN, and of the NPs obtained through the eFRP of

Table 2. Mn and Dispersity of the Polymer Produced via
eFRP; Dn and PDI of the Recovered Surfactant Micelles

surfactant MnGPC [Da] D̵GPC [-] Dn [nm] PDI [-]

20EG4-32BMA 353,900 1.45 17 0.15
20EG4-48BMA 296,700 1.78 12 0.01
20EG4-72BMA 157,800 1.53 13 0.12
20EG4-110BMA 143,700 1.65 32 0.14
20EG4-176BMA 125,800 1.77 65 0.15
40EG4-40BMA 79,300 2.46 21 0.11
40EG4-66BMA 287,800 1.97 13 0.12
40EG4-100BMA 111,400 1.93 10 0.09
40EG4-150BMA 89,200 1.86 35 0.08
40EG4-229BMA 160,300 1.42 76 0.12
40EG4-522BMA 135,800 1.87 201 0.13
40EG4-1000BMA 178,500 1.67 408 0.11
40EG4-3000BMA 198,300 2.12 1240 0.08

Table 3. Mn and Dispersity of the Polymer Produced via
eFRP over Three Consecutive Surfactant Recovery and
Reutilization Cycles, Each Characterized by a Specific
Recovery

cycle no. MnGPC [Da] D̵GPC [-] surfactant recovery [%]

1 353,900 1.45 116
2 492,000 1.81 109
3 477,600 2.10 88
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MMA, BMA, and STY using the thermo-responsive
surfactants as stabilizers, and stability of the surfactant
micelles at different pH (PDF)
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