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Introduction

The effect of surface-active statistical copolymers
in low-energy miniemulsion and RAFT
polymerizationt

*a,C

Manon Rolland, €2 Eric R. Dufresne, (2° Nghia P. Truong and

Athina Anastasaki (2 *@

Low-energy miniemulsions enable the production of uniform nanodroplets for a wide range of appli-
cations without the need for using specialized equipment. However, low-energy miniemulsions are typi-
cally formed in the presence of a surface-active agent with a specific structure and property. In this work,
we elucidate the role of a surface-active statistical copolymer, poly(N-(2-hydroxypropyl) methacryla-
mide-co-di(ethylene glycol) ethyl ether methacrylate) P(HPMA-co-DEGMA), in the formation of low-
energy miniemulsions and reversible addition—fragmentation chain-transfer (RAFT) polymerization,
enabling the design of a new series of surface-active statistical copolymers. In particular, we found that
the HPMA/DEGMA ratio and copolymer molecular weight significantly affect the interfacial tension
between water and styrene and as a result, the size of nanodroplets and the RAFT miniemulsion polymer-
ization. Importantly, these findings allowed for the design and synthesis of novel surface-active statistical
copolymers composed of DEGMA and various hydrophilic moieties that can also substantially lower the
interfacial tension to below 12 mN m™, Furthermore, the new copolymer of DEGMA with methacrylamide
(MAAmM) resulted in the smallest nanodroplet size. This copolymer was subsequently selected to trigger
the RAFT polymerization of styrene yielding nanoparticles of different morphologies including worm balls,
worms, and vesicles. This work sheds light on the role of surface-active statistical copolymers and signifi-
cantly expands the availability of surface-active agents for low-energy miniemulsion and RAFT
polymerization.

of an ideal miniemulsion polymerization is the so-called 1:1
copy feature whereby each monomer nanodroplet is trans-

Miniemulsions, also referred to as nanoemulsions, are kineti-
cally stable dispersions of oil droplets in water (typically
ranging between 20-500 nm)"~* and have found use in numer-
ous applications ranging from drug delivery and cosmetics to
food industry and polymer synthesis.*”” The combination of
miniemulsions with controlled radical polymerizations is par-
ticularly attractive due to the higher polymerization rates and
minimized termination observed when compared to tra-
ditional solution polymerizations.>™* Another unique property
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formed to one polymeric nanoparticle of a similar size."*™"’
Miniemulsions require high energy input to trigger their
formation.'®'® Therefore, the vast majority of reported
methods necessitate high mechanical force to effectively dis-
perse the oily monomers in water which may be problematic
due to possible degradation of shear- and/or heat-sensitive
monomers.>'*'*?°22  pyrthermore, high energy methods
often require the use of costly and specialized equipment (e.g.
high-pressure homogenizers, high-shear stirrers or sonication)
which may not only be unavailable to many laboratories but
also pose a high risk of metal contamination prohibiting the
widespread use of miniemulsion technology.'® To overcome
these issues, low-energy methods have been developed includ-
ing phase inversion composition, phase inversion tempera-
ture, membrane emulsification, in situ surfactant formation,
bubble-bursting and spontaneous method.**7° It is noted that
low-energy miniemulsions are rarely combined with con-
trolled-radical polymerization strategies.'”*'* Undoubtedly,
Zetterlund and co-workers pioneered the field by reporting a
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low-energy emulsification method that involved the gradual
dilution of a microemulsion precursor to form styrene nano-
droplets with excellent particle size stability throughout the
polymerization.>* The same group subsequently developed an
in situ surfactant low-energy method whereby oleic acid and
potassium hydroxide spontaneously reacted at the interface
and in the absence of high energy mixing. The miniemulsion
formed was then heated to 70 °C and a RAFT polymerization
of styrene took place.”® In another contribution, Zetterlund’s
group exploited the use of low-pressure CO, and by modulat-
ing the pressure range, the formation of miniemulsion could
be obtained.*® Our group has also recently reported a low-
energy miniemulsion method to produce nanoparticles with
different morphologies by utilizing a special statistical copoly-
mer, namely poly(N-(2-hydroxypropyl) methacrylamide-co-di
(ethylene glycol) ethyl ether methacrylate)) P(HPMA-co-
DEGMA) which decreased the interfacial tension between
monomer and water.’” Importantly, our approach operated by
simple handshaking and in the absence of any external deoxy-
genation while styrenic, methacrylic and acrylic diblock copo-
lymers could successfully be produced. After the polymeriz-
ation was completed and through a morphological transform-
ation strategy,’® different morphologies could be obtained
including spheres, worms, and vesicles. However, low-energy
miniemulsion methods often require a specific surface-active
agent such as P(HPMA-co-DEGMA) to reduce the surface
tension and their detailed structure/property relationship has
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been rarely studied. In this work, we aim to understand the
role of surface-active P(HPMA-co-DEGMA) and expand the
scope of our recently reported system by employing various
new surface-active copolymers. First, the effect of the HPMA/
DEGMA ratio within the statistical copolymer composition was
investigated. The molecular weight of the copolymer was also
assessed. To expand the availability of surface-active copoly-
mers and provide a more inexpensive alternative than HPMA,
various statistical copolymers were also synthesized and their
role as efficient surfactants and macromolecular chain transfer
agents (macro-CTAs) was explored (Fig. 1). The most promising
statistical copolymer was subsequently used to prepare nano-
particles of different shapes, thus providing a less costly
surface-active alternative.

Results and discussion
Low-energy miniemulsion with variable P(HPMA-co-DEGMA)
composition

To form the low-energy miniemulsion, an oily monomer (i.e.
styrene, 35 pL, 1.2 wt% relative to water), water (2 mL), a small
molecule surfactant, namely sodium dodecyl sulfate (SDS)
(0.25 mg, 0.8 wt% relative to styrene), and a macromolecular
chain transfer agent (25 mg, 78 wt% relative to styrene) were
mixed at room temperature by simple handshaking for
approximately 10 seconds (Fig. 1).>” P(HPMA-co-DEGMA) was
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Fig. 1 Schematic representation of (a) low-energy miniemulsion formation at room temperature and (b) highlights of our current study.
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first employed as a surface-active copolymer as well as a
macro-CTA for the formation of miniemulsion and RAFT
polymerization. In our previous work, we synthesized a macro-
CTA with ~20% HPMA content whereby the length of DEGMA
was fixed at 31 units while the length of HPMA was set to 7
units.’” This formulation led to the formation of nanodroplets
with a diameter of ~180 nm, as characterized by dynamic light
scattering (DLS). It is noted that the nanodroplets were only
obtained in the presence of SDS, otherwise rapidly coalescing
into larger aggregates.>” However, the impact of the copolymer
composition on the interfacial tension between water and oil
and as a result, the formation of the nanodroplets remains
unclear.

a) Constant M, pegma (DP: 31)

b) Droplet size obtained with A0-A4
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To investigate this, a series of copolymers were prepared
with variable HPMA compositions. In particular, a library of
random copolymers was synthesized by RAFT solution poly-
merizations in which the DEGMA content was kept constant at
~31 units while the HPMA composition was gradually
increased from 3 units (macro-CTA A1) to 8 (macro-CTA A2), 13
(macro-CTA A3) and 24 (macro-CTA A4), corresponding to 10,
20, 30 and 43% of HPMA respectively. A poly(DEGMA) homo-
polymer (0% HPMA content) was also synthesized (macro-CTA
A0) and all macro-CTAs were thoroughly characterized by
nuclear magnetic resonance (NMR) and size exclusion chrom-
atography (SEC) to determine their precise composition
and molecular characteristics respectively (Fig. 2a, S1 and
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(a) SEC traces of macro-CTAs A0—-A4, (b) DLS sizes (by number at 70 °C) of (mini)emulsion formed by using AO—A4 with the following formu-

lation: [macro-CTA] : [STY]: [SDS] = 25 mg:35 pL: 0.25 mg, in 2 mL of deionized water (mass constant), (c) cloud point temperature of AO-A4, (d)
interfacial tension of styrene droplet in an aqueous solution of macro-CTAs (AO—A4) measured by inverse pendant drop method, (e) pictures of
(mini)emulsion formed by using AO—-A4, (f) SEC traces of macro-CTAs BO—B4 and (g) DLS sizes (by number at 70 °C) of (mini)emulsion formed with
B0-B4 with the following formulation: [macro-CTA] : [STY] : [SDS] = 1 (25 mg): 97 (35 pL) : 0.3 (0. 25 mg), in 2 mL of deonized water.
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Table S1t). All macro-CTA are water-soluble at room tempera-
ture and the concentration of SDS used is well below its CMC,
thus precluding the formation of initial micelles/aggregates
(Fig. S2f). The mixtures of each macro-CTA together with
styrene, SDS, and water were then shaken for approximately 10
seconds and the results are summarized in Fig. 2 & S3 ([macro-
CTA]:[STY]:[SDS] = 25 mg: 35 puL: 0.25 mg, in 2 mL of water).
Upon increasing the HPMA content from 0 to 10 and 20%
(macro-CTAs A0, Al, and A2), the nanodroplet size gradually
decreased from 642 to 321 and 180 nm respectively (Fig. 2b, S3
and Table S2}). Notably, these miniemulsions are thermo-
dynamically unstable as they phase separate with time (>2
days, Fig. S4%). Also, a similar size could be obtained at both
room temperature and 70 °C due to the presence of SDS that
stabilize the nanodroplets by electrostatic repulsion (Fig. 2b,
S3 and Table S27).

To understand the variation in the diameter of the nano-
droplets, we subsequently conducted pendant drop tensiome-
try measurements.®®> A0 showed an interfacial tension of
11.7 mN m™* while A1 and A2 displayed interfacial tension
values of 4.4 mN m™" and 0.5 mN m™" respectively. It is there-
fore apparent that increasing the HPMA content (from 0% to
20%) leads to lower interfacial tension and smaller size of the
observed nanodroplets (Fig. 2a-d, and Tables S1-2+). However,
this trend was reversed when the HPMA content was increased
further (from 20% to 43%). The data suggest that the hydro-
philicity balance of the copolymer is an important parameter
affecting the interfacial tension and the droplet size. For
small-molecule surfactants, it is known that the hydrophilic-
lipophilic balance (HLB) also plays an important role in the
formation of miniemulsions.*** Without the hydrophilic
segment HPMA, PDEGMA (macro-CTA A0) partitioned mostly
in the styrene phase while when HPMA was incorporated
(macro-CTAs Al and A2), the copolymer became more surface-
active. However, when the copolymer contains more HPMA
(macro-CTAs A3 and A4), it might be more present in the water
phase (than in the styrene phase or on the droplet surface) as
the interfacial tension was reduced less. The partitioning of
these macro-CTAs between the two phases was examined
through simple solubility experiments.*> Macro-CTAs A0 pre-
sented very high solubility in styrene owing to its relatively
hydrophobic nature (Fig. S5 and Table S3t). This is also in
agreement with the cloud point temperatures (T.,) of this
macro-CTA which is 24 °C (Table S1}). Below this temperature,
A0 is water-soluble but when increasing the temperature to
above the T, the A0 solution becomes cloudy. When 10% and
20% of HPMA were incorporated (A1 and A2 macro-CTA) the
T.p, was increased to 30 and 38 °C, respectively (Fig. 2¢ and
Table S1t). This data highlight that when particularly high
affinity with the hydrophobic phase (i.e. styrene) is observed,
higher interfacial tensions and larger size are obtained (Fig. 2,
S3 & S5, Tables S1 & S37). In contrast, A2 presented a compar-
able solubility in both styrene and water (requiring roughly
2 minutes to be fully dissolved in either media) and this led to
the minimum interfacial tension and smallest size obtained
(Fig. 2, S3 & S5, Tables S1-31). The same rationale can be fol-
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lowed to understand the data acquired when the more hydro-
philic A3 and A4 macro-CTAs were employed. The increase in
the HPMA composition led to an overall increase in the macro-
CTA’s hydrophilicity leading to a further increase in the T, (46
and 54 °C, Fig. 2¢, and Table S17). This was visually evident by
the enhanced solubility of both macro-CTAs in water while
pendant drop measurements revealed higher interfacial ten-
sions than A2 (1.2 and 3.5 mM m™") which is in line with the
larger droplets formed (Fig. 2 & S3, S5, Tables S1-37). In par-
ticular, we attribute the formation of these large nanodroplets
to the hydrophilic nature of these macro-CTAs which reduces
the surface-active property of these copolymers (Fig. 2, S3 & S5,
Tables S1-37). Another difference between A3/A4 with A0/A1/
A2 macro-CTAs is that the former ones led to the formation of
greyish solutions upon shaking while the latter ones spon-
taneously emulsified forming a white solution (Fig. 2e).

To ensure the validity of our conclusions, we also per-
formed several additional experiments. It is noted that in all
the aforementioned experiments we maintained a constant
mass ratio of the macro-CTA, styrene, and SDS and hence the
molar ratio of the copolymer to the other miniemulsion com-
ponents was not constant as the copolymers possess different
molecular weights. To address this, we also replicated our
miniemulsions while keeping the molar ratio constant
([macro-CTA]: [STY]:[SDS] = 1:108:0.3 in 2 mL of deionized
water, Fig. S6, and Table S4}). In another series of control
experiments, we synthesized a new set of macro-CTAs in which
a constant M, ~ 8000 was maintained (macro-CTAs B0-B4)
while keeping a similar DEGMA/HPMA ratio (0, 10, 18, 30, and
40% of HPMA respectively, Fig. 2f & S7, Table S51). Pleasingly,
very similar results were obtained for both control experiments
highlighting that small variations in either the mass/molar
ratio or molecular weight do not affect the formation of the
miniemulsion (Fig. 2g & S8, 9, Table S5 and 6%). Importantly,
and regardless of the HPMA composition, all macro-CTAs
investigated are surface-active (interfacial tension <12 mM
m™") as the surface tension of the bare styrene/water interface
is about 32 mN m™" (Fig. S107). However, to form smaller
nanodroplets, the amount of HPMA should be carefully regu-
lated with the optimal composition found to be at approxi-
mately 20% (Fig. 2).

Low-energy miniemulsion RAFT polymerization with variable
P(HPMA-co-DEGMA) composition

Considering that macro-CTAs A0, A1, and A2 can form stable
miniemulsions both at room temperature and higher tempera-
tures (70 °C), they would be ideal candidates to mediate a con-
trolled RAFT miniemulsion polymerization (Fig. 2 & S3,
Table S2t). To do so, a small amount of free radical initiator
(i.e. AIBN) was also added before the formation of the mini-
emulsion without altering the stability of the nanodroplets
([macro-CTA] : [STY] : [AIBN]:[SDS] = 25 mg:35 pL:0.06 mg:
0.25 mg in 2 mL of deionized water).?” It is highlighted that all
polymerizations were performed in the absence of external
deoxygenation by minimizing the headspace of the reaction
vessel (Fig. 1).**7*% It is also noted that the small induction

This journal is © The Royal Society of Chemistry 2022
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period observed at the early stage of the reaction is attributed
to the oxygen consumption as under deoxygenated conditions,
this induction period can be eliminated (Fig. S11, and
Table S77).*” Importantly, all three macro-CTAs triggered a
controlled RAFT polymerization resulting in the formation of
well-defined block copolymers with narrow molar mass distri-
butions (P ~ 1.2-1.3, Fig. 3a, b & S12, Table S8%). We found
that the polymerization rate was affected by the size of the
initial nanodroplets: the smaller the size the faster the
polymerization rate. In particular, macro-CTA A2 resulted in
96% of conversion within 6 h while A0 and A1 led to 48% and
65% of conversion respectively within the same time frame
(Fig. 3b and Table S87). Pleasingly, both A0 and A1 could also
reach near-quantitative conversions (>94%) when the reactions
were left to proceed for longer reactions times (Fig. S13, and
Table S9t). The increased polymerization rate in smaller nano-
droplets is related to the compartmentalization and segre-
gation effects.® Instead, the RAFT polymerizations with macro-

a) Reaction scheme
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CTAs A3 and A4 were not successful leading to much higher
dispersity values (P ~ 1.6-2.4) accompanied by a shoulder
attributed to conventional radical polymerization due to the
absence of UV response (Fig. 3b & S12, Table S87). This loss of
control is due to unsuccessful conversion of all monomer dro-
plets to nanodroplets when too hydrophilic macro-CTA A3 &
A4 are utilized (Fig. 2 & S3, Table S27). This result also sup-
ports our aforementioned findings that increasing the hydro-
philicity of the copolymers leads to increasing their solubility
in water, reducing their surface activity and producing more
greyish/transparent solutions. The RAFT polymerizations were
also conducted using a constant molar ratio ([macro-
CTA]: [STY]: [AIBN]:[SDS] = 1:108:0.1:0.3, Fig. S14, and
Table S10t). In a similar fashion to the previous experiments
whereby the mass ratio was kept constant, macro-CTAs A3 and
A4 also led to the uncontrolled polymerization of styrene.
Instead, macro-CTAs Al and A2 yielded the successful for-
mation of block copolymers with relatively low dispersities (D
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(a) Scheme of RAFT miniemulsion polymerization of styrene. Conversion, dispersity and size (humber by DLS) of miniemulsion formed (b)
with AO—A4 while keeping the mass ratio constant ([macro-CTA]: [STY]: [AIBN]: [SDS] =
1:108:0.1:0.3), and formed (d) with BO-B4 keeping both mass/molar ratio constant ([macro-
1 (25 mg):97 (35 pul): 0.1 (0.07 mg) : 0.3 (0.25 mq)). All polymerization were performed in 2 mL of deionized water.

25mg: 35 pL:0.06 mg: 0.25 mq) or (c) the molar ratio con-
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~ 1.3). However, when macro-CTA A0 was employed, much
higher dispersities were obtained (P ~ 1.7) (Fig. 3c & S14,
Table S10t). The increase in dispersity is due to conventional
radical polymerization and correlates to the lower mass
content of macro-CTA used, which is not sufficient to be pre-
sented in all nanodroplets. It was thus concluded that for a
successful RAFT polymerization, maintaining a sufficient
amount of macro-CTA in the styrene phase is of paramount
importance. We were also interested in conducting RAFT mini-
emulsion polymerizations with macro-CTAs B0-B4 in which
the molecular weight of the macro-CTAs was kept constant.
The results are summarized in Fig. 3d and follow a similar
trend when compared to the experiments in which the mass
ratio of the macro-CTAs A0-A4 was kept constant (Fig. 3d &
S15, Table S117).

The effect of molecular weight of P(HPMA-co-DEGMA) on low-
energy miniemulsion formation and subsequent RAFT
miniemulsion polymerization

Although we previously showed that the influence of small
variations in the molecular weight of the macro-CTA was
minor (compared to the effect of the ratio of DEGMA/HPMA),
we sought to further explore the effect of molecular weight
while keeping the percentage of HPMA constant. For example,
one of the most efficient macro-CTAs both in terms of mini-
emulsion formation and controlled RAFT polymerization is A2
with M,, ~ 8900 (P ~ 1.19, Fig. 2 & 3). Thus, we subsequently
synthesized two additional macro-CTAs whereby the overall
HPMA content was fixed at ~20%. Macro-CTA A5 was syn-
thesized with a lower molecular weight than A2 (M, ~ 5200,
D ~ 1.17) while macro-CTA A6 was prepared with a higher mole-
cular weight (M,, ~ 17100, D ~ 1.17, Fig. 4 & S16, Table S127).
Pleasingly, all three macro-CTAs led to spontaneous emulsifica-
tion and a white latex was formed within a few seconds of
shaking ([macro-CTA]: [STY]:[SDS] = 25 mg: 35 pL:0.25 mg in
2 mL of deonized water, Fig. S17). Importantly, by analyzing
the formed nanodroplets by DLS we observed that the size was
within the miniemulsion range for all cases. However, the
lowest molecular weight macro-CTA (A5) led to a much higher
size (445 nm) while the highest molecular weight macro-CTA
(A6) resulted in smaller nanodroplets (105 nm, Fig. 4a & S18,
Table S13+). It also noted that 105 nm size is the smallest size
we have been able to achieve utilizing this low-energy mini-
emulsion and no change in the size could be detected at higher
temperatures (i.e. 70 °C, Fig. 4c and Table S137) thus suggesting
a stable miniemulsion. It can thus be concluded that by
employing macro-CTAs with higher molecular weight, the par-
ticle size can be decreased further which is likely due to their
increased surface-active property.

To rationalize these findings, we conducted interfacial
tension measurements. The measurements showed that
higher molecular weight macro-CTA (A6) displayed the lowest
apparent interfacial tension (i.e. 0.12 mN m™") which is in line
with the observed increased surface-active property (Fig. 4d
and Table S127). It is noted that the other two macro-CTAs are
also surface-active albeit possessing slightly higher interfacial
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Fig. 4 (a) Schematic representation of the macro-CTA molecular
weight influence on droplet sizes formed by low energy shaking of
styrene at room temperature, (b) macro-CTAs A5, A2 and A6 SEC traces,
(c) number mean by DLS at 70 °C of the low energy miniemulsion
formed with macro-CTAs A5, A2 & A6 with the following formulation:
[macro-CTA] : [STY] : [SDS] = 25 mg: 35 pL: 0.25 mg, in 2 mL of deonized
water and (d) interfacial tension, by inverse pendant drop method, of a
styrene droplet in aqueous solution of macro-CTAs A5, A2, and A6.

tension (Fig. 4d, Tables S1 & S12t). However, the difference in
surface tension values of these macro-CTAs are not significant
and within the measurement errors of the inverse pendant
drop method, especially when the droplets appear to be
wrinkled. We then assessed the ability of the three macro-CTAs
to perform RAFT miniemulsion polymerizations. While A2
required approximately 6 h to reach near-quantitative conver-
sion (i.e. 96%), A6 reached a similar conversion in under 4 h
(i.e. 98%) thus further confirming that the smaller nanodro-
plets lead to a much faster polymerization rate (Fig. S19, and
Table S147). Instead, macro-CTA A5 led to a much slower mini-
emulsion RAFT polymerization with only 39% of conversion
attained within 6 h. However, increasing monomer conversion
was possible by increasing the reaction time (Fig. S19 and
Table S147). Pleasingly, in all cases, well-defined block copoly-
mers could be synthesized with narrow molar mass distri-
butions (D ~ 1.2-1.3, Fig. S19, and Table S14+).

Low-energy miniemulsion utilizing various surface-active
random copolymers

Our data have shown that the role of DEGMA is very impor-
tant to the formation of the low-energy miniemulsion as even
in the absence of HPMA, PDEGMA homopolymer can still
form stable miniemulsions exhibiting low interfacial tension
(Fig. 2). Instead, the role of HPMA is to enhance the hydro-
philicity of the macro-CTA and reduce the nanodroplet size

This journal is © The Royal Society of Chemistry 2022
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by further lowering the interfacial tension (Fig. 2). It is also
noted that PHPMA homopolymer cannot form a mini-
emulsion due to its highly hydrophilic nature. At the same
time, HPMA is a relatively costly monomer which encouraged
us to investigate less inexpensive alternatives and expand the
availability of surface-active agents for low-energy mini-
emulsion and RAFT polymerization. Triethylene glycol methyl
ether methacrylate (TEGMA) and poly(ethylene glycol) methyl
ether methacrylate (PEGMA) were first selected as hydrophilic
alternatives and their content was fixed at approximately
~20%. The two macro-CTAs, CO and DO, were successfully
synthesized yielding polymers with low dispersity (B < 1.2,
Fig. 5a & S20a, b, S21, 22, Table S15%). However, both macro-
CTAs led to the formation of large nanodroplets (~500 nm)
and higher interfacial tension (Fig. 5b, ¢, Tables S15 and
16%). In particular, while the bare PDEGMA exhibits an inter-
facial tension of 11.72 mN m™', the addition of either
TEGMA or PEGMA did not lead to a significant decrease of
the initial value (>9.2 mN m™" in both cases, Fig. 2 & 5,
Tables S1 & S15%). This is in contrast to P(HPMA-co-DEGMA)
which resulted in a much interfacial tension
(~0.49 mN m™", Fig. 2, Table S17).

lower
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S
OH N~
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To better mimic the chemical structure of HPMA, we sub-
sequently incorporated hydroxyethyl methacrylate (HEMA)
within the macro-CTA composition (EO, Fig. 5a, S20c & S23,
Table S157). Pleasingly, the nanodroplet size was decreased to
~300 nm and this can be explained by the lower interfacial
tension obtained (2.6 mN m™", Fig. 5b, c, Tables S$15 and 167).
Encouraged by this finding, we also chose methacrylamide
(MAAm) as another potential alternative (FO0, Fig. 5a, S20d &
S24, Table S15t). Notably, when P(MAAm-co-DEGMA) was
employed, the nanodroplet size could be further decreased to
144 nm and this was accompanied by an even lower interfacial
tension of the macro-CTA (0.18 mN m™", Fig. 5b, c, Tables S15
and 167). It should also be highlighted that all employed
macro-CTAs were surface active although only P(HEMA-co-
DEGMA) and P(MAAm-co-DEGMA) further reduced the inter-
facial tension to a lower value than the homopolymer
PDEGMA (Fig. 2, 5 & S10%). It is noted that the key to reduce
the interfacial tension is the presence of the copolymers on
the nanodroplet surface. While TEGMA and PEGMA could
increase the hydrophilicity of their copolymers (the T,s
increase from 24 °C to 28 °C and 34 °C, respectively), they still
partition very well in the styrene phase, as shown in our extrac-
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(a) Chemical structure of macro-CTAs, poly(TEGMA-co-DEGMA) (C0), poly(PEGMA-co-DEGMA) (DO0), poly(HEMA-co-DEGMA) (EO) and poly

(MAAmM-co-DEGMA) (F0), (b) number mean size by DLS with the following formulation: [macro-CTA] : [STY] : [SDS] = 25 mg: 35 pL:0.25 mg, in 2 mL
of deionized water (three repeats, 25 °C), (c) interfacial tension, by inverse pendant drop method, of a styrene droplet in aqueous solution of macro-

CTAs CO, DO, EO and FO.
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tion experiments (Fig. S24%), probably due to the similar
chemical composition to DEGMA (ie., the ethylene glycol
repeating units). The hydrophilicity of P(HEMA-co-DEGMA)
and P(MAAm-co-DEGMA) copolymers is not higher than
P(PEGMA-co-DEGMA), but the presence of a hydroxy or amide
group reduces their partition in the styrene phase and increase
their surface-active property, as evident by the lower interfacial
tension and the smaller nanodroplet size (Fig. 5, Tables S15
and 167t). This result suggests that in addition to increasing
the copolymer hydrophilicity by incorporating more HPMA,
reducing the solubility of the copolymer in the styrene phase
is another way to improve the surface activity of the statistical
copolymers.

Shape-controlled nanoparticles utilizing P(MAAmM-co-DEGMA)

Since the incorporation of MAAm resulted in the lowest inter-
facial tension and the smaller nanodroplet size, we further
investigated this system by both lowering and increasing the
MAAm content (Fig. S26, 27 and Table S177). In particular, by
lowering the MAAm content from 23% to 14%, the nanodro-

View Article Online
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plet size and interfacial tension were increased to 354 nm and
6 = 1.43 mN m™ ' respectively. In contrast, increasing the
MAAm content to 35% led to a lack of emulsification and
bimodal particles sizes which was attributed to the high hydro-
philicity of this macro-CTA (Fig. 6a-c, Tables S17 and 187).
This result is consistent with our data in which we changed
the amount of HPMA (Fig. 2). The initial P(MAAm-co-DEGMA),
FO, with 23% of MAAm content was subsequently employed to
perform RAFT polymerization ([macro-CTA]: [STY]:[AIBN]:[SDS]
=25 mg:35 uL:0.06 mg:0.25 mg in 2 mL of deionized water).
Within 7 h, a near-quantitative conversion could be obtained (i.e.
98%) while the final P(MAAm-co-DEGMA)-b-PS displayed a con-
trolled molecular weight and narrow molar mass distributions
(P ~ 1.22, Fig. 6d and Table S197).

We were then interested in controlling the shape of the
resulting nanoparticles through our recently developed trans-
former-induced metamorphosis (TIM) method.*® This method
operates at room temperature by adding a small amount of a
molecular transformer (i.e. toluene) that resembles the solubi-
lity of the core and allows for the transformation of the nano-
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Fig. 6 (a) Scheme of RAFT miniemulsion polymerization of styrene using P(MAAmM-co-DEGMA) as macro-CTA, (b) interfacial tension by inverse

pendant drop method of a styrene droplet in aqueous solution of macro-CTAs F1, FO and F2 and pictures of the (mini)emulsions, (c) number mean
size by DLS of the resulting miniemulsion at 25 °C (light greeen) and 70 °C (dark green), (d) RAFT miniemulsion polymerization of styrene using FO as
macro-CTA and (e) morphologies (worms balls M,, = 13200, worms M,, = 14 000, and vesicles M,, = 19 700, Table S207).

5142 | Polym. Chem., 2022, 13, 5135-5144

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2py00468b

Open Access Article. Published on 19 August 2022. Downloaded on 5/20/2026 7:03:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Polymer Chemistry

particles to a higher ordered morphology. Specifically, by chan-
ging the molecular weight of the second block while altering
the amount of added transformer (i.e. toluene), different nano-
particle shapes could be obtained ranging from spheres, worm
balls to worms and vesicles (M, = 13200, 14 000, 19700,
Fig. 6e, Fig. S28 and Table S20%). Importantly, all acquired
morphologies were of high purity, as observed by transmission
electron microscopy (TEM), and the data are presented in
Fig. 6e.

Conclusions

In summary, we have elucidated the structure/property
relationship of surface-active statistical copolymers used for
low-energy miniemulsion and RAFT polymerization and
applied the acquired knowledge to design new copolymers.
All these copolymers were surface-active and able to decrease
the interfacial tension between water and styrene. We first
used P(HPMA-co-DEGMA) as a model statistical copolymer
and found that both the percentage of HPMA as well as the
molecular weight of the macro-CTA affect the size of the
obtained nanodroplets as well as the rate of polymerization.
This was attributed to the change in the interfacial tension
whereby a lower interfacial tension value led to the formation
of nanodroplets of smaller size. To further expand the scope
of our method we then sought to replace HPMA with more in-
expensive alternatives. We found that when both HEMA and
MAAm were incorporated within the statistical copolymer
composition, rapid emulsification took place while their
corresponding macro-CTAs displayed very low interfacial
tension values (<2.6 mN m™'). As P(MAAm-co-DEGMA) pre-
sented the lowest interfacial tension (0.18 mN m™") and led
to the formation of the smallest nanodroplets (~144 nm) we
subsequently employed this macro-CTA to trigger the
controlled RAFT miniemulsion polymerization of styrene.
Last but not least, by applying our recently developed trans-
former-induced metamorphosis strategy we were able to
control the shape of the polymeric nanoparticles acquiring
worm-balls, worms, and vesicles at high purity. Our work pro-
vides useful guidelines for the design of surface-active copoly-
mers, expanding the availability of surface-active agents
required in low-energy miniemulsion and RAFT mini-
emulsion polymerization.
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