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Ab Initio RAFT Emulsion Polymerization mediated by Small
Cationic RAFT Agents to Form Polymers with Low Molar Mass
Dispersity

Sarah J. Stace,a’b Jochen Vanderspikken,b'c Shaun C. Howard,b Guoxin Li,b Benjamin W. Muir,b
Christopher M. Fellows,*? Daniel J. Keddie**® and Graeme Moad*”

We report on low molar mass cationic RAFT agents that provide predictable molar mass and low molar mass dispersities
(D) in ab initio emulsion polymerization. Thus RAFT emulsion polymerization of styrene in the presence of the
protonated RAFT agent, ((cyanomethyl)thio)carbonothioyl)(methyl)amino)pyridin-1-ium toluenesulfonate (4), and the
analogous methyl-quaternized RAFT agents, 4-((((cyanomethyl)thio)carbonothioyl)(methyl)amino)-1-methylpyridin-1-ium
dodecyl sulfate (6), provide low dispersity polystyrene with D, 1.2-1.4 for M,~20,000. We postulate that the success of ab
initio emulsion polymerization with 4 is due to the hydrophilicity of the pyridinium group, which is such that the water
soluble RAFT agent partitions predominantly into the aqueous phase under the conditions of the experiment and that 4
provides little retardation. With 6, when the counterion is dodecyl sulfate, we can achieve “surfactant-free” RAFT
polymerization to provide a low B, polystyrene. However, the RAFT end-group is lost on isolation of the polymer.
Preliminary results show that this class of RAFT agent is broadly applicable in ab initio emulsion polymerization of other
(e.g., butyl butyl

yl)carbamodithioate (3, the RAFT agent in neutral form) provides molar mass control and B, <1.8 in ab initio emulsion

more-activated monomers acrylate, methacrylate). Furthermore, cyanomethyl (pyridin-4-

polymerization of less activated monomers, specifically, the vinyl esters, vinyl acetate and vinyl benzoate.

D,<1.2) were starved-feed (also known as semi-batch)

Introduction

Since the first reports of reversible addition fragmentation
chain transfer (RAFT) polymerization1 and, indeed, reversible
deactivation radical polymerization (RDRP, otherwise known as
living or controlled radical polymerizationz), there has been a
strong drive to develop batch ab initio emulsion RDRP based
on direct use of low molar mass control agents.?"7 This interest
can be understood in terms of the importance of emulsion
polymerization to industrial polymer production,8 for example,
diene-polymers.9

RAFT emulsion polymerizations commencing with low
molar mass thiocarbonylthio RAFT agents were first reported
by CSIRO and Rhodia papersl’m’11
patents'**?

on RAFT polymerization. The CSIRO examples'’
that were successful in providing low dispersity polymers (e.g.,

in their initial and
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emulsion polymerizations. The conditions used were similar to
those that had been found successful in forming low dispersity
block polymers with macromonomer RAFT agents.”’15 The
starved-feed protocol was utilized because initial attempts to
form low dispersity polymers by ab-initio batch emulsion RAFT
polymerization in the presence of more active RAFT agents
such as the dithiobenzoates had failed.*®

Monteiro and co-workers studied RAFT emulsion
polymerization in greater depth and found that the direct use
of more active RAFT agents (in particular, cumyl
dithiobenzoate) in a batch ab initio process was generally
unsuccessful and the polymerizations were characterized by
substantial retardation or inhibition, poor latex stability and
broad or multimodal molar mass distributions. Much of this
early work on heterogeneous RAFT polymerization focused on
styrene (St) polymerization,”‘zo although polymerizations of
butyl acrylate (BA),21 methacrylates17 and other monomers
were also reported. Luo et al.”? proposed an explanation for
the lack of success in RAFT emulsion polymerization in terms
of “super swelling’ caused by the presence of the large
concentrations of short oligomers that are formed early in the
polymerization and which is characteristic of an efficient RDRP.
It was found that the problem could be mitigated, though not
fully resolved, though the use of very high concentrations of
conventional surfactants and/or by the use of non-ionic
surfactants.”



Several groups reported that less active (low transfer
constant) RAFT agents could be used to conduct a successful
batch ab initio emulsion polymerization.21’24 This avoided the
formation of high concentrations of short oligomers at low
However, the of control
achievable was then compromised, in that polymers with low

monomer conversions. level
molar mass dispersity were not formed (P,, usually >2). In
some circumstances, seeded emulsion polymerizationszs’26 and
miniemulsion polymerizationsl7’20’27 using more active RAFT
agents to form low dispersity polymers were more successful.

A significant advance came with the development of
amphiphilic macroRAFT agents.zg’29 A recent review has
summarized the state of the art for ab initio “surfactant-free”
RAFT emulsion polymerization.7 The amphiphilic macroRAFT
comprises a hydrophilic block, such as poly(acrylic acid),?®*
pon(N—acronyIpyrrolidine),34 poly(ethylene glycol),35
poly(poly(ethylene glycol) methyl ether acrylate-co-N-
(hydroxyethyl)acrylamide)36 or poly(di(ethylene glycol) methyl
ether  methacrylate-co-N-(2-hydroxypropyl)methacrylamide-
co-poly(ethylene glycol) methyl ether methacrylate),37 and a
hydrophobic block usually composed of the monomer being
polymerized, which can be formed in situ. An issue with this
methodology, is that the product is always a block copolymer
with the hydrophilic segment of the macroRAFT agent
stoichiometrically incorporated into the final product. In some
cases, this hydrophilic segment is critically important in
directing polymerization-induced self-assembly (PISA), in
others it is a defect that is impossible to remove from the
polymer product. There are a few reports of the successful
use of low molar mass RAFT agents RSC(=S)Z in ab initio RAFT
emulsion polymerization of styrene and other monomers.”*%%
These RAFT agents generally comprised carboxylic acid
functionality in the R group and suffer from some of the same
issues as the amphiphilic RAFT agent approach.

One feature that characterizes the more successful
protocol for RAFT emulsion polymerization (starved feed
systems, amphiphilic macroRAFT agents, seeded systems,
most miniemulsion systems) with more active RAFT agents has
been the use of some strategy to localize the RAFT agent
preferentially in a colloidally stable particle phase from the
early stages of polymerization. In contrast, the low molar
mass RAFT agents used in the unsuccessful ab
experiments have been sufficiently hydrophobic, that if used
directly in a batch ab initio process, they would initially be
predominantly located in the monomer droplet phase.

initio
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Chart 1. Structures of (pyridin-4-yl)carbamodithioate RAFT agents.

The (pyridin-4-yl)carbamodithioates 1 were initially
designed for use as switchable RAFT agents that can provide
good control over both more and less activated monomers
(MAMs and LAMs).‘m’49 In their switched or protonated state,
2, they allow the synthesis of low B, poly(MAM)s, e.g.,
polystyrene with 4, and in their unswitched or neutral state, 1,
facile polymerization of LAMs to give low D,, poly(LAM)s, e.g.,
poly(VAc) with 3. These RAFT agents also enable the
preparation of low B, poly(MAM)-block-poly(LAM)s by
sequential monomer addition.

The initial motivation for the present work was to establish
whether such switchable RAFT agents could be successfully
used in heterogeneous polymerization. We had previously
shown (and confirmed in this work)¢ that, in their switched
protonated form 2, these RAFT agents are predominantly
located in the aqueous, continuous, phase. The previous work
demonstrated the utility of 4 as a RAFT agent in homogeneous
aqueous solution.”’

Results and Discussion
Use of the Protonated RAFT agent (2) in Styrene Polymerization

Our initial findings for ab initio RAFT emulsion polymerization
of styrene with 4 are summarized in Table 1. Further detail is
provided in the ESI. In these experiments, the RAFT agent 3
was converted to the protonated form 4 in situ by addition of
one equivalent of 4-toluenesulfonic acid (TsOH).

Table 1. RAFT emulsion polymerization of styrene.

RAFT Time conv. m,"e M, D
agent (h) (%) (g mol™) (g mol™)
4 5 73 20300 18 950 1.21
4 25 84 23450 30300 1.36
4° 24 91 25300 25 400 1.32

9 see ESI, where estimation of the fraction of living chains and initiator

efficiencies are also discussed. ° with 2.7 M styrene, 0.0102 M RAFT agent,
0.0102 M TsOH, 0.0012 M Na,S,0g and 0.015 M SDS in 10 mL H20. with 2.7 M
styrene, 0.0102 M RAFT agent, 0.0102 M TsOH, 0.0102 M Na,S,0g and 0.015 M
SDS in 10 mL H20. ¢ with 2.7 M styrene, 0.0102 M RAFT agent, 0.0102 M TsOH,
0.0102 M ACPA and 0.015 M SDS in 10 mL H20.

The conditions chosen for ab initio RAFT emulsion
polymerization with 4 were based on those used by Monteiro
et al”® for RAFT emulsion polymerization of styrene with
xanthate RAFT agents. The procedure involved combining all
ingredients other than initiator in a Schenk flask and stirring
for 24 h to form an emulsion. In our experiments, the
unbuffered medium as prepared was acidic (pH ~4). No buffer
was used to help ensure the RAFT agent was maintained in a

protonated state and NaPS or KPS were used as initiators.

This journal is © The Royal Society of Chemistry 20xx



However, persulfate salts are hydrolytically unstable under
acidic conditions®™** and may oxidise RAFT agents in
homogeneous aqueous solution. To minimize the impact of
these issues, the initiator was added after the emulsification
steps, immediately before polymerization.

Initial experiments (e.g., Table 1, entry 1) featured a
relatively small monomodal particle size by DLS (D* ~ 70 nm
after dilution and dialysis) and a relatively rapid rate of
polymerization. M, values were slightly lower than that
anticipated on the basis of the RAFT agent concentration
alone, which is consistent with the formation of initiator-
derived chains.

Subsequent experiments (e.g., Table 1, entry 2), showed a
significantly slower rate of polymerization and a broader
particle size distribution. While relatively low molar mass
dispersities (P,,) were still achieved in these experiments (best
case was HD,,<1.26 for M, ~ 20000), and it was observed that
M, did increase with conversion in a linear fashion (See ESI),
the conversion, M, and D, were variable and showed no direct
correlation with polymerization time. Usually M, was
significantly higher than that expected on the basis of the RAFT
agent concentration (e.g., Table 1, entry 2). This was
attributed to consumption of the RAFT agent and initiator in
side reactions, which include oxidation of the RAFT agent by
persulfate. This side reaction is likely to be more significant
under our conditions, than in RAFT emulsion polymerizations
that use hydrophobic RAFT agents, because our RAFT agent (4)
is predominantly in the aqueous phase.

We therefore turned to 4,4’-azobis(4-cyanopentanoic acid)
(ACPA) as initiator. With this initiator, the expected
dependence of M,, on monomer conversion and RAFT agent
concentration was achieved (e.g., Table 1, entry 3, and SI) and
the molar mass distributions observed were monomodal and
relatively narrow (e.g., Figure 1).
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Figure 1. 3D plot of diode array (210-395 nm) data for GPC trace showing
monomodal molar mass distribution observed for ab initio emulsion
polymerizations of styrene using the protonated RAFT agent 3 (Table 1,
entry 3). The UV spectrum is consistent with the presence of end group 1
suggesting that deprotonation occurs on passage though the GPC column.

This journal is © The Royal Society of Chemistry 20xx

The longer wavelength absorption evident in Figure 1 is
consistent with the retention of the (pyridin-4-
yl)carbamodithioate chromophore. The high initiator
concentration compensates for the very low initiator efficiency
of ACPA®*** in emulsion polymerization and does not result in
a large number of additional initiator-derived chains.

The effects of experimental variables on RAFT emulsion
polymerization with the protonated RAFT agent were further
explored with use of a high throughput synthesis platform.
With the reactor configuration used, stirring of the
polymerization mixtures is not possible. A variety of vortexing
protocols were thus examined in order to emulsify and obtain
latex stability. The most successful strategy for providing a
stable latex involved vortexing the reactor vials at high
intensity (800 rpm) and lower intensity (600 rpm) for cycles of
10 seconds and 13 minutes, respectively, both during
emulsification and the period of polymerization (continuous
high intensity vortexing was not practicable). With this
protocol in place 48 simultaneous experiments were
conducted to systematically explore parameter space. The
reference conditions were similar to those used in the Schlenk
flask experiments (Table 1) with 2.7 M styrene, 0.0102 M RAFT
agent 4, 0.0102 M TsOH, 0.0102 M ACPA and 0.015 M sodium
dodecyl sulfate (SDS). Dispersities obtained in the high
throughput experiments were slightly higher than in the
Schlenk flask experiments. The results are detailed in the
Figure 2 and the ESI. The following features are notable:

e Surfactant concentrations 0.01 M < [SDS] < 0.02 M
appeared optimal. The finding of an optimal SDS
concentration is most likely indicative of the occurrence
particle aggregation for higher SDS concentrations.
Dynamic light scattering (DLS) indicates larger particle
size and a broader particle size distribution for higher
[SDS]. Higher SDS may also solubilize the RAFT agent in
the particle phase. A lower molar mass may indicate a
higher initiator efficiency for 0.017 M SDS.

e The outcome of the polymerizations with 3 (or 4) was not
substantially affected by the amount of TsOH 0.006 M <
[TsOH] < 0.012 M. This may suggest that protonation-
deprotonation equilibrium is rapid with respect to RAFT
under the conditions. Previous work? indicated a
necessity to use at least stoichiometric acid to achieve
the lowest D,, for the case of RAFT polymerization of
N,N-dimethylacrylamide with 3 in aqueous solution.

e Initiator concentrations 0.005 M<[ACPA]<0.020 M gave
similar results. Significantly reduced conversions were
seen for lower concentrations (<0.005 M) and higher
dispersities were observed for higher concentrations
(>0.020 M) outside of this range.

e Styrene and RAFT agent were varied independently.
Although there is significant scatter, the expected
dependence of molar mass on [styrene] and [RAFT] is
observed. Good control is observed over the range
examined with [styrene]:[RAFT] = 100:1-400:1. Molar
mass values are consistent with a high degree of
livingness and initiator efficiencies for ACPA of ~20% (see
ESI).

J. Name., 2013, 00, 1-3 | 3
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Figure 2. Results of high throughput experiments showing (a) the effect of surfactant (SDS) concentration on M, and particle size D*, (b) the effect of acid (TsOH) concentration on
M, and D, (c) the effect of initiator concentration on M,, B,, and monomer conversion and (d) the effect of [RAF]/[Styrene] on M, and B,, for varying [RAFT] or [Styrene]. The
reference experiment used 2.7 M styrene, 0.0102 M RAFT agent 4, 0.0102 M TsOH, 0.0102 M ACPA and 0.015 M SDS. All data are provided in the ESI.

Relatively poor control over particle size distributions was
evident under the various conditions employed whether in the
Schlenk flask experiments or under high throughput
conditions.  Particle sizes were determined by DLS both
immediately upon quenching the polymerization and after
dialysis. The particle size distribution of the latex
immediately, or within a few weeks after quenching,
irrespective of RAFT agent and other conditions explored,
appeared trimodal, comprising a peak around 5-10 nm most
likely from polymer micelles and/or single chains, small
particles (30-70 nm in size), and some very large particles
assumed to be aggregates (>1000 nm), with the smaller 30-70

nm particles dominating the intensity size distribution. It is
recognized that DLS, particularly when obtained for relatively
concentrated samples, is not quantitative. The particle size
distribution after significant dilution or dialysis showed mainly
larger particles around 200-500 nm in size. CryoTEM images
obtained for selected samples showed spherical particles with
sizes consistent with DLS (see ESI).

The faster polymerization rate and slightly better control
obtained in the initial Schlenk flask experiments are attributed
to compartmentalization effects associated with smaller
particles sizes and narrower particle size distributions. Rates
of polymerization are higher in a compartmentalized system

Please do not adjust margins
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than in a corresponding homogeneous bulk or solution
polymerization due to the segregation of propagating radicals
and a consequent reduced rate of termination.”’?"*

It is not clear what differences in polymerization conditions
are responsible for the different outcome but it may relate to
use of different polymerization vessels. Further exploration of
polymerization conditions with the present RAFT agents is
planned to explore these effects.

We believe that the mechanism of particle formation with
the pyridyl RAFT agents may be analogous to that proposed for
hydrophilic or amphiphilic RAFT agents. In the early stages of
polymerization, the water soluble RAFT agent is converted to
amphiphilic Z-mers.. These may enter into monomer-swollen
SDS micelles or may aggregate to form micelles.

Use of Methyl-Quaternized RAFT agents in Styrene Polymerization

It was thought that use of a methyl-quaternized RAFT agent
would enable polymerization at neutral to slightly alkaline pH
more typical of those used in most conventional emulsion
polymerization experiments using SDS as a surfactant and
more consistent with the use of persulfate initiation. The RAFT
agent 5 was readily prepared (89% vyield, see ESI) by treating
an acetone solution of 3 with 3 equivalents of methyl iodide at
ambient temperature.

Emulsion polymerization with the methyl iodide-
quaternized RAFT agent 5 gave a low dispersity polymer with
the anticipated M, but the molar mass distributions were
distinctly bimodal (Table 2, entry 1, and ESI) with the larger,
higher molar mass component, comprising dead chains (no
RAFT chain-ends). A series of high throughput experiments
analogous to those performed with 4 was performed to look
into the effects of polymerization conditions (see ESI),
However, all experiments gave bimodal or more complex
multimodal distributions and conditions for forming a
monomodal, low b,,,, product were not identified.

We speculated that concomitant iodine transfer
polymerization might be an issue. To circumvent this or other
issues that might be associated with the iodide counterion, the
iodide of 5 was exchanged to provide the RAFT agent 6 with a
dodecylsulfate counterion. This involved adding CH,Cl, and
one equivalent SDS to an aqueous solution of 5 and stirring for
24 h during which time 6 partitioned into the organic phase
(yield 56%, see Sl).

With this RAFT agent (6) no additional surfactant (such as
SDS) was required to provide a low D,, polystyrene with a
monomodal molar mass distribution (Table 2, entry 2).
However, good colloidal stability (absence of coagulum) was
only seem with higher [RAFT],.

This journal is © The Royal Society of Chemistry 20xx
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Table 2. RAFT emulsion polymerization of styrene.
RAFT Time conv. (VA M, B
agent (h) (%) (g mol™) (g mol™)
5° 24 94 26138 23100 1.39
6° 24 97 18 408 32100 1.27
? See ES.. ° With 2.7 ™M styrene, 0.0102 M RAFT agent, 0.0102 M 4-

toluenesulfonic acid, 0.0102 M ACPA and 0.015 M SDS in 10 mL H20. © With 2.7
M styrene, 0.0150 M RAFT agent, 0.0102 M ACPA in 10 mL H,0, no additional
surfactant.

The RAFT end-groups of polystyrene formed with dodecyl
sulfate 6, while being retained under polymerization
conditions, as evidenced by the formation of a polymer with
low B, appear exceptionally labile in that they did not survive
for GPC analysis (Figure 3) and were lost on dialysis of the
latex. The higher than anticipated molar mass suggests some
loss of RAFT agent and, since dispersities are relatively low,
this must occur prior to significant monomer conversion. Ease
of end group removal may be seen as an advantage, as end
group removal can be problematical for polymers formed by
heterogeneous ponmerization.‘r’(i'53 However, it is an issue if
the end-goal is block copolymer synthesis.

In an effort to establish the qualities of the dodecyl sulfate
6 as a RAFT agent under homogenous solution, bulk thermal
polymerization of styrene was carried out at 110 °C under
conditions similar to those used for many other RAFT agents.59
Under these conditions we found, 6 provided little control and
provided a product that did not contain the RAFT en- group
(see ESI). The methyl-quaternized RAFT end-group formed
with 6 appears very unstable relative to the protonated end-
group formed with 4.* The lower stability in homogenous
solution is attributed to the higher reaction temperature.
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Figure 3. 3D plot of diode array (210-395 nm) data for GPC traces showing molar mass
distribution observed for ab initio emulsion polymerizations of styrene using the
quaternized RAFT agent 4.
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Figure 4. Structures of amphiphilic macroRAFT agents ZC(=S)SR in which Z comprises a
hydrophilic poly(ethylene oxide) chain.

Several authors have explored the use of amphiphilic RAFT
agents ZC(=S)SR in which Z contains a hydrophilic polyethylene
oxide chain (Figure 4) in heterogeneous polymerization.m'61
The advantage claimed for these RAFT agents is that the
surface active Z groups remain at the surface of the particles
formed and are readily removed or modified. A similar
situation may pertain in the case of our RAFT agents. The use
of lower concentrations of ACPA or other, more efficient,
initiators remains to be explored.

The explanation postulated for the effectiveness of 4 in
terms of water solubility of the RAFT agent does not apply in
the case of 6 since this RAFT agent shows poor water solubility
and partitions in strongly in favour of toluene or methylene
chloride in solubility tests. Nonetheless we expect the RAFT
agent to be highly surface active. We expect that the
mechanism of action for 6 is similar to that described for other
amphiphilic RAFT agents (vide infra).

Use of RAFT agents 3, 4 and 8 in Emulsion Polymerization of Other
Monomers

One-off experiments were conducted with other
monomers to further explore the scope of the process. These
experiments were conducted under similar conditions to the
initial experiments with styrene (e.g., Table 1, entry 1). It was
important to choose the RAFT agent for the monomers being
It is established that to achieve low P in RAFT
polymerization, R must be a good homolytic leaving group with
respect to the propagating species.
homogeneous solution 1 with R=cyanomethyl is appropriate
for butyl
acrylate, vinyl acetate or vinyl benzoate. Thus 3 or 4 was used
in experiments with LAMs (VAc and VBz) and MAMs (styrene
and BA), respectively. For 1,1-disubsituted monomers such as
methyl methacrylate (MMA) or butyl methacrylate (BMA), 1
with R=2cyano-2-propyl provides good control. Thus RAFT
agent 8 was used in RAFT polymerization of MAMs, BMA and
MMA.

As shown in Table 3, the ab initio emulsion polymerization
of BA and BMA with 4 or 8, respectively, provided a stable
latex, anticipated M, and relatively low B. Similar
polymerization of MMA with 8 provided acceptable M,, and b.
but the product appeared as a transparent yellow gel rather
than a latex.

polymerized.

For experiments in

monosubstituted monomers such as styrene,

6 | J. Name., 2012, 00, 1-3

RAFT emulsion polymerization of vinyl esters (and other
LAMS) has been seldom reported."-z'63 Some of the best results
are reported by Nomura et al.,®
polymerization of VAc with 10 wt% PVA as stabilizer/surfactant
and VA-044 initiator and evaluated a wide range of xanthates
and dithiocarbamates in this context. For polymerization of
VAc and VBz, we used the neutral RAFT agent 3 (the
protonated macroRAFT agent is very labile). In this case, we
do not have the advantage of the RAFT agent being initially
located in the aqueous phase. Nonetheless, under our
standard conditions, we see good molar mass control and D
~1.7 (Table 3).

who performed emulsion

Table 3. RAFT emulsion polymerization of other monomers.®

RAFT  Time conv. Mt M, D

agent (h) (%) (g mol™)
BA 4 16 80 24300 23900 1.29
BMA 8 3 95 10200 10600 1.41
MMA? 8 6 84 18600 16400 1.38
VAC® 3 4 85 16600 17500 1.71
VBz 3 4 56 19800 18500 1.68

? Experiments with 2.7 M monomer, 0.0102 M RAFT agent, 0.0102 M 4-
toluenesulfonic acid, 0.0012 M Na,S,0g and 0.012 M SDS in 10 mL H20. b
see ESI. “GPC M, in poly(methyl methacrylate) equivalents. 4Product PMMA
appears as a transparent yellow gel rather than a latex. ¢ Unstable latex,
bimodal molar mass distribution with pronounced tail to low molar mass.

Conclusions

We have found that low molar mass cationic RAFT agents 4, 6
and 8 provide predictable molar mass and low dispersities (B,,)
in the ab initio emulsion polymerization of MAMs. We
attribute their effectiveness to the fact that they are water
soluble, or highly surface active in the case of 6, and cause
little retardation. These and related systems are currently
being further explored to establish their full utility in emulsion
polymerization. Specifically, there is a need to establish robust
and scalable conditions for forming block copolymers and a
surfactant regime which additionally provides control over
particle shape and size.
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¥ Previous studies”” demonstrated that the protonated RAFT agents 4 and 8 were

water soluble and effective in aqueous solution. It was therefore anticipated that

these should predominantly localize in the aqueous continuous phase.

This

expectation was confirmed by experiments where the RAFT agents 4, 5 or 8 were
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