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ABSTRACT: We describe the synthesis of ultrahigh molecular
weight water-soluble polymers via photoiniferter polymerization
under inverse miniemulsion conditions. The catalyst-free hetero-
geneous process is mediated using low-intensity UV irradiation
and offers rapid polymerization rates, excellent molecular weight
control, polymer end-group fidelity, temporal control, advanced
architectures, and most notably, viscosity control. We refined the
polymerization conditions by considering the nature of the
surfactant, costabilizer, and iniferter agent to achieve acrylamido
homopolymers and block copolymers of molecular weights
exceeding 1,000,000 Da at ambient temperature. This approach to well-defined ultrahigh molecular weight polymers overcomes
the complications of high viscosity to facilitate eventual scale-up.

■ INTRODUCTION

Heterogeneous polymerization systems comprise approxi-
mately one-fifth of worldwide polymer production pro-
cesses.1−3 The prevalence of heterogeneous polymerizations
arises from the advantages of viscosity control, improved heat
transfer, high polymerization rates, and the ability to produce
high molecular weight polymers.3,4 These benefits largely result
from the dispersion of insoluble monomers in stabilized
droplets within a continuous phase where polymerization
occurs in the locus of the droplets and the continuous phase
acts as a heat sink for the exothermic polymerization.
Importantly, the viscosity of the emulsion is approximately
that of the continuous phase and is not significantly affected by
the molecular weight of the growing polymer, unlike bulk and
solution polymerization systems.
Heterogeneous polymerizations exhibit unique kinetics and

rapid polymerization rates and remain an active area of
study.1,4−16 Miniemulsion polymerizations are of particular
interest due to their enhanced colloidal stability and more
uniform droplet size and composition, attributes associated
with improved control of many living polymerization
systems.9,17−20 Within miniemulsions, smaller particles of
monomers are formed initially and serve as the loci of
polymerization. Strong shearing is generally necessary to
generate the high energy interfaces of the 50−500 nm-
diameter particles.17,21 Thus, the interfaces must be stabilized
with surfactants and, often, costabilizers, which limit particle
coalescence and monomer diffusion between droplets.21 This
approach has allowed miniemulsion monomer droplets to
serve as nanoreactors for reversible-deactivation radical

polymerization (RDRP), e.g., reversible addition−fragmenta-
tion chain-transfer (RAFT) polymerization, atom transfer
radical polymerization (ATRP), and nitroxide-mediated
polymerization (NMP), among others.9,17,22−27 Of note, the
enhanced polymerization rate and limited termination within
these nanoreactors facilitate the formation of controlled
ultrahigh molecular weight polymers,20,28 which remains a
challenge and focus for synthetic polymer chemists.29−38,64

Photoiniferter polymerization is an additional RDRP
technique that we have employed to synthesize well-controlled
ultrahigh molecular weight (UHMW) polymers exceeding
1,000,000 Da.30,31 Specific reagents that can serve as initiators,
transfer agents, and terminators have been coined iniferters
and were initially explored for the synthesis of controlled
polymers by Otsu in the early 1980s.39,40 Thiocarbonylthio
photoiniferters of the basic structure ZC(�S)SR undergo
homolytic bond photolysis upon irradiation with visible or UV
light to generate two radicals: one that can initiate polymer-
ization (R•) and another that serves as a stable radical capable
of reversible termination (Z(C�S)S•) to yield thiocarbo-
nylthio end groups that permit degenerative chain transfer
(Scheme 1).41−47 These polymerizations require no exogenous
initiator beyond the photoiniferter. Temporal control is also
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imparted to these systems with the simple tuning of light
intensity.
Evidence suggests that both reversible termination and

degenerative transfer processes are important for control
during photoiniferter polymerization, where the predominant
mechanism varies based on the structure of the iniferter.31,48,49

Judicious choice of conditions (i.e., high kp monomers,
appropriate solvents, high monomer concentration, high
viscosity, and no exogenous initiator) allows an unprecedented
opportunity to increase the ratio of the rate of polymerization
(Rp) to the rate of termination (Rt) to favor the formation of
ultrahigh molecular weight species.30,31,37,50,51 In particular,
high viscosity, which is a consequence of the synthesis of the
ultrahigh molecular weight polymers, helps suppress the rate of
diffusion-controlled bimolecular reactions such as termination,
and has been shown to be an important factor when targeting
well-defined polymers of ultrahigh molecular weights (105−107

Da). Unfortunately, the extremely high viscosities that enable
access to such chain lengths may limit the eventual scale-up of
such an approach. Photoiniferter polymerization has seen very
limited exploration in (mini)emulsion systems,25,52−55 but
given the benefits of the latter, where high viscosity is limited
to the nanoscale reaction particles, we reasoned that such an
approach may have significant potential for the scalable
synthesis of ultrahigh molecular weight polymers.
Here, we present the use of photoiniferter polymerization

for the formation of well-controlled UHMW polymers under
inverse miniemulsion conditions. The use of a heterogeneous
system limits the viscosity of the overall mixture while
simultaneously helping mitigate the polymerization exotherm.
Translation of photoiniferter polymerization into a mini-
emulsion system serves as a significant step toward making this
approach to UHMW polymers scalable and more industrially
relevant, potentially facilitating their utility in a number of
fields, including the production of flocculants, coacervates,
protein mimetics, photonic materials, and elasto-
mers.35,37,46,56−58

■ RESULTS AND DISCUSSION

Initially, we sought to explore the effect of various experimental
conditions for the synthesis of UHMW (>106 Da) poly(N,N-
dimethylacrylamide) (PDMA) using photoiniferter polymer-
ization under inverse miniemulsion conditions at ambient
temperature (Figure 1). We selected reaction components that
had low UV cutoffs to limit absorption and maximize the
photolysis kinetics of the iniferter. Moreover, it was critical to
select a thiocarbonylthio iniferter with suitable water solubility

and reactivity to remain within the aqueous phase to effectively
mediate polymerization. We also sought to identify surfactants
and costabilizers that would afford stable particles on the order
of ∼150 nm in diameter, which allowed access to UHMW
polymers with controlled chain lengths and dispersities, chain-
end fidelity, and the on/off temporal control associated with
photopolymerization.
Our initial goal was the formation of a miniemulsion with

stable aqueous droplets dispersed in a continuous organic
phase that would serve as nanoreactors for the polymerization
of N,N-dimethylacrylamide (DMA). Cyclohexane was chosen
as the continuous organic phase due to its immiscibility with
water and low UV absorbance. The dispersed phase consisted
of phosphate buffer (PB, pH = 8) , DMA, 2-
(ethylthiocarbonothioylthio)propanoic acid (iniferter 1), and
the internal standard N,N-dimethylformamide (DMF) to allow
determination of monomer conversion via 1H NMR spectros-
copy. Initially, a [DMA]:[iniferter] ratio of 10,000:1 was
chosen, where [DMA] = 5 M within the aqueous phase, to
target well-defined polymers of ∼1,000,000 Da (Figure 1A and
Figures S1 and S2). The miniemulsions were formed by
sonicating the reaction components for 15 min.

Scheme 1. (A) Photolytic Bond Cleavage of a Generic Photoiniferter (ZC(�S)SR) and (B) Photoiniferter Polymerization of
N,N-Dimethylacrylamide (DMA) using 2-(Ethylthiocarbonothioylthio)propanoic Acid (iniferter 1) to Produce Poly(N,N-
dimethylacrylamide) (PDMA)

Figure 1. (A) Photoiniferter polymerization scheme of DMA using
iniferter 1 under inverse miniemulsion conditions. (B) Representation
of the inverse miniemulsion polymerization components.
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Sorbitan monostearate (Span 60) was employed as the
surfactant for droplet size and stability studies, as it is a
common surfactant for traditional oil-in-water emulsions. Span
60 possesses a large 17-carbon hydrophobic tail coupled to a
small hydrophilic sorbitan head and contains no unsaturated
bonds or UV chromophores that might otherwise interfere
with the polymerization. Surfactant loadings of 5, 7.5, 10, 12.5,
and 15 wt % (relative to the dispersed phase) were tested for
particle size and stability over 18 h of UV irradiation (Table
S1). The particle size was monitored by dynamic light
scattering (DLS), revealing particles with diameters of 120−

140 nm across the surfactant loading range. However,
significant macroscopic precipitation occurred during polymer-
ization at the lower concentrations of 5 and 7.5 wt % surfactant
loadings (Figure S3). Very minor precipitation was visible with
10 and 12.5 wt % surfactant loadings, and there was no
significant precipitation with a surfactant load of 15 wt %
(Figure S3). Span 60 was also blended with another surfactant,
Tween 60, in an attempt to improve the particle stability
(Table S2). However, the addition of Tween 60, which has a
larger hydrophilic component, resulted in decreased particle
stability as evidenced by an initial increase in size by DLS and
eventual macroscopic phase separation. Sodium chloride was
also introduced to the system as a costabilizer to limit particle
destabilization via Ostwald ripening (Table S3).21 NaCl was
observed to enhance the stability of the particles as seen
through decreased droplet dispersity via DLS early in the
polymerization. A sample polymerization with the optimized
salt and surfactant equivalents are shown in Table 1.

As seen in Figure 2A, the unreacted emulsion was optically
clear after sonication (Figure 2A). Mixture clarity is dependent
on the nanoscale droplet size in the system (Figure 2B−D),
limited solid content, and similar refractive indices of
cyclohexane and the 5 M DMA dispersed phase.1,59 Reducing
the dispersed phase DMA concentration from 5 to 2 M
resulted in an opaque mixture despite a small droplet size and
identical mass ratio of the dispersed phase to the continuous
phase (Figure S4). The 2 M polymerization still proceeded
readily. Particle destabilization was observed at monomer
concentrations above 5 M.
The particle size of the inverse miniemulsion system was

investigated using transmission electron microscopy (TEM)
(Figure 2C,D, Scheme S1, and Figures S5 and S6). To ensure
particle stability during drop casting and imaging, the
crosslinker N-methylenebisacrylamide (MBA) was included
in a model polymerization at a concentration of 8 mol %
relative to DMA. The crosslinker resulted in stable polymer
particles amenable to TEM sample preparation. The number-
average diameter (dN) determined by TEM was 78 nm, which
was in relatively good agreement with the dN determined by
DLS of 85 nm.
Ultrahigh molecular weight polymers of ∼1,000,000 Da

could be synthesized using iniferter 1 under the optimized
inverse miniemulsion conditions (Figure 3A, Table S4, and
Figure S7). Size exclusion chromatography (SEC) data
suggested that the synthesis of higher molecular weight
polymers was more challenging, potentially attributed to
chain transfer reactions, presumably with a surfactant (Table
S5 and Figure S8). Notably, a polymer with a molecular weight
of 1,210,000 Da was accessible by reducing the temperature
from 30 to 10 °C, an observation potentially consistent with
the occurrence of chain transfer. For all polymerizations, the
global viscosity of the system remained low, and the mixtures
were easily stirred with a magnetic stir bar (Figure 3B). As a
comparison, the homogeneous aqueous polymerization of
DMA in PB (pH 8), with conditions mimicking the dispersed
phase of the miniemulsion, produced a high-viscosity solution
due to the high concentration of the UHMW PDMA (Figure
3C).
To gain further insight into the controlled nature of this

heterogeneous polymerization approach, polymerizations
mediated with iniferter 1 were investigated in more detail
(Figure 4). For a polymerization targeting a molecular weight

Table 1. Conditions for Optimized Inverse Miniemulsion
Polymerization of DMA at 30 °C and 1000 RPM Stir Rate

phase
reaction

component
molar

equivalents
weight
percenta mass (mg)

dispersed
(aqueous)

DMA 10,000 500

iniferter 1 0.106

PB (pH 8) 500

NaCl 6 60

DMF 106

surfactant Span 60 15 150

continuous
(organic)

cyclohexane 10,000

aWeight percent with respect to the total mass of the monomer and
water in the dispersed phase.

Figure 2. (A) Photo of an emulsion formulated as described in Table 1 taken after sonication and prior to polymerization. (B) DLS size
distributions showing the number-average (dN), intensity-average (dI), and z-average (dz) hydrodynamic diameters of the particles after
polymerization in the presence of MBA as a crosslinker. (C) Size distribution of crosslinked PDMA particles (n = 133) from TEM images. (D)
TEM image of PDMA particles with an MBA crosslinker.
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of 1,000,000 Da at complete conversion, the experimental
number-average molecular weight increased as a function of
conversion and the dispersity remained reasonable (Đ < 1.4)
throughout the polymerization (Figure 4A,B). Additionally,
the linear pseudo-first-order kinetic plot indicated that the
radical concentration remained constant up to high monomer
conversion (Figure 4C). DLS analysis revealed that the particle
diameter did not change appreciably during the polymerization
(Figure 4D), as expected for miniemulsion systems, although a
slight (and reversible) increase in particle size was consistently
observed at lower conversions.

Photoiniferter polymerizations are controlled by a combi-
nation of reversible termination and degenerative chain
transfer,31,48,49 and consideration must be given when selecting
an iniferter for a given set of polymerization conditions.
Accordingly, we explored other iniferters to determine the
effect on polymerization control under inverse miniemulsion
conditions (Figure 5A,B and Figures S11−S15). For an
iniferter to effectively initiate and mediate polymerization in
an aqueous medium, it must be stable to hydrolysis and have
water solubility sufficient for effective partitioning into the
locus of polymerization, i.e., the water- and monomer-
containing droplet.17,60,61

Figure 3. (A) SEC traces of PDMA prepared by inverse miniemulsion photoiniferter polymerization with molecular weights ranging from 119,000
to 1,210,000 Da. The polymer reaching a molecular weight of 1,210,000 Da (red trace) was accessible by reducing the polymerization temperature
to 10 °C. (B) Photo of a postpolymerization DMA miniemulsion system in a 10 mL Schlenk flask. Upon inversion, the mixture readily flows. (C)
Photo of a postpolymerization DMA polymerization in homogeneous aqueous media (5 M DMA in PB) in a 10 mL Schlenk flask. Upon inversion,
the high-viscosity solution flows very slowly.

Figure 4. (A) SEC traces of DMA polymerization mediated by iniferter 1 with conditions as listed in Table 1, showing a shift to lower elution times
with increased polymerization time. (B) Experimental and theoretical number-average molecular weight (Mn) and molar mass dispersity as a
function of monomer conversion. (C) Linear pseudo-first-order kinetic plot indicating a constant radical flux in the system. (D) Particle diameter
(dz) plotted as a function of polymerization time.
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The hydrolytic stability of iniferters 1−4 (Figure 5A) was
monitored using UV−vis spectroscopy, as the hydrolysis of the
trithiocarbonate would have deleterious effects on polymer-
ization control (Figure S16).17,62,63 The UV absorption spectra
and molar extinction coefficients were determined for each
iniferter in PB (Figure S15). Iniferters 1−4 were dissolved in
PB and monitored by UV−vis spectroscopy for 18 h, during
which time there was no change in the UV absorbance of
iniferters 1, 2, or 4; however, iniferter 3 demonstrated a slight
decrease in absorbance, which could result from hydrolysis
(Figure S16).62,63 The partitioning behavior of the iniferters in
water/cyclohexane mixtures was monitored by UV−vis
spectroscopy (Figure 5C,D and Figures S17 and S18). The
UV absorbances of iniferters 1−4 in PB were measured before
and after the introduction of cyclohexane at concentrations
relevant to polymerization conditions. In the absence of UV
irradiation (mimicking the polymerization system prior to

initiation), the UV absorbance of the iniferters did not change
appreciably upon addition and mixing with cyclohexane. These
results suggest that the iniferters favorably partition in the
aqueous phase (Figure 5C and Figure S17). When the biphasic
reaction mixtures were subjected to UV irradiation (mimicking
the polymerization system upon initiation), all iniferters
showed a decrease in absorbance intensity within the aqueous
phase, indicating either loss of the intact iniferter or a
reduction in the concentration of the thiocarbonylthio
fragment of the iniferter after homolytic bond cleavage (Figure
5D and Figure S18). Interestingly, iniferters 2 and 3 exhibited
slightly smaller decreases in absorbance intensity under UV
irradiation, likely due to their carboxylate-containing Z groups,
which could suggest that sulfur-centered thiocarbonylthiyl
radicals with polar substituents are more likely to remain
within the aqueous locus of polymerization after C−S bond
cleavage by photolysis.

Figure 5. (A) Structures of iniferters 1−4. (B) UV−vis absorbance spectra and λmax absorbance of iniferters 1−4. (C) Change in the UV
absorbance of iniferters 1−4 in PB before and after the addition of cyclohexane without UV light. (D) Change in the UV absorbance of iniferters
1−4 in PB after UV irradiation. (E) Pseudo-first-order kinetic plots and (F) Experimental molecular weight (Mn) plotted as a function of monomer
conversion for polymerizations carried out using iniferters 1−4.
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The rate of the photoiniferter polymerizations was
predominately dictated by the nature of the light-absorbing
thiocarbonylthio moiety within the photoiniferter, namely, the
trithiocarbonate (1−3) or the xanthate (4) (Figure 5E). The
water-soluble trithiocarbonates 1−3 resulted in polymer-
izations with similar rates (Figure 5E) and allowed the
synthesis of ultrahigh molecular weight polymers in a
controlled manner (Figures 4 and 5F and Figures S19 and
S20), as evidenced by the number-average molecular weight of
the polymers increasing linearly with monomer conversion and
relatively narrow molecular weight distributions being
observed via SEC. Iniferter 3, which contains carboxyl groups
on both its R and Z groups that enhance solubility in the
aqueous phase, resulted in the best combination of polymer-
ization control and access to molecular weights in the range of
106 Da (Table 2). The enhanced solubility of the

thiocarbonylthio Z group of iniferter 3 in the locus of the
polymerization potentially helped limit loss to the organic
phase of the thiocarbonylthiyl radicals that result from
photolysis. Nevertheless, polymerization control was dimin-
ished when targeting Mn values greater than 2 × 106 Da. Given
that we have previously observed trithiocarbonates of this type
to provide access to PDMA with Mn approaching 5 × 106 Da
when conducted in homogeneous aqueous media, this
observation may again suggest complications such as reduced
chain-end fidelity arising from chain transfer to the surfactant
(Figure S9), although carrying out the polymerizations at a
reduced temperature of 10 °C did not result in significantly
improved control in this case.
Iniferter 4, a hydrophilic xanthate, failed to allow controlled

polymerization, as evidenced by an unchanged Mn with
increasing conversion (Figure 5F and Figure S21). Xanthates

Table 2. Inverse Miniemulsion Photoiniferter Polymerizations Conducted with Iniferter 3h

target MW (Da) [DMA]:[iniferter] tempa (°C) conv.b (%) Mn,theo
c (Da) Mn,exp

d (Da) Đe dz,prior
f (nm)/PDI dz,after

g (nm)/PDI

1,000,000 10,000:1 30 93 918,000 1,030,000 1.23 130/0.10 150/0.08

2,000,000 20,000:1 30 >95 1,980,000 1,250,000 1.36 148/0.06 135/0.12

5,000,000 50,000:1 30 >95 4,960,000 1,550,000 1.35 125/0.16 119/1.15

10,000,000 100,000:1 30 >95 9,910,000 1,920,000 1.24 148/0.09 131/0.10

1,000,000 10,000:1 10 >95 992,000 1,290,000 1.32 152/0.10 130/0.13

2,000,000 20,000:1 10 >95 1,980,000 1,400,000 1.33 142/0.08 141/0.11

5,000,000 50,000:1 10 >95 4,960,000 1,720,000 1.22 146/0.11 124/0.12

10,000,000 100,000:1 10 >95 9,910,000 1,862,000 1.26 133/0.09 142/0.08
aPolymerization temperature. bMonomer conversion determined by 1H NMR spectroscopy. cTheoretical number-average molecular weight.
dExperimental number-average molecular weight determined by SEC. eFinal polymer chain dispersity. fHydrodynamic diameter of the inverse
miniemulsion particles prior to polymerization, as determined by DLS. gHydrodynamic diameter of the inverse miniemulsion particles after
polymerization, as determined by DLS. hAll polymerizations were conducted for 12 h.

Figure 6. (A) SEC traces of PDMA and PDMA-b-PNMO mediated by iniferter 3 under the conditions indicated in Table 1. PDMA prepared by
inverse miniemulsion polymerization (Mn,exp = 808,000 Da, Mn,theo = 880,000 Da, and Đ = 1.44) was chain-extended with NMO to a final
conversion of ∼99% in 4 h (Mn,exp = 2,080,000, Mn,theo = 2,480,000, and Đ = 1.29). (B) Z-average particle diameters (dz) before the initial
polymerization, after DMA polymerization, after the NMO/PB solution was added to the PDMA miniemulsion, and after PDMA-b-PNMO
synthesis.
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undergo rapid photoexcitation and photolysis, and previous
work has shown that they can be used as an iniferter to
efficiently form UHMW polymers in a controlled manner.31

However, xanthates have a relatively low chain transfer
constant to PDMA, suggesting that reversible termination
plays a more significant role in deactivation than when DMA
polymerizations are mediated with a trithiocarbonate in-
iferter.31,48 The loss of control in miniemulsion conditions
may suggest that partitioning of the thiocarbonylthiyl radical of
iniferter 4 into the organic phase may compromise the
effectiveness of reversible termination.
The inverse miniemulsion polymerizations of DMA

mediated with trithiocarbonate iniferters 1 and 3 were well
controlled, as evidenced by the polymerization kinetics
(Figures 4 and 5), and were expected to produce polymers
with reasonable end-group fidelity despite the possibility of
chain transfer. To verify chain-end retention during the inverse
miniemulsion conditions, PDMA prepared with iniferters 1
and 3 was chain-extended in situ with additional DMA or 4-
acryloyl morpholine (NMO) to synthesize a second block with
a target molecular weight of 1,000,000 Da (Figure 6 and
Figures S22−S24). These block copolymerizations were
carried out in a one-pot manner, wherein a solution of the
second monomer in PB was added to the system when the
initial PDMA homopolymer synthesis had reached ∼85+%
monomer conversion. DLS indicated that the polymer particles
swelled with the addition of the solvent and monomer. SEC
traces of the original PDMA cleanly shifted to higher molecular
weights during the addition of the second block, suggesting
good chain-end retention.

Finally, we illustrate the scale-up potential using similar
inverse miniemulsion polymerization conditions, targeting 5 g
of PDMA (Table S6 and Figure S25), and we demonstrate that
the temporal control typical of photopolymerizations was
imparted to this inverse miniemulsion polymerization system
(Figure 7). Photoexcitation of the iniferter and radical
formation only occurred when the light source was on. For
the polymerization of DMA mediated by iniferter 1 under the
conditions described in Table 1, little to no monomer
conversion was observed when the light was off, and the
molecular weight increased only with increasing conversion
during irradiation (Figure 7A,C). Throughout the on−off light
cycles, the particle size was constant, suggesting that the
polymerization particles remained stable over 16 h in the dark
(Figure 7D).

■ CONCLUSIONS

The inverse miniemulsion system we designed serves as a
model for the synthesis of well-controlled UHMW PDMA by
photoiniferter polymerization. The influence of reaction
parameters such as surfactant loading, salt concentration, and
iniferter identity all played important roles in controlling the
droplet size and enhancing molecular weight control. The
appropriate choice of miniemulsion components enabled the
rapid synthesis of PDMA with a molecular weight exceeding
1,000,000 Da in a mixture, which maintained a low viscosity.
UHMW polymers retained a reasonable degree of chain-end
fidelity evidenced by in situ chain extension that generated
UHMW block copolymers without intermediate purification.

Figure 7. Temporal control studies of DMA polymerization using iniferter 1 under the inverse miniemulsion conditions of Table 1. (A) Pseudo-
first-order kinetic plot and monomer conversion with time during on−off light cycles. (B) SEC traces showing that the molecular weight increases
with increasing monomer conversion. (C) Experimental molecular weight and dispersity plotted as a function of monomer conversion. Mn,exp

increases linearly with monomer conversion, and dispersities remain reasonable throughout the polymerization. (D) Particle size plotted as a
function of polymerization time throughout the on−off light cycles.
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Overall, the use of photoiniferter polymerization in a
miniemulsion system is an important step to scalable
production of UHMW materials with controlled molecular
weight, chain-end retention, and complex architectures.
Ongoing work in our lab is focused on increasing the range
of molecular weights that can be accessed by this approach.
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