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Miniemulsion polymerisation has become widely recognised as a versatile and efficient strategy to
prepare well-defined polymer latexes. In this article, we report the synthesis of poly(benzyl methacrylate)
(PBzMA) latexes via reversible addition—fragmentation chain-transfer (RAFT) mediated miniemulsion poly-
merisation using non-ionic Lutensol TO 20 surfactant. The influence of hydrophobe, initiator, and RAFT
agent on particle diameter, particle number, rate of polymerisation, and molar mass were investigated sys-
tematically. In all cases well-controlled RAFT polymerisations were observed, as indciated by kinetic
studies and GPC analysis. Higher concentrations of hexadecane lead to an increase in the of number of
particles per unit volume and a decrease in PBzMA latex diameter. The rate of polymerisation with respect
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to initiator concentration follows a power-law relationship Ry, a [initiator]”< but only negligible differences
in molar mass, molar mass dispersity, and particle diameter values were observed for a range of initiator

concentrations. Targeting lower PBzMA degrees of polymerisation increases the overall rate of polymeris-
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Introduction

Reversible-deactivation radical polymerisation (RDRP) is a ver-
satile technique for the synthesis of well-defined polymers and
has attracted both academic and industrial attention in the
past decade.'™ The three main RDRP techniques are nitrox-
ide-mediated polymerisation (NMP),*® atom-transfer radical
polymerisation (ATRP),”® and reversible addition-fragmenta-
tion chain-transfer (RAFT) polymerisation.”** These tech-
niques afford the capability to control radical polymerisations
to obtain polymers with narrow molecular weight distributions
and complex architectures. RDRPs are typically performed in
homogeneous media which often require the use of undesir-
able volatile organic compounds (VOCs) for the control of heat
evolution and viscosity of a given polymerisation. However,
RDRP performed in heterogeneous conditions, such as emul-
sion, miniemulsion or dispersion polymerisation, has gained
increasing attention in recent years.’*'® Common advantages
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of heterogeneous polymerisation include the use of water as a
continuous phase (as a more environmentally friendly solvent)
and low viscosity of the polymerisation medium due to the for-
mation of discrete polymeric particles.”” In particular, RAFT
polymerisation has attracted wide attention in the past few
decades because it can be applied to an extensive range of
functional monomers and be performed under moderate con-
ditions.'® In addition, it has been demonstrated that RAFT
polymerisation can be conducted via various heterogeneous
routes such as RAFT emulsion polymerisation'®"® and RAFT
miniemulsion polymerisation.”*>*

Miniemulsion polymerisation is a heterogeneous poly-
merisation technique widely used to prepare well-defined vinyl
polymer latexes.>®*®* Miniemulsions are normally defined
as aqueous dispersions of relatively stable oil droplets
(50-500 nm) prepared by applying shear to a system contain-
ing water, oil, surfactant and hydrophobe.>> Miniemulsion
droplets are considered metastable but their stability during a
miniemulsion polymerisation is crucial because it affects the
polymerisation kinetics and resulting latex morphology.*®*"
Typical miniemulsion formulations are based on anionic sur-
factants (e.g. sodium dodecyl sulfate, SDS**) in combination
with a selectively oil-soluble hydrophobe (e.g. hexadecane,*'
dodecyl mercaptan,® or reactive alkyl methacrylate®).
Nevertheless, the influence of cationic and non-ionic surfac-
tants on miniemulsion polymerisation has been reported. For
example, Landfester et al.,>® demonstrated polystyrene latexes
synthesised using cetyl trimethylammonium bromide (CTAB)
cationic surfactant had similar particle sizes when compared

This journal is © The Royal Society of Chemistry 2021
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to those prepared using SDS. Hecht et al.,*® investigated mini-
emulsion polymerisation of styrene using a non-ionic surfac-
tant. It was shown that the non-ionic surfactant had slower
adsorption and desorption kinetics than SDS, minimising its
presence in the continuous phase. This led to newly formed
oligomeric species being incorporated within existing droplets
before precipitating and thus nucleation of new particles was
not observed.

In RAFT miniemulsion polymerisation, a small amount of
hydrophobic chain-transfer agent (CTA) is dissolved in the
monomer phase prior to emulsification.>”*® Polymerisation
control and latex stability in RAFT miniemulsion polymeris-
ation using conventional RAFT agents has been reported utilis-
ing relatively high concentrations of surfactant and
hydrophobe."®*%*° However, the use of RAFT agents in mini-
emulsion polymerisation is sometimes problematic, causing
colloidal instability,""** broad particle size distributions,”***
low polymerisation rates,***> low monomer conversions®**%*”
and broad molecular weight distributions.*®*”>" Furthermore,
some RAFT miniemulsion polymerisation systems experience
inhibition or retardation of the polymerisation.>***

Acrylic and methacrylic monomers are crucial for manufac-
turing of a wide range of polymeric materials for a variety of
applications.”®>® Among this group of monomers, benzyl
methacrylate (BzMA) is a hydrophobic methacrylic monomer
which is often used as a substitute for styrene. For example, in
RAFT-mediated PISA,>*™® BzMA acts as water-immiscible
monomer which exhibits higher polymerisation rates than
styrene,” minimising unreacted monomer in these formu-
lations.”” Furthermore, a wide range of potential applications
of PBzMA have been explored, such as: polymeric optical
fibres;”® nanoimprinting lithography;”>®® inkjet inks;*!
contact lenses;®” coatings and paints; adhesives;*>°°
microtubes;®” monoliths for capillary electrochromatogra-
phy;®® colour filter photoresist materials;*® stationary phases
in liquid chromatography;>”* and in ionic liquids.”*”"*
However, to the best of our knowledge, there are relatively few
reports which investigate the effects of the RAFT process on
the kinetics of miniemulsion polymerisation of BzZMA.

Herein we report the preparation of PBzMA via RAFT mini-
emulsion polymerisation. More specifically, a series of PBzZMA
latexes have been prepared by systematically adjusting
the concentration of hydrophobe, initiator, and RAFT agent

<
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Scheme 1 Synthesis of poly(benzyl methacrylate) (PBzMA) latex via
RAFT miniemulsion polymerisation at 70 °C using Lutensol TO 20 non-
ionic surfactant. Polymerisations were conducted at a dispersed phase
content of 20% w/w.
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(Scheme 1). This has allowed us to extend the knowledge of
the rules which govern latex formation during RAFT mini-
emulsion polymerisation. In this work, we screened chain
transfer agents with different hydrophilicity, and surfactants
including a conventional anionic surfactant (SDS) and a series
of Lutensol TO non-ionic surfactants to ascertain a suitable
surfactant for miniemulsion polymerisation of BzMA. The
resulting PBzMA latexes were characterised via gravimetry,
DLS, GPC, and TEM. Furthermore, we demonstrate that mini-
emulsion polymerisations with tuneable polymerisation rate,
PBzMA molar mass, number of particles per unit volume, and
particle diameter can be conducted by altering the concen-
tration of hydrophobe, initiator, or RAFT agent.

Experimental

Materials

Sodium dodecyl sulfate (SDS, 98.5%), hexadecane (HD, 99%),
and azobisisobutyronitrile (AIBN, 98%) were purchased from
Sigma-Aldrich (UK) and used as received. The non-ionic
Lutensol surfactants, e.g. Lutensol TO 20, which is a saturated
iso-Cy; alcohol with an ethoxylation block length of 20 units
(is0-C13H,,0(CH,CH,0),0H, molar mass = 1000 g mol ™), were
obtained from BASF (UK) and used as received. Benzyl meth-
acrylate (BzMA, 98%) was purchased from Alfa Aesar (UK) and
passed through a column of activated basic alumina to remove
inhibitors and impurities before use. Tetrahydrofuran (THF,
HPLC grade) was purchased from VWR International (UK) and
used as received. Chloroform-d (CDCl;) was purchased from
Cambridge Isotope Laboratories (UK). 4-Cyano-4-(2-pheny-
lethanesulfanylthiocarbonyl)sulfanyl pentanoic acid (PETTC)
and Dbis-(2-phenylethanesulfanyl thiocarbonyl) disulphide
(PETTCCP) were prepared in-house using previously published
methods (ESIT).”>”® Deionised water was used in all experiments.

Synthesis of poly(benzyl methacrylate) via RAFT miniemulsion
polymerisation

In a typical protocol, the synthesis of PBzMA;, via RAFT mini-
emulsion polymerisation was conducted at a dispersed phase
content of 20% w/w, using: BzMA (7.8 g, 44.087 mmol);
PETTCCP (41.4 mg, 0.147 mmol); AIBN (4.8 mg, 0.029 mmol,
[CTA]/[initiator] = 5); TO 20 (604.0 mg, 7.8% w/w related to
BzMA); HD (185.2 mg, 2.4% w/w related to BzMA); and water
(31.4 g). The dispersed and the aqueous phases were prepared
separately. The dispersed phase was prepared by thoroughly
mixing BzMA, HD, AIBN and CTA (PETTC or PETTCCP, if
used) by magnetic stirring until homogeneous. The dispersed
phase was then added to the aqueous solution of Lutensol TO
20 non-ionic surfactant under vigorous stirring at 800 rpm for
60 min to form a coarse emulsion. This coarse emulsion was
ultrasonicated using an ultrasonic processor CPX-750 (Cole
Palmer, maximum output power of 750 W) at an amplitude of
70% for 5 min (10 seconds pulse on and 5 seconds pulse off)
in an ice-water bath to prevent overheating during miniemulsi-
fication. The obtained miniemulsion was then transferred to a
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100 mL two-necked round-bottom flask equipped with a con-
denser and a nitrogen inlet. The reactor contents were deoxy-
genated by purging with nitrogen for 10 min at room tempera-
After deoxygenation, the
immersed into a preheated oil bath at 70 °C, corresponding to
time zero of the polymerisation. The reaction was heated for
240 min and magnetically stirred at 150 rpm. Samples were
periodically withdrawn with a degassed needle from the
bottom of the flask to monitor the conversion of monomer
and the evolution of molar mass. Polymerisations were
quenched by cooling to room temperature and exposing to air.
Experimental conditions for all the miniemulsion polymeris-
ations performed in this study are given in Tables 1-3.

ture. round-bottom flask was

View Article Online
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Characterisation

Monomer conversions during polymerisations were deter-
mined by gravimetry. Samples were withdrawn from the
reactor at different times and weighed (approximately 1.0 g) in
7 mL vials. After weighing, the samples were immediately
quenched with approximately 10 pL of 1% w/w hydroquinone
in an ice-water bath. The specimens were placed in an oven
and dried at 60 °C to constant weight. Conversions were calcu-
lated from the measured dry residue.

Dynamic light scattering (DLS) studies were performed
using a Malvern Zetasizer Nano ZS instrument equipped with
a He-Ne solid-state laser operating at 633 nm using back-scat-
tered light at a scattering angle of 173°. Polymer dispersions

Table 1 Summary of PBzMA latexes synthesised via RAFT miniemulsion polymerisation with varying HD concentration at 70 °C for 240 min. The
concentration of Lutensol TO 20 was fixed at 7.8% w/w relative to BzMA and [BzMA] : [PETTCCP] : [AIBN] = 300:1:2.3

HD%/% wiw Conversion”/% M, “/kg mol ™ My /M, ¢ Dy %mnm N,/ 10" mL™! Rp /M s7! Ryé/x 107 Ms™t
1.2 98.5 36.0 1.31 338 (0.06) 1.40 0.34 2.45
2.4 98.9 36.5 1.27 330 (0.12) 1.50 0.34 2.30
4.8 94.6 36.0 1.29 325 (0.10) 1.57 0.33 2.10
7.2 95.8 34.2 1.29 299 (0.07) 2.02 0.33 1.65
9.5 94.3 34.9 1.29 296 (0.09) 2.08 0.33 1.58

“Relative to BZMA monomer. ” Determined by gravimetry. “ Determined by THF GPC analysis. ¢ Obtained via DLS, PDI values are indicated in
brackets. ¢ Calculated using eqn (S1) (ESIT)./ Calculated using eqn (S2) (ESIT). ¢ Calculated using eqn (S3) (EST{).

Table 2 Summary of PBzMA latexes synthesised via RAFT miniemulsion polymerisation with varying [PETTCCP] : [AIBN] ratio at 70 °C for 240 min.
The target DP was 300. Polymerisations were conducted at a dispersed phase content of 20% w/w with the concentration of HD and TO 20 fixed at

2.4% w/w and 7.8% w/w relative to BzMA, respectively

[PETTCCP]:[AIBN] ratio ~ Conversion/%  M,”/kg mol™  M,/M,?>  D,‘nm Ny9x 10" mL™  RpYMst Ryx107¥ MsT!
10 60.0 24.3 1.33 268 (0.08)  2.91 0.21 0.72
5 91.8 36.7 1.28 306 (0.15)  1.88 0.32 1.70
2 96.4 37.0 1.28 311 (0.08)  1.78 0.34 1.89
1 98.5 38.2 1.25 303 (0.11)  1.93 0.34 1.78
0.4 98.9 36.5 1.27 330 (0.12)  1.50 0.34 2.30

“ Determined via gravimetry. ? Determined by THF GPC analysis. ° Obtained via DLS, where PDI values are indicated in brackets. ¢ Calculated
using eqn (S1) (ESI{). ¢ Calculated using eqn (S2) (ESIt).” Calculated using eqn (S3) (ESI{).

Table 3 Summary of PBzMA latexes synthesised via RAFT miniemulsion polymerisation with varying target PBzMA DP at 70 °C. The
[PETTCCP] : [AIBN] ratio was fixed at 5: 1. Polymerisations were conducted at a dispersed phase content of 20% w/w with the concentration of HD
and TO 20 fixed at 2.4% w/w and 7.8% w/w relative to BzMA, respectively

[PETTCCP]Y/ Reaction Conversion®?/ M,/ M,/ Ny°/ Rpl Ry%/
Target PBZMA DP mmol L™* time/min % kg mol™* M,° D, “mm x 10" mL™" Ms™! x107® Ms™!
200 28.6 240 96.3 25.4 1.24 330 (0.12) 1.49 0.34 2.25
300 19.1 240 91.8 36.7 1.28 306 (0.15) 1.88 0.32 1.70
400 14.3 240 84.9 43.8 1.27 291 (0.09) 2.18 0.30 1.36
700 8.2 360 96.5 78.4 1.29 281 (0.07) 2.67 0.22 0.84
800 7.1 360 90.4 78.9 1.31 275 (0.10) 2.84 0.21 0.74

“ Concentration relative to the dispersed phase. ” Determined by gravimetry. “ Determined by THF GPC analysis. ¢ Obtained via DLS, PDI values
are indicated in brackets. ¢ Calculated using eqn (S1) (ESIt).” Calculated using eqn (S2) (ESIT). ¢ Calculated using eqn (S3) (ESI}).
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without any purification were diluted to approximately 0.1%
w/w using deionised water. Samples were analysed using dis-
posable plastic cuvettes at 25 °C. Data were averaged over three
consecutive measurements.

Molar mass distributions were assessed using a gel per-
meation chromatography (GPC) instrument equipped with an
Agilent 1260 Infinity pump injection module, an Agilent 1260
Infinity II refractive index detector, and three Phenomenex
phenogel columns with a mobile phase of THF at 35 °C.
Calibration was achieved using a series of polystyrene stan-
dards (ranging from 1 x 10° to 2 x 10° g mol™).

Transmission electron microscopy (TEM) images were
recorded using a FEI Tecnai G2 20 instrument operating at an
accelerating voltage of 200 kv and connected to a Gatan 1k
CCD camera. Samples for TEM observation were prepared by
depositing 3 pL of diluted copolymer dispersion (approxi-
mately 0.1% w/w) onto 400 mesh carbon-coated copper grids
for 30 min and then carefully blotted using filter paper to
remove excess solution. The samples were stained in a vapour
space above ruthenium tetroxide (RuO,) solution at room
temperature for 7 min.”” Mean nanoparticle diameters were
determined using Image] software and over 200 randomly
selected particles were measured for each sample.

Results and discussion
Surfactant selection for miniemulsion polymerisation of BZMA

In order to ascertain a suitable surfactant for miniemulsion
polymerisation of BzMA, several surfactants were screened by
monitoring the stability of BzMA miniemulsion droplets
obtained after ultrasonication. A conventional ionic surfac-
tant (SDS) and a series of Lutensol TO non-ionic surfactants,
including TO 3, TO 8, TO 15, TO 20, and TO 109, were evalu-
ated. All of these surfactants allowed the formation of BzZMA
miniemulsions, which remained stable over the timescale of
a typical miniemulsion polymerisation. However, Lutensol
TO 20 formed emulsions that were stable for the longest
period of time (over 11 days) and thus was chosen as the
optimal non-ionic surfactant from this range to investigate
further.

Fig. S1 (ESIf) shows critical micelle concentrations (CMC)
determined using pendant drop analysis of interfacial tension
for SDS and Lutensol TO 20 in deionised water. The CMC for
SDS was approximately 9.2 mM, which is in agreement with
the literature (~8 mM).”>”® In contrast, the CMC of TO 20
(~0.5 mM) was much lower than that of SDS, indicating that
TO 20 can act as a more efficient emulsifier.*>*"

The difference in diameter between the emulsified droplets
and resulting latexes can be used to indicate polymerisation
type. For example, if the resulting latex size is significantly
smaller than the monomer reservoir droplets, it can be classi-
fied as emulsion polymerisation. Whereas if the resulting latex
is equal in diameter to the initial droplets, it is classified as
miniemulsion polymerisation.®**® A 1:1 transfer from initial
droplets to latexes is possible only when using a suitable sur-

This journal is © The Royal Society of Chemistry 2021
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factant for emulsification in the appropriate concentration
range.®* However, the surfactant concentration used in a mini-
emulsion formulation is generally above the CMC determined
in deionised water. This is because the majority of surfactant
molecules locate at the monomer/water droplet interface after
the emulsification step.*® Therefore, only a small proportion of
surfactant molecules dissolve in the continuous phase,
meaning the continuous phase surfactant concentration is
actually than CMC. This prevents micellar
nucleation. For example, Landfester and coworkers
reported poly(methyl methacrylate) latexes synthesised via
miniemulsion polymerisation using SDS surfactant at concen-
trations up to 40 mM, which is much higher than the CMC for
SDS in pure deionised water (~8 mM).>**®> The same research
group also demonstrated that polystyrene latexes can be syn-
thesised via miniemulsion polymerisation using 0.5-50% w/w
SDS surfactant relative to monomer.%*

A series of experiments were conducted using a relatively
wide range of surfactant concentrations to determine the
optimal conditions for miniemulsion polymerisation of BzZMA.
Fig. S2 and S3 (ESIf) show the evolution of hydrodynamic dia-
meter as a function of time for conventional free-radical mini-
emulsion polymerisation of BzMA using a range of SDS
anionic surfactant and HD hydrophobe concentrations. In
most cases, the final PBzMA latex diameter was significantly
smaller than the initial miniemulsion droplets. This indicated
that regular emulsion polymerisation was taking place as
opposed to miniemulsion polymerisation. Fig. S4 (ESIt) shows
the mean-diameter of PBzMA latexes synthesised using a wide
range of TO 20 non-ionic surfactant concentrations. At surfac-
tant concentrations below 0.5% w/w, a relatively large differ-
ence between the monomer droplet and final latex diameters
were observed. Above 7.8% w/w surfactant, sub-micron latexes
were obtained which had diameters similar to the initial
droplet diameter, indicating successful miniemulsion con-
ditions. On increasing the surfactant concentration from 0.1 to
23.3% w/w, the mean latex diameter decreased from approxi-
mately 2400 to 164 nm. As expected, higher surfactant concen-
trations resulted in smaller polymer particles due to the lower
surface tension of the system.?* It is noteworthy that the sub-
500 nm latexes which had a similar diameter to the initial
droplet size were achieved using a TO 20 concentration >7.8%
w/w (or >19 mM). This concentration was approximately 38
times greater than the CMC determined in deionised water
(~0.5 mM). Given the suitability of Lutensol TO 20 for mini-
emulsion polymerisation of BzMA, this surfactant was utilised
in all subsequent miniemulsion polymerisations reported
herein.

lower
84,85

Comparison of conventional free-radical miniemulsion
polymerisation with RAFT-mediated miniemulsion
polymerisation

Miniemulsion polymerisation of BzZMA was conducted in the
presence of two RAFT CTAs (PETTC and PETTCCP, target DP =
300, see Fig. 1 for chemical structures) and without a CTA
under otherwise identical conditions. It was observed that

Polym. Chem., 2021,12, 2122-2131 | 2125
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Fig. 1 GPC chromatograms for PBzMA synthesised via RAFT mini-
emulsion polymerisation in the presence of no CTA (black), PETTC (red)
and PETTCCP (blue) at 70 °C. The target PBzMA degree of polymeris-
ation (DP) in the presence of RAFT CTAs was 300 and [CTA]/[AIBN] was
0.4. Polymerisations were conducted at a dispersed phase content of
20% w/w with the concentration of HD and TO 20 fixed at 2.4% w/w
and 7.8% w/w relative to BzMA, respectively. Monomer conversions
using no CTA, PETTC, and PETTCCP CTA were 99.9%, 97.3%, and 99.6%,
respectively (Table S2, ESIT).

PBzMA latexes synthesised via conventional free-radical mini-
emulsion polymerisation achieved full monomer conversion
within 40 min (Fig. S5a, ESIT) whereas the two RAFT-mediated
reactions took approximately 60-100 min to reach full conver-
sion. Furthermore, the molar mass of PBzMA was much higher
and the molar mass distribution was broader (M,,/M, > 3.0) in
the absence of a CTA than for the polymers synthesised using
the RAFT CTAs (Fig. 1, Fig. S5b and Table S2, ESIT). This indi-
cates that RAFT control over BzMA polymerisation was
achieved in the presence of both PETTC and PETTCCP RAFT
agents.

The mean particle diameter of PBzMA latexes prepared with
no CTA and using PETTCCP were 338 nm and 325 nm, respect-
ively. However, the particle diameter was significantly higher
(577 nm) when using PETTC. This can be attributed to the
PETTC being more hydrophilic than PETTCCP and thus
having an increased ability to cross into the aqueous phase.
Therefore, PETTC may form a surfactant/cosurfactant structure
at the droplet-water interface and lead to an increased particle
diameter.*® Nevertheless, the minor difference in particle dia-
meter observed for PBzMA latexes prepared by conventional
miniemulsion polymerisation and using PETTCCP, as well as
the increased control over polymer molar mass afforded, indi-
cates the suitability of PETTCCP for RAFT-mediated mini-
emulsion polymerisation of BzMA. Thus, the influence of
hydrophobe, initiator and CTA concentration were investigated
further.

Influence of hydrophobe concentration

The use of a small quantity of HD as a hydrophobe allows the
build-up of osmotic pressure in miniemulsion droplets, pro-

2126 | Polym. Chem., 2021,12, 2122-213]
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viding stability against Ostwald ripening.*® Thus the influence
of HD concentration on RAFT miniemulsion polymerisation of
BzMA was investigated by varying the HD concentration
between 1.2-9.5% w/w, based on BzMA, while the concen-
tration of monomer, initiator, surfactant, and CTA remained
unchanged (see Table 1). With increasing HD concentration,
the measured PBzMA latex diameter (Dy,) decreases from 338
to 296 nm, corresponding to a calculated increase in the
number of particles per unit volume (N,). This indicates that
with higher HD concentrations, more droplets can be stabil-
ised against Ostwald ripening effects and the average droplet
size decreases. However, the influence of HD on polymeris-
ation kinetics was negligible with high monomer conversions
being achieved in all cases within 60 min (Fig. 2a). Similarly,
no significant differences in PBzMA molar mass evolution
were observed (Fig. 2b), with the final latexes having relatively
consistent molar masses and molar mass distributions
(Table 1). These observations suggest that these miniemulsion
polymerisations were under good RAFT control. Furthermore,
there was no obvious influence of HD concentration on the
overall polymerisation rate (Table 1). However, due to the
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Fig. 2 (a) Monomer conversion versus reaction time and (b) M, and

M, /M,, versus monomer conversion for PBzMA synthesised via RAFT
miniemulsion polymerisation with varying HD concentration relative to
BzMA at 70 °C. [BzMA] : [PETTCCP]: [AIBN] = 300:1:2.3 and the con-
centration of TO 20 surfactant was fixed at 7.8% w/w relative to BzMA.

This journal is © The Royal Society of Chemistry 2021
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increased number of particles generated with more HD, the
mean polymerisation rate per particle (Ry) decreased with
increasing HD concentration (Table 1 and Fig. S6, ESI{).

Influence of initiator concentration

The influence of initiator concentration was investigated by
varying the [PETTCCP] : [AIBN] ratio whilst keeping the concen-
tration of monomer, hydrophobe, surfactant, and chain trans-
fer agent constant (Table 2). In most cases, >90% monomer
conversion was achieved after 240 min (Fig. 3a). Furthermore,
increasing the amount of initiator increases the overall rate of
polymerisation and follows a power-law relationship R, o
[AIBN]"2.5775% Fig. 3b shows the approximately linear relation-
ship between In([M],/[M]) and reaction time, indicating the
polymerisations were first-order with respect to monomer con-
centration.>® Fig. 3c shows the evolution of molar mass and
molar mass dispersity (M,/M,,) versus monomer conversion. It
is noteworthy that unlike the polymerisation rate, which was
strongly influenced by the initiator concentration, there were
negligible differences in the observed molar mass and molar
mass dispersity values.

The relatively linear conversion/time relationships and the
pseudo-first-order kinetic plots (Fig. 3) are reasonably consist-
ent with the features expected for a controlled RAFT polymeris-
ation. This indicates that a rapid main equilibrium between
the active propagating radicals and thiocarbonylthio capped
dormant species was achieved and a constant number of
radical propagating chains was formed during polymeris-
ation.®® Additionally, no obvious retardation in these formu-
lations was observed and polymerisations proceeded linearly
to high monomer conversions (~90% after 240 min, Fig. 3a).
In all cases, the evolution of molar mass in relation to
monomer conversion was close to linear, with relatively narrow
molar mass dispersities obtained (M/M, < 1.3). It is note-
worthy that positive y-intercepts were observed in all cases
after extrapolating the experimental data for M,, to zero conver-
sion. Differences between the GPC calibration standards (poly-
styrene) and PBzMA may be partially the cause of this positive
intercept and deviations from theoretical M,, values.

However, the observed positive y-intercepts may also result
from a higher polymerisation rate than that of the addition of
growing radicals to the PETTCCP CTA.°*°' Therefore, RAFT
control was not established instantaneously, resulting in the
rapid formation of moderate molar mass species at low
monomer conversions. These observations may be considered
as hybrid conventional/living behaviour.”>°* However, this
behaviour can be reduced by using a lower ratio of [CTA] to
[initiator].”" For example, the y-intercept was approximately
9 kg mol~" when the [CTA]: [initiator] ratio was 5:1 whereas
the y-intercept was approximately 2 kg mol™ (~78% less)
when the ratio was 0.4. This indicates that higher initiator con-
centrations allow more rapid CTA activation, resulting in a
shorter time in achieving the main RAFT equilibrium.
Nevertheless, the molar mass dispersities of the resultant poly-
mers were relatively low, suggesting this hybrid behaviour had
a minor effect on the overall RAFT process.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) Monomer conversion versus reaction time, (b) semi-logarith-
mic kinetics, and (c) M, and M,,/M,, versus monomer conversion for
PBzMA synthesised via RAFT miniemulsion polymerisation at 70 °C with
varying [PETTCCP] : [AIBN] ratio. The target DP was 300. Polymerisations
were conducted at a dispersed phase content of 20% w/w, with the
concentration of HD and TO 20 fixed at 2.4% w/w and 7.8% w/w relative
to BzMA, respectively.

Influence of RAFT agent concentration

The versatility and limitations of RAFT-mediated mini-
emulsion polymerisation of BzMA were further investigated by
varying the PETTCCP concentration. Specifically, the molar
concentration of PETTCCP relative to the dispersed phase was
varied from 7.1 mmol L' (target PBzMA DP = 800) to

28.6 mmol L' (target PBzMA DP = 200). A [PETTCCP] : [AIBN]
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ratio of 5:1 was used whilst keeping the concentration of
monomer, hydrophobe, and surfactant constant (Table 3).
High monomer conversions (~90%) were achieved after
240 min (for DP 200, 300, and 400) or 360 min (for DP 700
and 800, Fig. 4a). Interestingly, the polymerisation rate
increased with increasing PETTCCP concentration (or decreas-
ing target DP). For example, the polymerisation rate for
PETTCCP at 28.6 mmol L™ relative to the dispersed phase (DP
= 200) was approximately 62% faster than for PETTCCP at
71 mmol L™ (DP = 800) (Table 3). In this study, the
[CTA]: [initiator] ratio was fixed at 5:1. Thus, increased RAFT
CTA concentrations (lower target DP) also meant that the
initiator concentration relative to BzMA was also higher. This
inevitably led to the faster polymerisation rates observed for
lower target DP formulations. It is noteworthy that the rate of
polymerisation observed was relatively independent of droplet
diameter and rate increases due to compartmentalisation
effects were not observed. This can be attributed to the latexes
in this work being relatively large (~300 nm).>>%>%°

In([M]o/[M]) versus reaction time for these RAFT mini-
emulsion polymerisations is shown in Fig. 4b. The approxi-
mately linear relationship in all cases indicates that the reac-
tions were first-order with respect to monomer concentration
and thus were well-controlled RAFT polymerisations.”® GPC
chromatograms of PBzMA synthesised with various PETTCCP
concentrations at full monomer conversion are shown in
Fig. 4d. Unimodal and relatively narrow molar mass distri-
butions (M,/M, < 1.3) were obtained in all cases, with the M,
clearly increasing with decreasing RAFT agent concentration.
The evolution of molar mass and molar mass dispersity
(My/My,) versus monomer conversion for PBzMA with various
PETTCCP concentrations (target DP 200-800) are shown in
Fig. 4c. As the polymerisations progressed, the corresponding
dispersity decreased, and the resulting PBzMA had relatively
narrow molar mass distributions (M,,/M,, < 1.3) at 90% conver-
sion. It is noteworthy that the molar mass increased approxi-
mately linear in all cases, even when targeting high DPs.

The measured PBzMA latex diameter (Dy,) decreased from
330 to 275 nm with increasing PETTCCP concentration
(Fig. 5). This corresponded to a calculated increase in the
number of particles per unit volume (N,) from approximately
1.5 to 2.8 x 10" mL™". Furthermore, spherical latexes were
obtained in all cases with measured diameters in agreement
between TEM and DLS (Fig. 6 and Table 3). It is noteworthy
that the number of particles (N,) decreased with increasing
RAFT agent concentration (Fig. 5). For example, the N, value
for PETTCCP at 28.6 mmol L™' was approximately 48% less
than PETTCCP at 7.1 mmol L™'. This is attributed to the
increased viscosity of the oil phase.’” More specifically, formu-
lations with higher PETTCCP concentrations result in droplets
which are more viscous. Thus, fewer droplets are produced
using the same ultrasonication procedure and results in larger
miniemulsion droplets and final PBzMA latexes.

Finally, PBzMA chain-end stability and fidelity over a
12-month storage period was examined via self-blocking
experiments (Fig. S7, ESIT). After being stored at room temp-
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Fig. 4 (a) Monomer conversion versus reaction time, (b) semi-logarith-

mic kinetics, (c) M, and M,,/M,, versus monomer conversion, and (d)
GPC chromatograms for PBzMA synthesised via RAFT miniemulsion
polymerisation with varying target DP at 70 °C. The [PETTCCP] : [AIBN]
ratio was fixed at 5:1 and polymerisations were conducted at a dis-
persed phase content of 20% w/w, with the concentration of HD and
TO 20 fixed at 2.4% w/w and 7.8% w/w relative to BzMA, respectively.
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Fig. 5 Effect of varying target PBzZMA DP on the number of particles
(Np) for PBzMA synthesised via RAFT miniemulsion polymerisation at
70 °C. The [PETTCCP] : [AIBN] ratio was fixed at 5: 1 and polymerisations
were conducted at a dispersed phase content of 20% w/w, with the
concentration of HD and TO 20 fixed at 2.4% w/w and 7.8% w/w relative
to BzMA, respectively.

Fig. 6 Representative TEM images for PBzMA latexes synthesised via
RAFT miniemulsion polymerisation at 70 °C with varying target DP: (a)
200, (b) 300, (c) 700, and (d) 800. The [PETTCCP] : [AIBN] ratio was fixed
at 5:1 and polymerisations were conducted at a dispersed phase
content of 20% w/w, with the concentration of HD and TO 20 fixed at
2.4% w/w and 7.8% w/w relative to BzMA, respectively.

erature for over a year, an additional charge of BzMA (target
DP of second block = 300) and initiator was added to a dis-
persion of PBzMA latex (Table 2, entry 3). GPC analysis indi-
cated a relatively good blocking efficiency and the resulting
chain-extended PBzMA homopolymer had a unimodal molar
mass distribution and relatively low molar mass dispersity
(1.39). This indicates that the majority of the trithiocarbonate

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

RAFT chain-ends remained intact and that these PBzMA
latexes could undergo efficient chain extension to form second
blocks with other monomers to form more complex latex
morphologies.”®"°

Conclusions

Near-monodisperse PBzMA latexes with controlled particle dia-
meters and polymer molar mass were successfully prepared
via RAFT miniemulsion polymerisation. This was achieved
using a relatively hydrophobic chain transfer agent (PETTCCP)
and non-ionic Lutensol TO 20 surfactant. Stable miniemulsion
droplets were obtained and formed PBzMA latexes upon poly-
merisation. Much narrower molar mass distributions (M,/M,
< 1.3) were obtained via RAFT miniemulsion polymerisation
when compared to conventional miniemulsion polymerisation
(My/M,, > 3.0). Furthermore, the concentration of hydrophobe,
initiator, and chain transfer agent were demonstrated to influ-
ence the particle diameter, particle number, rate of polymeris-
ation, and PBzMA molar mass in the final latexes.

Increasing the hydrophobe (HD) concentration decreased
the PBzMA latex diameter (Dy,) and increased the number of
particles per unit volume (Np,). This indicated that more dro-
plets can be stabilised against Ostwald ripening effects using
higher HD concentrations. Furthermore, the mean rate per
particle decreased with increasing HD concentration.
Increasing initiator (AIBN) concentration increased the overall
rate of polymerisation and followed a power-law relationship
R, o [AIBN]"2. However, only negligible differences in molar
mass, molar mass dispersity, and particle diameter values
were observed. Increasing RAFT agent (PETTCCP) concen-
tration increased the measured PBzMA latex diameter (Dy,) and
the overall rate of polymerisation. The changes in latex dia-
meter can be attributed to the increased viscosity of the oil
phase, which results in larger miniemulsion droplets.
Furthermore, the approximately linear relationship of In
([M]o/[M]) versus reaction time, unimodal GPC chromatograms,
relatively narrow molar mass distributions (M,/M, < 1.3) and
efficient self-blocking indicated that these were well-controlled
RAFT miniemulsion polymerisations.
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