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We report on two important advances in radical polymerization with reversible addition–fragmentation chain transfer
(RAFT polymerization). (1) Electrochemically initiated emulsion RAFT (eRAFT) polymerization provides rapid
polymerization of styrene at ambient temperature. The electrolytes and mediators required for eRAFT are located in
the aqueous continuous phase separate from the low-molar-mass-dispersitymacroRAFT agentmediator and product in the
dispersed phase. Use of a poly(N,N-dimethylacrylamide)-block-poly(butyl acrylate) amphiphilic macroRAFT agent
composition means that no added surfactant is required for colloidal stability. (2) Direct photoinitiated (visible light)
RAFT polymerization provides an effective route to high-purity, low-molar-mass-dispersity, side chain liquid-crystalline
polymers (specifically, poly(4-biphenyl acrylate)) at high monomer conversion. Photoinitiation gives a product free from
low-molar-mass initiator-derived by-products and with minimal termination. The process is compared with thermal
dialkyldiazene initiation in various solvents. Numerical simulation was found to be an important tool in discriminating
between the processes and in selecting optimal polymerization conditions.
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Introduction

Reversible addition–fragmentation chain transfer (RAFT)
polymerization, making use of thiocarbonylthio transfer agents
was first reported just over 22 years ago. Thiocarbonylthio-
RAFT was first disclosed in a CSIRO/DuPont patent published
in January 1998.[1]Apatent describing the parallel development
of MADIX (RAFT with xanthate transfer agents) at Rhodia was
published in December 1998.[2] The first open-literature publi-
cation also appeared in 1998.[3] RAFT arose out of a desire to
achieve structural perfection in polymers (or at least to define
the molar mass and end-group functionality and limit the
imperfections), i.e. to invent a process for radical polymeriza-
tion with the essential characteristics of living polymerization.
Although an actual living radical polymerization remains a
forlorn hope, RAFT polymerization has matured to be one of the
most used, and arguably most effective, methods for achieving
well-defined polymer structures. That first RAFT patent was, by
2005, one of the most highly cited patents in the field of
chemistry and related science, and the patent literature now
abounds with an ever-increasing number of RAFT-related
inventions (Fig. 1). However, commercial success stories
associated with RAFT polymerization are few.[4] Yet with the
first RAFT patents having now reached the end of their

enforceable life, we might envisage an upsurge in commercial
applications.

For many, RAFT is now seen as a mature technology; a
toolkit for producing well-defined polymers. For others, includ-
ing ourselves, the technology is neither fully defined nor
sufficiently well understood and is yet to reach its full potential.
In the following text, we highlight two recent studies using
RAFT at CSIRO on the initiation of RAFT polymerization.
These are: electrochemically initiated RAFT emulsion poly-
merization (eRAFT), and the synthesis of low-dispersity (low
� ) side chain liquid-crystalline polymers (SCLCPs) by direct
photoinitiated RAFT polymerization (no exogenous initiator).
The latter work also provides an illustration of the use of
numerical simulation in understanding and improving the RAFT
process.

RAFT Free from Exogenous Initiators

RAFT polymerization is most commonly initiated by radicals
generated from an added initiator. However, a RAFT process,
wherein radicals are generated photochemically direct from
the initial RAFT agent (called an iniferter), is imbedded in
Otsu’s proposed mechanism for implementing living radical
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polymerization using the iniferter process.[5–7] Were it not for
the dithiocarbamate iniferters used in Otsu’s early experiments
having very low transfer coefficients (Ctr) (i.e. not being
effective RAFT agents) with respect to polymerizations of the
monomers then used, there would have been no RAFT left to
invent 10 years later. Photoinitiated RAFT is mentioned in the
first RAFT patent.[1] Publications on RAFT with direct photo-
initiation appeared several years later.[8] From that time through
to the current day, there has been remarkably persistent dis-
cussion on the topic of whether the dominant control mechanism
in such systems is the reversible coupling equilibrium of stable
radical-mediated polymerization (SRMP), the degenerate
transfer process that is RAFT, or some combination of both. This
despite the demonstration that when a high-Ctr RAFT agent is
used, the dominant process must be RAFT (i.e. the use of pho-
toinitiation does not turnRAFToff).[8]Onlywhen aRAFT agent
with a very low Ctr is used is the SRMP mechanism likely to
dominate.[9] The early work used UV irradiation and observed
the formation of at the time undefined RAFT agent-derived by-
products.[8] More recent studies have made use of visible

irradiation and report fewer, but still not completely defined, by-
products.[10–13]

The recent upsurge in interest in direct photoinitiated RAFT
and photoinduced energy or electron transfer (PET)-RAFT[14,15]

can largely be linked to the desire to obtain polymers free from
initiator-derived by-products (a particular concern in RAFT
single-unit monomer insertion (RAFT-SUMI))[16,17] and in the
synthesis of sequence-defined polymers[18,19] and the need for
spatial and temporal control over the RAFT process, which is
critically important in flow and high-throughput polymer
synthesis.[20,21]

Electrochemically initiated RAFT polymerization, dubbed
eRAFT, has recently attracted attention for similar reasons.[22–26]

Electrochemically Initiated RAFT Polymerization (eRAFT)
in Emulsion

In eRAFT, initiating radicals can be generated from the RAFT
agent (directly or by way of a redoxmediator);[24] they may also
be formed from an exogeneous electrochemically active initia-
tor.[22,27] To date, all efforts have focussed on homogeneous
solution polymerization.We hypothesized that eRAFTmight be
usefully extended to emulsion polymerization.We believed that
the use of eRAFT polymerization in a dispersed medium might
overcome some of the existing limitations to eRAFT, namely the
passivation of the working electrode by radical species[22] and
various side-reactions involving the RAFT agent at the working
electrode.[25]

Our approach to electroactive initiation was adapted from a
commonly used redox initiation system that comprises ferric
sulfate hydrate (Fe2

III(SO4)3.xH2O), EDTA, and sodium formal-
dehyde sulfoxylate (SFS) as reductant, and ammonium persul-
fate (APS) as oxidant and source of sulfate radical anion as
initiating radicals, according to Scheme 1.

In the conventional system, ferric sulfate is used in very low
concentration and is reduced to ferrous sulfate and recycled by
the action of SFS. In our system, electrochemical reduction is
used in place of the chemical reductant SFS, the Fe-EDTA
complex is retained as a reductionmediator, andAPS remains as
the source of sulfate radical ion initiating radicals.

We decided to use a so-called ‘surfactant-free system’[28–33]

that in our case comprised an amphiphilic poly(N,N-dimethyl
acrylamide)-block-poly(butyl acrylate) (PDMAm-b-PBA, 2;
refer to Scheme 2) macroRAFT agent. This non-ionic
macroRAFT agent was chosen so as to be unlikely to be
electrochemically active under the polymerization conditions
(a hypothesis confirmed in the present experiments). The
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Initiation in RAFT Polymerization 57



specific composition of macroRAFT agents, with a PDMAm
block having a degree of polymerization (Xn) of ,29
(macroRAFT 2a) or 18 (macroRAFT 2b) units and a PBA block
,8 units respectively had been found by high-throughput
experimentation to be most successful in mediating ambient-
temperature RAFT emulsion polymerization of styrene and
enabled the preparation of a dispersion of styrene monomer that
appeared kinetically stable on the required timescale of several
hours (see Supplementary Material). Subsequent analysis
proved these to be a mixture of PDMAm and PDMAm-b-PBA
macroRAFT agents. The use of hydrophilic PDMAm homopol-
ymer macroRAFT agents directly in surfactant-free RAFT
emulsion polymerization has been previously reported by Rie-
ger et al.[34]However, the homopolymer macroRAFT agents by
themselves do not allow preparation of a stable styrene mono-
mer dispersion.

In order to determine conditions for the eRAFT emulsion
polymerization, and to confirm our choice of a suitable electro-
chemically active initiator system, cyclic voltammetry (CV) char-
acterization of the macroRAFT agent (2), Fe-EDTA (mediator),
and APS (oxidant and radical source) was conducted (Fig. 2).

The CVswere conducted in aqueous solutionwith 0.1MKCl
supporting electrolyte (Fig. 2). According to the proposed
polymerization mechanism, the amphiphilic macroRAFT agent
2 would be located at the interface between the aqueous
continuous phase and the particle phase or monomer-swollen
micelles, and thus would not itself be directly involved in the
initiation process. Nonetheless, the CV confirmed that 2was not
subject to reduction within the potential range used, and there-
fore would not be degraded by electrochemical stimulus under
the chosen polymerization conditions. APS could feasibly be
reduced directly to initiate polymerization; however, the reduc-
tion peak observed in CV was broad and poorly defined,

indicating that direct electrochemical reduction of APS would
be unlikely to provide efficient (re)initiation. The Fe-EDTA
complex, however, showed a strong reduction peak between –
1.0 and –1.5V corresponding to the reduction of Fe3þ. Drawing
on the approach used in redox-initiated RAFT, the Fe2þ species
can then reduce APS, being oxidized back to Fe3þ in the
process.[35,36] This mediated reduction of APS also has the
advantage that the initiator is activated and radicals are gener-
ated in the continuous aqueous phase as in conventional emul-
sion polymerization, rather than at the electrode surface. These
factors were anticipated to promote initiation of polymerization
and limit passivation of the working electrode by initiator-
derived radicals as observed previously in eRAFT when using
exogenous radical initiators.

eRAFT emulsion polymerizations were conducted in a three-
electrode bulk electrolysis cell with a glassy carbon (GC) rod
counter electrode, GC rod working electrode, and an Ag/AgCl
reference electrode (Fig. 3a). The emulsion compositions and
polymerization data are summarized in Table 1. Polymerization
proceeded very rapidly at ambient temperature (,228C), with
.99% conversion being achieved in ,120min. Even though
the product appeared as a highly viscous latex (Fig. 3b), the
PDMAm-b-PBA-b-polystyrene products had low molar mass
dispersity (1.20 # � # 1.25) (Fig. 3c, Table 1). The Mn as
determined by gel permeation chromatography (GPC) was
higher than the theoretical value (Eqn 1):

Mn;th ¼
M½ �0� M½ �t

RAFT½ �0þdf A2½ �0� A2½ �t
� �MM þMRAFT ð1Þ

where M is the monomer, RAFT is the RAFT agent or macro-
RAFT agent, MM and MRAFT are the molar masses of the
monomer and the RAFT agent, respectively, and the term df

([A2]0 – [A2]t) is the concentration of polymer chains produced
from the initiator (A2). This may indicate that the APS initiator or
mediator is reacting directly with the macroRAFT agent but may
also indicate imprecision in the macroRAFT concentration. In
both conventional emulsion and RAFT emulsion polymerization,
the initiator efficiency of persulfate is thought to be low (e.g.
,0.1),[37,38] and it is likely to be equally low in the present work.
Tailing to lowmolarmass evident in theGPC traces (Fig. 3c)may
indicate the presence of unreacted macroRAFT agent in the
product but is more likely to be associated with initiator-
derived chains. Dynamic light scattering (DLS) analysis shows
that a monomodal particle size distribution, with Zaverage size in
the range 90–120nm and polydispersity index (PDI) ,0.2, is
rapidly established and does not change substantially with poly-
merization time (see Supplementary Material).

Our preliminary results presented here demonstrate the poten-
tial for eRAFT emulsion polymerization to provide rapid mono-
mer conversion and a low-dispersity product. The fact the product
is a viscous mass rather than a free-flowing dispersion creates
obvious limitations, particularly with respect to the desired
implementation in continuous flow. Ongoing work aims to
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overcome this issue by optimizing the conditions for emulsion
polymerization with the initial focus being the nature and con-
centration of the initiator components and the type of amphiphilic
macroRAFT agent. Future work will also explore the application
of eRAFT emulsion methodology to other monomers.

PhotoRAFT of Liquid Crystalline Monomers

Interest in SCLCPs first emerged,40 years ago and came from
a desire to combine the optical properties of liquid-crystalline
materials with the mechanical properties of polymers.[39]

SCLCPs show potential in various nanotechnology applications
that include electro-optical materials, solar cells, and transis-
tors.[40–42] Conventional radical polymerization can be used to
prepare SCLCPs.[43–46] However, this process provides little
control over molar mass dispersity (� ) and the molecular uni-
formity that can be critical to many applications cannot be
achieved. Methods for reversible deactivation radical poly-
merization (RDRP) such as atom-transfer radical polymeriza-
tion (ATRP) and RAFT polymerization address this by allowing
more precise control over molecular mass, microstructure, and
architecture.[47–52]

In this report, we explore RAFT polymerization of 4-biphenyl
acrylate. In initial experiments, a dialkyldiazene was used as the
radical source. Many parameters such as the RAFT agent, solvent,
initiator, monomer concentration, initiator concentration, and tem-
perature were explored; these will not be detailed here. Conditions
providing rapid polymerization, good monomer and polymer

solubility, and low molar mass dispersity, made use of anisole
solvent, 4-cyano-4-(((dodecylthio)carbonothioyl)thio)pentanoic
acid (3) as the RAFT agent, and 2,20-azobis(2,4-
dimethylpentanenitrile) (ABPN) as initiator at 708C
(Scheme 3). These conditions provided 92% conversion within
2 h and an apparently well-defined product with the number
average molar mass obtained by GPC, Mn,GPC¼ 22900 and
� ¼ 1.06 (Table 2). However, a small shoulder was evident at
higher molecular mass (Fig. 4).

High-molar-mass shoulders in molar mass distributions are
frequently observed in high-conversion polymerization of acry-
lates and can be attributed to a variety of causes.[53,54] In that a
high concentration of initiator had been used to ensure rapid
reaction, we suspected that the shoulder might be largely
attributable to dead chains formed by termination.

The fraction of living chains (L) in polymerizations with a
dialkyldiazene initiator can be estimated using the expression in
Eqn 2, which indicates anL value of,0.9 for the polymerization
conditions used:

L ¼
RAFT½ �0

RAFT½ �0þdf A2½ �0 1� e�kd tð Þ
ð2Þ

where [RAFT]0 is the initial RAFT agent concentrations and
[A2]0 is the initial initiator concentration, kd is the rate coeffi-
cient for initiator decomposition (2.46� 10�4 s�1 for ABPN at
708C),[55] f is the initiator efficiency (assumed to be 0.7),[55] and
d is the number of chains produced in radical–radical

Retention time [min]

22 24 26 28 30 32 34 36 38

PDMAm 
PDMAm-b-PBA 
EM1 
EM2 

(a) (b) (c)

Fig. 3. Electrochemical cell (a) during, and (b) after polymerization; (c) GPC traces of macroRAFT agent and emulsion polymerization products.

Table 1. Polymerization conditions and GPC data for eRAFT in emulsion experiments

Entry

no.

BCPA [BCP] : [St] : [APS]

ratio

Mass BCP

(g)

Volume styrene

[mL]

Volume water

[mL]

Time

[min]

St conv.

[%]B
Mn,th

[kDa]C
Mn

D
�

EM1 2a 1:406:0.2 2.34 22.2 60.0 120 99 49.9 52.2k 1.20

EM2a 2b 1:406:0 2.34 22.2 60.0 180 0 - - -

EM2b 2b 1:406:0.2 90 80 41.9 39.5k 1.35

EM3 2b 1:442:0.1 1.55 14.8 40.0 120 99 54.0 45.4k 1.25

ABlock copolymer macroRAFT agent 2.
BConversion of styrene (St) estimated from 1H NMR spectroscopy in D2O.
CMn,th estimated as [St]consumed/([BCP])� 104þMmacroRAFT, where MmacroRAFT is the GPC molar mass for the BCP composition used. The amount of APS

converted to initiating radicals (the initiator efficiency) is unknown but is anticipated to be very low (,0.1, see text) andwas ignored in the calculation ofMn,th.
DExperimental molar mass by GPC in polystyrene equivalents.
EReaction initially attempted without APS (EM2a). APS was added after 3 h to commence experiment EM2b.
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termination (1, d, 2). Termination in polymerization of acry-
lates is believed to occur predominantly by combination, i.e.
d¼ 1.0.[56]

To further understand the process, the polymerization was
modelled by performing numerical simulation using PrediciTM.
This enabled the molar mass distribution, including the high-
molar-mass shoulder, to be reasonably predicted (Fig. 4a).

There is a short period of slow monomer conversion, attrib-
utable to initialization effects, and some curvature in the pseudo-
first-order kinetic plot for longer times, associated with initiator
depletion and the short half-life initiator used. These are also
predicted by the PrediciTM simulation (Fig. 5).

Although the high fraction of dead polymer is clearly an
issue, a potentially bigger problem in the context of the intended

applications of SCLCPs is the tail to lower molar mass. This tail
is almost unobservable in the GPC distribution (Fig. 4a) but is
immediately evident in the predicted concentration distribution
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Table 2. Representative data for thermally initiated RAFT or photoRAFT polymerization of 4-biphenyl acrylate

Solvent [M] [mol L�1] Time [h] Conv. NMRC [%] M
n,th

D [g mol�1] M
n,GPC

E
�

E

AnisoleA 2 2 92 21000 22900 1.06

Anisole/DMSOB (90 : 10) 2 5 90 20200 22000 1.06

APolymerization was conducted at 708C targeting Xn of 100 at full conversion with ([Monomer] : [RAFT] : [initiator]¼ 100 : 1 : 0.2) and 2M monomer.
BPolymerization was conducted with blue light irradiation (no added initiator) at 308C targeting DP of 100.
CConversions were determined by 1H NMR spectroscopy.
DTheoreticalMn calculated using Eqn 1, where for thermal initiation with an added initiator (A2¼ABPN), the term df([A2]0�[A2]t)¼ df([A2]0(1�e�kdt) with

kinetic parameters as used for Eqn 2. For photoRAFT, the term [A2]0�[A2]t¼ 0 (there is no added initiator).
EExperimental Mn,GPC (in polystyrene equivalents) and � values were determined by GPC. For details of procedures see Supplementary Material.
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(Fig. 4b). Note that for GPC distributions with refractive index
detection, the intensity should be proportional to wlogM, where
w is mass (weight) and M is molar mass.

Direct photoinitiation was then studied to establish if this
would provide a cleaner product. Various solvents, solvent
mixtures, and monomer concentrations were explored to estab-
lish optimal conditions (Table 3). Polymerizations in many
solvents including DMSO that did not comprise a high propor-
tion of anisole or DMF (e.g. DMSO, DMSO/anisole 1 : 1) were
observed to form a viscous, translucent gel for monomer con-
versions .15%. Interestingly, this did not seem detrimental to
the breadth of the molar mass distribution or the rate of
polymerization. Substantially broader molar mass distributions
and lower-molar-mass product, perhaps indicative of transfer to
solvent, were observed with DMF as solvent. The preferred
polymerization conditions made use of anisole containing 10%
d6-DMSO to provide a lock signal facilitating in situ
NMR analysis. Higher monomer (and RAFT agent) concentra-
tions gave faster rates of polymerization. Pseudo-first-order
kinetic plots and molar mass distribution for several systems
are shown in Fig. 6 (50 : 50 and 90 : 10 DMSO/anisole solvent)

and in Fig. S11 in the Supplementary Material (DMF, DMSO
solvent).

We then modelled photoRAFT polymerization using Pre-

diciTM (Figs 7–9). The kinetic model and the kinetic parameters
used are described in detail in the Supplementary Material. We
chose a rate of photodissociation of the RAFT agent to provide a
similar conversion after 2 h to the thermally initiated RAFT
polymerization and used the same kinetic parameters for propa-
gation, termination, and RAFT as used in the simulation of the
thermally initiated process. The concentration of propagating
radicals (macroradicals) v. time is, however, quite different
(Fig. 9a). As anticipated, for the case of photoinitiation the tail
to low molar mass is absent. This is most apparent in the
concentration distributions (compare Fig. 4b and Fig. 8) We
still see a high-molar-mass shoulder, though it is substantially
smaller than that observed in the thermally initiated polymeri-
zation at the samemonomer conversion. It is important to note in
designing the synthesis that the size of the shoulder increases
with further irradiation (Fig. 7a). There is slight curvature for
very high conversions as macroRAFT agent is lost through
termination and the rate of initiation slows accordingly (Fig. 7b).

Table 3. Data for the RAFT polymerization of 4-biphenyl acrylate at 308C using direct photoinitiationA

Solvent Target DP [M] [mol L�1] Time [h] Light source SolubleB Conv. [%]C Mn,th [g mol�1]D Mn,SEC
E

�

DMSO 100 1 3.5 Blue Gel 81 18500 20200 1.06

DMSO 100 1 3.5 UV Gel 96 21900 21400 1.15

DMSO 100 0.5 3.5 Blue Gel 46 10700 9800 1.08

DMF 100 1 12 Blue Yes 52 12000 16000 1.11

DMF/DMSO (50 : 50) 100 1 12 Blue Gel 84 19200 20600 1.08

Anisole/DMSO (50 : 50) 100 1 4.5 Blue Gel 80 18300 19200 1.06

Anisole/DMSO (90 : 10) 100 1 11.5 Blue Yes 82 18800 21100 1.06

Anisole/DMSO (50 : 50) 100 2 3 Blue Gel 88 20100 20600 1.07

Anisole/DMSO (90 : 10) 100 2 5 Blue Yes 87 19900 20100 1.10

APolymerization at 308Cwith indicated light source targeting DP of 100 at full conversion ([Monomer] : [RAFT] : [initiator]¼ 100 : 1 : 0.2) and 2Mmonomer.
BYes, completely soluble and homogeneous; gel, a viscous, semi-opaque gel observed from ,15% monomer conversion.
CConversions were determined by 1H NMR spectroscopy.
DTheoretical Mn calculated using Eqn 1, where the term [A2]0�[A2]t¼ 0 (there is no added initiator).
EExperimental Mn,GPC (in polystyrene equivalents) and � values were determined by gel permeation chromatography. For details of procedures see

Supplementary Material.
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of 4-biphenyl acrylate. For further details, see Table 3 and Supplementary Material.
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Interestingly, even though photoRAFT provides a higher-
purity product (Fig. 9b), the yield ofmacroRAFT agent is higher
in the thermally initiated experiment. With thermal initiation,
the moles of dead polymer correspond to 0.5 times the moles of
chains initiated, as suggested by Eqn 2. In the case of photo-
initiation, for every mole of dead polymer formed, two moles of
macroRAFT agent are lost and onemole of by-product (assumed
to be the disulfide, (C12H25C(=S)S)2, in the kinetic model) is
formed.

Nonetheless, photoRAFT is the preferred method of synthe-
sis. To achieve highest purities, it is best not to attempt to
achieve quantitative monomer conversion through prolonged
irradiation. Moreover, the irradiation intensity should be as low

as possible, consistent with achieving an acceptable rate of
polymerization. The rate of termination, irrespective of the
initiation mechanism, is proportional to the concentration of
propagating radicals squared.

Conclusions

In this paper, we have provided two examples of the impor-
tance of initiation in dictating the outcome of RAFT
polymerization.

Emulsion eRAFT polymerization gives rapid polymerization
of styrene at ambient temperature to give low-� macroRAFTPS.
By conducting eRAFT polymerization in emulsion, electrolytes
and mediators required can be located only in the aqueous
continuousphase, separate from the precursor amphiphilicmacro-
RAFT agent and the formingmacroRAFT agent product that is in
the dispersed or particle phase. Use of the amphiphilic PDMAm-
b-PBA-trithiocarbonate allowed ‘surfactant-free’ eRAFT poly-
merization in emulsion.

Direct photoinitiated RAFT polymerization of monomers
with pendant mesogens (the example is 4-biphenyl acrylate)
provides high-purity, low-dispersity, SCLCPs essentially free
from low-molar-mass initiator-derived by-products and with
minimal termination. Shortcomings in the sensitivity of conven-
tional analysis based on GPC can be at least partially overcome
through the use of numerical simulation.

Experimental

Details of materials, syntheses, and numerical simulation are
provided in the Supplementary Material.

Supplementary Material

Experimental procedures and characterization details for elec-
trochemically initiatedRAFTpolymerization in emulsion, high-
throughput synthesis of PDMAm and PDMAm-b-PBA macro-
RAFT agents, high-throughput ‘surfactant-free’ emulsion
polymerization using PDMAm-b-PBA macroRAFT agents,
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Fig. 7. (a) Predicted GPCmolar mass distribution for macroRAFT chains (dashed lines) and dead chains (solid lines) at indicated reaction times; and

(b) predicted pseudo-first-order kinetic plot for photoRAFT polymerization. The line is a line of best fit through the data points for times,14400 s (4 h).

Data points (C) correspond to the times of the extracted molar mass distributions. Full details of kinetic model and rate parameters used are provided in

the Supplementary Material.
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photoRAFT polymerization of liquid-crystalline monomers,
and the numerical simulation of RAFT polymerization kinetics
including details of the reaction scheme implemented in
PrediciTM and the kinetic parameters used are available on
the Journal’s website.
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