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ABSTRACT The emulsion photopolymerization under visible-light of acrylate and methacrylate 

monomers is reported. We previously introduced a NHC-borane-based system that was efficient 

for the emulsion photopolymerization of styrene (Acridine Orange (AO)/disulfide/NHC-borane). 

This system relies on the disulfide photoreduction from the excited AO, followed by H-atom 

abstraction from the NHC-Borane by the thiyl radical generated from the disulfide, eventually 

forming initiating NHC-Boryl radicals. For the photopolymerization of (meth)acrylates, the 

Boron-based photoinitiating system was simplified, as under LED illumination the water-soluble 

disulfide alone is able to generate thiyl radicals that could initiate the polymerizations. With this 

disulfide/blue light system, MMA efficiently polymerized in emulsion, with solids contents up to 

40%. The simplified system led to smaller particles than the full photo-initiating Boron-based 

system, but the latter gave slightly better particle size distributions. Compared to styrene, the 

particle sizes attained for MMA were generally smaller. The disulfide photo-initiator gives 

access to a wide range of poly(meth)acrylic latexes, but it does not initiate the 

photopolymerization of styrene. We suggest that the propagation rate prevails on monomer 

solubility in the case of (meth)acrylates, which explains the efficiency of the 

R1

O

OR2

S
S

O2C

CO2

S

O2C

0

20

40

60

80

100

0 6 12 18 24

C
o

n
v

e
rs

io
n

 (
%

)

Time (h)

OFF OFF OFF OFF

Pn
•



 3 

photopolymerization with a much weaker initiating system. The method can also lead to the 

production of random copolymer latexes, such as P(MMA-co-St) as well as the film-forming 

P(MMA-co-BA). That the disulfide is able to lead to the former further supports the predominant 

role of the propagation rate on the polymerization. Finally, the polymerization allows for 

temporal control. It proceeds under light, and stops in the dark. 

 

Introduction 

Photopolymerization in dispersed media
1
 is gaining increasing attention because it offers the 

advantages related to the use of dispersed media – use of a safe and green solvent when water is 

involved; high molar mass polymers; final products obtained as fluid latexes even for high solids 

contents –,
2
 while at the same time benefitting from an external handle over the reactivity.

3, 4
 

However, because light, especially the shorter waves UV required for photoinitiations, is 

scattered by larger objects and because most of the existing photo-initiators (PIs) are lipophilic, 

mostly photopolymerizations in mini-
5-12

 or micro
13-17

 emulsions had until recently been 

considered. 

However, emulsion polymerizations require that the initiation step takes place in the continuous 

aqueous phase, in the presence of micrometric monomer reservoir droplets. This has severely 

limited progress in emulsion photopolymerizations, particularly so because UVs are scattered in 

the medium.
1
 Recent progress has been made possible by the use of visible light, which 

penetrates better, and the introduction of water-soluble photo-initiating systems (PISs).
18, 19 , 20 , 21, 

22
 In our initial contribution we introduced a Boron-based co-initiator that could be activated 

upon H transfer to a photogenerated thiyl radical. This allowed us to produce polymer particles 
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with maximum diameter of 300 nm.
18

 We now report the extension of our process to methyl 

methacrylate (MMA) and other (meth)acrylic monomer compositions. We show that 

(meth)acrylates are compatible with a simplified Sulfur-based PIS. Mechanistic investigations 

have been carried out to explain this behavior. 

Materials and Methods 

Materials 

4-mercaptobenzylacetic acid (97%), potassium bis(trimethylsilylamide) (95%), 1,2,4-triazole 

(98%), methyl iodide (99.5%), dimethyl sulfoxide (DMSO, 99%), tetrahydrofuran (99.5% over 

molecular sieves), acridine orange (AO, 75%), styrene (99%), methyl methacrylate (MMA, 

99%), n-butyl acrylate (BA, 99%), 2-ethylhexyl methacrylate (EHMA, 98%), n-butyl 

methacrylate (BMA, 99%), sodium dodecyl sulfate (SDS, 99%) and sodium carbonate (99%) 

were purchased from Sigma-Aldrich and used as received. Triazolylidene borane 1 was prepared 

according to the literature (see Figure 1).
23

 Pentane (99%, Aldrich) and dichloromethane (DCM, 

99%, Aldrich) were purified with a SPS800 MBraun and degassed prior to use. Chloroform-d 

and dimethyl sulfoxide-d6 were purchased from Sigma-Aldrich. Deionized water (PureLab 

Classic UV, Elga Lab Water) was used for latex synthesis. Thin layer chromatography (TLC) 

was performed on Merck 60 F254 silica gel, and Merck Gerduran SI 60 A silica gel (35-70 mm) 

was used for column chromatography. The LED ribbon used was purchased from LED’s Go 

(Ref RUB_THP_250_NW_BN). 

Methods 
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Synthesis of 2,2'-(disulfanediylbis(4,1-phenylene))diacetic acid (2). 4-mercaptobenzylacetic acid 

(1.1 g) was introduced in a two-neck flask connected to a bleach trap, closed with a septum and 

flushed with argon. DMSO (3.5 g) was added and the reaction mixture was stirred under argon 

for 2 days. Excess solvents and byproducts (Me2S and H2O) were removed under reduced 

pressure giving a yellow oil. DCM (10 mL) was then added together with water (20 mL), and the 

dispersion obtained was stirred vigorously. The precipitate was filtered, washed with water 

(2 x 10 mL) and dried at 70 °C to afford 2 (see Figure 1). Yield: 85%. 
1
H NMR (300 MHz, 

DMSO-d6):  (ppm) = 7.46 (d, 4H, arom.), 7.26 (d, 4H, arom.), 3.55 (s, 4H, CH2). 
13

C NMR 

(75.4 MHz, DMSO-d6):  (ppm) = 172.9 (C=O), 135.2 (C arom.), 134.4 (C arom.), 131.0 (CH 

arom.), 127.9 (CH arom.), 39.0 (CH2). HRMS calc. 357.0231 ([M+Na]
+
), found 357.0225. 

General procedure for the emulsion polymerizations. The emulsion polymerization reactions 

were conducted in a 250 mL double wall reactor mounted with a mechanical stirrer equipped 

with a glass anchor. The LED ribbon was coiled around the reactor. The emission spectrum was 

measured in our labs (Figure S1). 

In a typical procedure using the “full photoinitiator” system, acridine orange (75% pure, 8.8 mg, 

2.5 x 10
–5 

mol) was dissolved in 25 mL of monomer. Then 1 mL of this solution was added to 

monomer to get 25 g of the dispersed phase. The continuous phase was composed of 100 mL of 

water, SDS, triazolylidene borane 1, disulfide 2 and sodium carbonate. Both solutions were 

degassed by nitrogen bubbling prior to their transfer with a cannula to the reactor previously 

purged with nitrogen. The solution was then stirred 5 min in order to form an emulsion, then 

light was switched on, setting the time zero of the reaction. All the experiments performed with 

the full PIS are gathered in Table 1. 
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In a typical procedure using the “disulfide 2 photoinitiator” system, a solution of 25 g of 

monomer was degassed to obtain the dispersed phase. The continuous phase was composed of 

100 mL of water, SDS, disulfide 2 and sodium carbonate. Both solutions were degassed by 

nitrogen bubbling prior to their transfer with a cannula to the reactor previously purged with 

nitrogen. The solution was then stirred 5 min in order to form an emulsion, then light was 

switched on, setting the time zero of the reaction. All the experiments performed with the 

disulfide 2 only are gathered in Table 2. 

When KPS was used as an initiator, it was dissolved in the continuous phase composed of 100 

mL of water containing SDS. The dispersed phase was composed of MMA. Both solutions were 

degassed by nitrogen bubbling prior to their transfer with a cannula to the reactor previously 

purged with nitrogen and heated to 70 °C. The complete addition set the time zero of the 

reaction. 

Samples were periodically withdrawn from the reactor to determine the particle size by DLS and 

the monomer conversion by gravimetric analysis according to the formula: 

             
     
  

     
        

  
     

    
        

    

      
     

where m0 is the initial mass of monomer (g); mt the reacted mass of monomer at time t (g); mdry 

is the mass of dry aliquot (g); maliquot is the mass of aliquot (g); NV the non-volatile content apart 

polymer (i.e. initiating system and surfactant); solid the theoretical solids content at 100% 

conversion (initial mass of monomer/overall system mass). 

Characterization techniques 
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• Nuclear magnetic resonance (NMR). NMR spectra were recorded on a Bruker DRX300. 

Chloroform ( = 7.26 ppm) and dimethyl sulfoxide ( = 2.50 ppm) were used as internal 

standards for 
1
H and 

13
C NMR. 

11
B chemicals shifts are relative to Et2O•BF3 (0 ppm). 

• Dynamic light scattering (DLS). DLS was used to measure the particle size (average 

hydrodynamic diameter, Zav) and the dispersity of the samples (PdI) at 25 °C using a Zetasizer 

Nano Series (Nano ZS) from Malvern Instruments. Before measurements, the latex was diluted 

with water. The data were collected at 173° scattering angle using the fully automatic mode of 

the Zetasizer system. 

• (Cryo-)transmission electron microscopy ((Cryo-)TEM). The polymer particles were imaged at 

the Centre Technologique des Microstructures (CTμ), platform of Université Claude Bernard 

Lyon 1. For TEM, a drop of the diluted latex was deposited on a carbon/Formvar
®

-coated copper 

grid, and the water was allowed to evaporate. The analysis was carried out at room temperature 

with a Philips CM120 microscope operating at an accelerating voltage of 80 kV. Cryo-TEM 

observations were carried out for some samples to prevent deformation/degradation of the 

particles at room temperature. Thin liquid films of the suspensions were formed on holey carbon 

films (Quantifoil R2/1) and quench-frozen in liquid ethane. The specimens were observed at low 

temperature (–170 °C) with a Philips CM120 microscope operating at 120 kV, under low dose 

conditions. The number-average (Dn) and the weight-average (Dw) diameters, and the diameter 

dispersity (Dw/Dn) of the polymer particles were determined directly on the (cryo)TEM 

micrographs according to    
     

   
 and    

     
 

     
 , where    is the number of particles with 

diameter   . A minimum of 200 particles was counted for each batch. 
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• Laser flash photolysis (LFP). LFP nanosecond experiments were carried out at Institut de 

Science des Matériaux de Mulhouse (IS2M), using a Q-switched nanosecond Nd/YAG laser 

(λexc = 355 nm, 9 ns pulses; energy reduced down to 10 mJ) from Continuum (Minilite) and an 

analyzing system consisting of a ceramic xenon lamp, a monochromator, a fast photomultiplier 

and a transient digitizer (Luzchem LFP 212). This set-up has already been presented in detail 

elsewhere.
24

 

 

Results and Discussion 

As a follow-up to our previous work on visible light styrene emulsion photopolymerization,
18

 we 

used our three-component system to investigate the MMA homo-photopolymerization in 

emulsion. The PIS (also referred as "full system") is a three-component system that includes 

acridine orange (AO) as sacrificial photo-single electron transfer reagent, the water-soluble 

triazolylidene-borane 1,
23

 and aryl disulfide 2 (Figure 1). Aryl disulfide 2 has a pKa = 3.8 and is 

therefore negatively charged and water-soluble under the reaction conditions (pH ~ 8). Its 

reaction with AO generates a thiyl radical that can abstract a H atom from 1. The resulting N-

heterocyclic carbene (NHC)-Boryl radical 1• is the initiating radical. In a typical polymerization 

(Entry 1, Table 1), a solution of AO and MMA was added to the aqueous phase containing NHC-

borane 1, disulfide 2 and sodium dodecyl sulfate (SDS, at its critical micelle concentration, 8 

mM) and the resulting mixture was stirred via a stirring anchor. AO was initially solubilized in 

the monomer to prevent any premature activation of the disulfide. While soluble in both solvents, 

AO prefers water and will partition accordingly,
18

 thus leading to initiation in the water phase, as 

customary for emulsion polymerizations. 
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Figure 1. Formation of Boron-centered radicals in water via visible light irradiation (blue in that 

case). The three-component system is a PIS for emulsion photopolymerization under blue light. 

 

Complete conversion was achieved after 4 h of irradiation (Table 1, Entry 1 and Figure 2, orange 

curve). No coagulum was observed and the latex obtained was highly stable. When compared to 

what was observed with styrene, the photopolymerization rate was higher with MMA under 

identical reaction conditions (Figure S2). The average particle size measured by dynamic light 

scattering (DLS) was 90 nm with a PdI of 0.09. Cryo-transmission electron microscopy (cryo-

TEM) analysis showed however that the particle size distribution was large (Dw/Dn = 1.37), with 

a significantly smaller number-average diameter (Dn) of 54 nm compared to DLS (Figure 2, left). 

A similar size difference between DLS and TEM analyses was observed in our previous work 

and was attributed to the large particle size distribution (PSD). Indeed, in a polydisperse sample, 

DLS is biased toward larger objects at the expense of smaller ones. 

 

Table 1. Visible-light Emulsion Photopolymerizations of MMA with the NHC-Borane based 

PIS. 

Entry
a
 [SDS] 

(x CMC) 

Time (h) Conv. 

(%) 

Dh 

(nm)
b
 

PdI
b
 Np 

(10
17

 cm
-3

)
b
 

Dn 

(nm)
c
 

Dw/Dn
c
 Np 

(10
17

 cm
-3

)
c
 

1 1 4 100 90 0.09 4.9 54 1.37 20.5 
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2 0.25 7.5 89 154 0.05 0.8 128 1.17 1.5 

3 0.5 5 100 110 0.06 2 66 1.45 11.5 

4 1.5 2.5 100 72 0.1 8 34 1.50 81 

5 2 2.25 100 60 0.08 15 35 1.37 74 

6
d
 2 2.25 100 74 0.12 10 30 1.62 159 

7
e
 2 3 100 86 0.07 8 59 1.49 79 

8
f
 0.75 0.2 100 89 0.01 5 76 1.35 7 

9
f
 1 0.2 100 80 0.01 6 72 1.09 8 

10
f
 2 0.2 100 106 0.2 0.3 64 1.05  12 

11
g
 1 5.5 94 117 0.1 2 30 2.62 110 

12
h
 1 1.75 100 71 0.1 9 36 1.59 67 

13
i
 1 1.5 100 114 0.03 2 86 1.14 5 

14
j
 1 18 5.5 - - - - - - 

a
 Conditions: a solution of AO (10

–5
 M, 1 mol% with regard to 1) and MMA was added to the 

aqueous phase containing the surfactant (SDS), 1 ([1] = 10
–3

 M), 2 (5 x 10
–4

 M, 50 mol% with 

regard to 1), and sodium carbonate (10
–3

 M). Unless otherwise specified, the solids content was 

fixed at 20%; 
b
 Hydrodynamic diameter, polydispersity index and number of particles 

determined by DLS; 
c
 Number-average diameter, size dispersity and number of particles 

determined by TEM; 
d
 Solids content was 26%; 

e 
Solids content was 31%; 

f
 Thermal initiation 

([KPS] = 4.6 x 10
–3

 M); 
g
 Same conditions as entry 1 except without AO; 

h
 Same conditions as 

entry 1 except without NHC-borane; 
i
 Same conditions as entry 1 except without NHC-borane 

and without AO; 
j
 Same conditions as entry 1 except without disulfide. 
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Figure 2. Cryo-TEM images and particle size distributions of the latexes obtained in the 

conditions described in Table 1, entries 1 (full system, left) and 13 (disulfide only, right). 

 

A gradual increase of the surfactant concentration led to a decrease of Dn from 128 nm at 

0.25 CMC to 35 nm at 2 CMC (Entries 2-5). The polymerizations were gradually faster (from 

7.25 h to 2.75 h to reach full conversion, see Figure 3). A narrower particle size distribution was 

obtained below the CMC (Dw/Dn = 1.17 at 0.25 CMC, entry 2). Above the CMC the PSD was 

broader (Dw/Dn = 1.37 at 2 CMC, entry 5). However, the fact that the PSD remained broad below 

the CMC is in contrast to what was observed for styrene.
18

 The second noticeable difference is 
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that the particle sizes of PMMA were also much smaller than those of PS at the same surfactant 

concentration.  

MMA is a more hydrophilic monomer than styrene (solubility in water 15 g L
-1 25

 vs 0.45 g L
-1

 
26

 

at 50 °C, respectively). This likely leads to the nucleation of more particles, since the initiation 

takes place in water. The higher polymerization rate observed for MMA therefore fits with the 

smaller particle size, and the higher number of particles (Np = 20 x 10
17

 cm
-3

 vs 2 x 10
17

 for 

polystyrene at 1 CMC), although care should be taken when considering this last number 

because of the large PSD. Both monomers led to broad PSDs above CMC, but the average 

particle size (either from DLS or cryo-TEM analysis) was smaller for the PMMA latex. The 

large PSDs in the emulsion photopolymerization of styrene at or above the CMC were explained 

by a low flux of initiating radicals.
18

 The three-component photoinitiating system generates 

radicals rather slowly leading to the continuous formation of new particles. This is even more 

significant with MMA, which is more soluble in water than styrene and all the more prone to 

homogeneous nucleation. As a consequence, MMA leads to high particle size distributions also 

below the CMC. 
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Figure 3. Conversion profiles of the emulsion photopolymerizations of MMA for different 

surfactant concentrations (full system, see Table 1, entries 1-5 for conditions). 

 

Higher solids contents were examined next, at a surfactant concentration of 2 CMC (Entries 6-7). 

Increasing the initial amount of MMA without varying the other parameters led to a reduction of 

the polymerization rate (2.3 h for 26%, entry 6, and 3 h for 31%, entry 7). The PSD was still very 

broad, but overall the high solids content-latexes were stable. 

Finally, we compared our system with classical thermal polymerization conditions. Three KPS-

initiated emulsion polymerizations of MMA were carried out at surfactant concentrations of 

0.75, 1 and 2 CMC (Table 1, entries 8-10). The thermal polymerizations reached completion 10 

times faster than the photopolymerizations and the PSD was narrower. As expected, the particle 

size slightly decreased with the increase of the surfactant concentration, from 76 nm at 0.75 

CMC (entry 8) to 64 nm at 2 CMC (entry 10). In contrast to styrene for which the thermal 

initiation always led to smaller particles,
18

 the "thermal" PMMA particle size above the CMC 

was twice as large as the size obtained from photoinitiated systems (64 nm vs 35 nm at 2 CMC) 

and similar below the CMC. 

To shed some more light on the system, we carried out additional control experiments (Entries 

11-14 and Figure 3). Without the dye, the polymerization plateaued at 94% conversion after 5.5 

h, (entry 11). The particle size determined by cryo-TEM was slightly smaller (30 nm) and the 

PSD was significantly larger (Dw/Dn = 2.6 against 1.37). Surprisingly, removing the NHC-borane 

strongly accelerated the polymerization, which reached 100% conversion after only 1.75 h (entry 

12). The particle size and PSD remained roughly the same as with the NHC-Borane, however. 

When only the disulfide was kept as the PIS (entry 13), the polymerization was even faster but 
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delivered much larger (86 nm by cryo-TEM, see Figure 4) and less polydisperse particles (Dw/Dn 

= 1.14). Finally, in the absence of disulfide the polymerization failed (entry 14). 

 

Figure 4. Conversion profiles of the photopolymerizations during control experiments (see Table 

1, entries 1 and 11-14 for the conditions). 

In summary of the control experiments, the polymerization outcome is significantly affected by 

nature of the PIS, in particular by the nature and efficiency of production of the initiating radicals 

(vide infra). The most striking result is that contrary to what was the case with styrene, the thiyl 

radicals formed directly by homolytic cleavage of disulfide 2 are efficient initiators. In other 

words, 2 is an excellent photoinitiator under visible light irradiation, away from its maximum 

absorption peak in the UV region. To the best of our knowledge, only one other group reported a 

similar behavior.
27

 

These results were however clearly surprising. In the absence of NHC-Borane, no 

polymerization was observed in the case of styrene,
18

 and we had previously showed that the 

NHC-Boranes were actually accelerating additives for the polymerization of acrylates in organic 

solution.
28

 That is to say, the reverse effect of what was observed here.  
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In order to understand this, we considered the expected mechanism of the polymerization. In our 

established system, AO is first photoexcited via photon absorption. This excited state (AO*) is 

able to transfer an electron to the disulfide, resulting in a radical anion that collapses to thiyl 

radical 3• and the corresponding aryl thiolate (3
–
, see Figure 1). Alternatively, without AO, 2 can 

be photocleaved to generate directly two radicals 3• (Figure 5). As stated before, this normally 

happens in the UV region since 2 has only a very weak absorption in the blue region. Still, 

formation of 3• is possible in our conditions, since the LEDs used consist of a sharp emission in 

the blue, combined to a larger emission in the yellow and red (see ESI, Figure S1). In the 

presence of the NHC-Borane 1, H-atom transfer to 3• ensues. In order to clarify whether that B 

to S H-atom transfer was still effective in water – where initiation of our emulsion 

polymerizations happens –, we determined several rate constants in water by Laser Flash 

Photolysis (LFP). The experimental setup was the same as in our previous papers,
29, 30

 with the 

exception that the solvent was now water and the diaryldisulfide was 2.  

We measured that H-atom transfer from 1 to 3• proceeded in water with a rate constant 

kH = 5 x 10
7
 M

–1 
s
–1

. The NHC–boryl radical 1• adds to MMA with a kadd = 2 x 10
7
 M

–1 
s
–1

.
23

 On 

the other hand, we could not measure a rate of addition for thiyl radical to MMA, suggesting that 

the corresponding rate constant is near or below the threshold of detection by LFP (~10
5
 M

–1
s
–1

), 

although care must be exercised since the noise level is quite high due to the use of water. 

Nevertheless, the Ito group determined that phenylthiyl radicals add to MMA at a kadd = 3.2 x 10
6
 

M
–1 

s
–1

 in cyclohexane at 25 °C and to styrene with a kadd = 2.0 x 10
7
 M

-1 
s

-1
, suggesting that 3• 

would add faster to styrene in water.
31, 32

 

The rate constant for H-transfer is slightly lower than that of the same transfer in 

ethylbenzene/acetonitrile (1.2 × 10
8
 M

–1 
s
–1

)
33

 but the rate constant difference still shows that all 
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thiyl radicals are likely consumed by 1 in the emulsion conditions. Thus, in that case, the NHC-

Boryl radicals are the initiating species, while in the absence of 1, the thiyl radicals 3• are the 

initiating species. In order to explain why the arylthiyl radicals lead to efficient polymerization 

of MMA but not styrene, we considered the different steps involved in the emulsion process 

(Figure 5). 

 

Figure 5. Mechanism of the photoinitiation of the emulsion radical polymerization by disulfide 2 

alone. 

First, a fraction of the monomer should be solubilized into the continuous (aqueous) phase. 

Second, an initiating radical (In•) should add to the first monomer molecule. Third, the addition 

of the initial adduct to a new monomer molecule has to proceed, until (fourth) one of these two 

paths happens: a) if the surfactant concentration is above CMC, micelles are present: the 

oligoradical becomes hydrophobic and enters a micelle; or, b) under the CMC, the oligoradical 

eventually becomes hydrophobic, recruits diluted surfactant to generate a surfactant-stabilized 

particle through homogeneous nucleation. In both cases, the polymer chains grow inside the 

objects until termination happens. Let's consider the implications of the monomer change at each 

stage. 

S
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• Addition of the initiating radical (eq. 1). We could not determine the rate constants for the thiyl 

radical addition to the monomers in water because they are too low to be measured by LFP (see 

above for MMA and ref. 
18

 for styrene).  

ArS• + H2C=CH–R  ArS–CH2–CH(R)•  (1) 

From the literature it is known that the phenylthiyl radical adds faster to styrene by almost an 

order of magnitude
31

 (see also above). For the actual rate, one has to factor in the monomer 

concentration, which is actually the solubility of the monomers in water. The rates for both 

additions are rMMA = kadd(MMA) x [ArS•] x [MMA] and rSt = kadd(St) x [ArS•] x [St]. It derives that 

rMMA / rSt = [kadd(MMA) / kadd(St)] x [MMA]/[St]. If the kadd ratio is approx. 1/6, and the solubility of 

MMA is 35 times higher than that of styrene (see above), thus rMMA is higher by at least a factor 

5.  

However, one has to take into consideration the reversibility of the first addition. Both of these 

rate constants are similar (k-add(MMA) = 1.4 x 10
6
 s
–1

 and k-add(St) = 4.1 x 10
5
 s
–1 31, 32

), and, most 

importantly, lower than the addition ones. Overall, the initiation is faster in the case of MMA. 

• Formation of oligoradicals (eq. 2). This stage still happens in water and it proceeds as long as 

the oligoradical formed remains soluble in water. 

ArS–CH2–CH(R)• + n H2C=CH–R  ArS–[CH2–CH(R)]n–CH2–CH(R)•  (2) 

We approximate the rate with that of the polymerization propagation, which is a factor of the 

initiating radical concentration, the monomer concentration and its kp. It is difficult to measure 

the concentration of thiyl radicals formed by the two methods (direct photolysis and 

photoreduction). Given the fact that the polymerizations of both styrene with the full system and 
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MMA with only the disulfide did proceed, we assume formation of the thiyl radicals is not a 

limiting value, with the caveat that we determined in our previous communication that it is likely 

that the flux of initiating radicals is somewhat slow.
18

 The monomer concentration is again the 

solubility in water of the monomers. Therefore that step is highly favoring the polymerization of 

MMA over that of styrene since both factors favor MMA (in particular kp(MMA) / kp(St) close to 3 

34, 35
). 

• Nucleation by entrance into the micelles or self-exclusion. For the nucleation to happen, the 

oligoradicals have to reach a critical size. This happens after addition of a few monomer units 

and that number depends on the monomer. It also depends on the mechanism, as self-exclusion 

(i.e., homogeneous nucleation) in the absence of micelles needs more monomers in the chain to 

happen, relative to penetration into existing micelles. That step is not rate-determining.  

To conclude, we think that the combination of a higher solubility in water of MMA and a larger 

kp with a rather low flux of radicals explain why the disulfide does trigger polymerization for 

MMA and not styrene. Indeed, the flux of radicals is likely to be too low to support a 

polymerization of a monomer that is not itself very rapid. In the case of styrene, there is initiation 

but the radicals formed likely die before leading to efficient nucleation.  

We still cannot explain why the full system (that is, with initiation by the boryl radicals) is 

slower for the polymerization of MMA than from the direct disulfide photolysis. One possibility 

is that the latter forms two initiating radicals while the former forms only one. Furthermore, the 

former initiation relies on a three-step cascade and perhaps the system needs some time to 

establish an efficient nucleation. Despite this, the overall message is that MMA can be 
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photopolymerized in emulsion using a very simple Type I initiator and visible light. We 

examined the scope of this new photo-initiating system with [2] = 5 x 10
–4

 M (Table 2, Figure 7). 
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Table 2. Visible light emulsion photopolymerization or co-polymerizations of different 

monomers initiated by the water-soluble diaryldisulfide 2. 

Entry
a
 Monomer Time (h) Conv. 

(%) 

Dh 

(nm)
b
 

PdI
b
 Np (10

17
 cm

-3
)

b
 Dn (nm)

c
 Dw/Dn

c
 Np  

(10
17

 cm
-

3
)

c
 

          

15
d
 MMA 3.5 97 127 0.03 1.5 99 1.23 3.4 

16 MMA 1.4 100 100 0.03 3.3 70 1.15 9.3 

17
e
 MMA 2 100 147 0.03 2.1 109 1.14 5.2 

18
f
 MMA 23 100 107 0.08 2.6 69 1.34 10 

19 BMA 1.5 100 111 0.03 2.6 87 1.13 5.5 

20 EHMA
 

8 93 130 0.03 1.8 90 1.23 5.1 

21 MA 3 86 104 0.07 2.4 57 1.63 14.7 

22 BA 6.5 84 140 0.02 1.1 87 1.39 4.5 

23
g MMA/St 

80:20 
2 100 92 0.04 4.3 74 1.12 8.4 

 
MMA/St 

50:50 
2.5 97 101      

24
g MMA/St 

20:80 
2.5 100 89 0.01 5 74 1.08 8.9 

25
g MMA/St 

10:90 
22 100 100 0.03 3.5 77 1.11 7.9 

26
g MMA/St 

2:98 
36 88 124 0.08 1.6 88 1.17 5.4 

27
g MMA/BA 

40:60 
2.8 85 100 0.06 2.9 80 1.25 6.3 

a 
Conditions: the monomer(s) was(were) added to the water phase containing the surfactant 

(SDS) and 2 (5 x 10
–4

 M). Unless otherwise specified, the solids content was fixed at 20% and 

the amount of SDS was fixed at 2 CMC; 
b
 Hydrodynamic diameter, polydispersity index and 

number of particles determined by DLS; 
c
 Number-average diameter, size dispersity and number 

of particles determined by TEM; 
d
 concentration of SDS was 0.75 CMC; 

e
 Solids content was 

41%; 
f
 Polymerization was carried out in on/off mode (see Figure 6); 

g
 The monomer ratios in all 

copolymerizations are weight ratios. 
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We first varied the SDS concentration in the homopolymerization of MMA. Below the CMC, the 

polymerization took longer (3.5 h, Table 2, entry 15, 0.75 CMC) but delivered larger 

(polydisperse) particles (~100 vs. 90 nm). Conversely, with more surfactant (2 CMC), the 

particles were smaller and the polymerization was again faster (entry 16), albeit no faster that at 

1 CMC (See Table 1, entry 13). The solids content could be increased from 20 to 41%. This 

resulted in a slightly slower polymerization (2 h) but larger particles (~110 nm, entry 17). In all 

cases it should be pointed out that the latexes were stable, with no coagulum. Finally, we 

switched on and off the light (entry 18, Figure 6). As can be seen, any "shady" region, whereby 

light was switched off resulted in stopping of the polymerization, which could be turned on again 

with light. This did not affect the conversion (100%), nor the average particle size. The PSD 

however was slightly less good (compare entries 16 and 18). 

 

Figure 6. Conversion profile during temporal control (see Table 2, entry 18). 

 

At this stage we considered the polymerization of other (meth)acrylate monomers, beyond MMA 

(Figure 7, top). As seen in Table 2, n-butyl methacrylate (BMA) led to an efficient 
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polymerization (entry 19). The polymerization of the much less soluble 2-ethyl hexyl 

methacrylate (EHMA, 3.1 mg L
-1

 
36

 at 20 °C vs. 0.36 g L
-1

 for BMA at 50 °C 
37

) also proceeded 

smoothly albeit the conversion was a little bit lower (93%, entry 20). The average particle sizes 

and distributions for both EHMA and BMA were close to that observed with MMA but the 

polymerization of EHMA was slower (8 h vs. 1.5 h for BMA and MMA, respectively). Both 

methyl acrylate (MA, 52.5 g L
–1

 at 50 °C 
38

) and n-butyl acrylate (BA, 0.8 g L
–1

 at 50 °C 
39

) led 

to efficient polymerization (entries 21 and 22, respectively). The latter led to larger particles than 

the former, although again with a rather high PSD. 

We next considered mixtures of MMA and styrene (St, entries 23-26, Table 2 and Figure 7, 

bottom). The more styrene in the mix, the slower the polymerization was. Interestingly, however, 

at 80% St (in weight) the polymerization was over in 2.5 h (entry 24), while with 90% styrene 

the polymerization took almost one day to reach 77% conversion (entry 25). Also, with the 

exception of the last polymerization, the average particle size and the size dispersity remained 

constant. In the latter we observed slightly larger particles (88 vs. 74-77 nm). The conversion 

was also slightly less good (88%). 

The example of EHMA shows that water solubility of the monomers is not playing a significant 

role to explain the fact that disulfide 2 is able to photo-initiate the polymerization of MMA. 

Indeed, EHMA is significantly less soluble than styrene (3.1 mg L
-1

 
36

 vs. 0.3 g L
-1 26

 at 20 °C) 

and yet the polymerization is efficient. The monomer solubility in water certainly contributes to 

the overall rate though, since EHMA polymerizes much more slowly than MMA. 

We venture that the main reason for the styrene/(meth)acrylate difference lies in the kp's of the 

monomers. Indeed, at 25 °C, the kp of styrene is 86 M
-1

 s
-1

 
35

 vs. 323 M
-1

 s
-1 

for MMA, 
34

 370 M
-1
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s
-1 

for BMA 
40

 and 501 M
-1

 s
-1

 for EHMA. 
41

 Therefore, even if the initial addition of the thiyl 

radicals in the case of the (meth)acrylates are less favorable than for styrene the adduct radicals 

in this last case are not conducive to formation of oligoradicals and nucleation in the case of 

styrene because of its lower kp. That is also why the MMA/St random copolymerization proceeds 

even in the presence of minimal amounts of MMA. The first adduct radicals (from addition of 

the thiyl radical to either styrene or MMA) can add fast enough to the MMA so that fruitful 

nucleating oligoradicals are formed. However, below 20% of MMA content, the polymerization 

is faster with the full system (including the NHC-Borane) than with only the disulfide (it reached 

full conversion after 6 h vs. 22 h). Interestingly, too, the full system leads to smaller particles, 

and the effect is more pronounced when more MMA is in the mix (70 vs. 77 nm for MMA/St = 

10:90; 45 vs. 74 nm for MMA/St = 80:20). Since the disulfide is charged, and not the NHC-

Borane, the thiyl radical residue can likely participate to the stabilization of the particles making 

them smaller. 
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Figure 7. Conversion profiles of the emulsion photopolymerizations of different (meth)acrylate 

monomers (top, see Table 2, entries 15 and 19-22 for conditions) and MMA/St co-monomer 

ratios (w/w, bottom, see Table 2, entries 23-27 for conditions) initiated by diaryldisulfide 2. The 

reference polymerization of styrene (orange curves) are taken from Ref. 
18

 

 

Finally, a film-forming copolymer latex (MMA/BA 40:60) could also be successfully prepared 

in 2.5 h (entry 27). The particles had an average size of 80 nm with a fairly large PSD and the 

latex led to a transparent film (Figure S4). 
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Conclusions 

To conclude, we have successfully extended the visible-light emulsion photopolymerization to 

acrylate and methacrylate monomers. For these classes of monomers, the NHC-borane-based 

system we initially introduced could be simplified, as the water-soluble disulfide alone was able 

to initiate the polymerization. With this disulfide/blue light system, MMA polymerized quite 

efficiently, with solids contents up to 40%. The full system led to smaller particles than the 

simplified one (all other parameters being equal), but the latter gave slightly better particle size 

distributions. Compared to styrene, the particle sizes attained for MMA were generally smaller. 

While unsuccessful for styrene polymerization, the use of the disulfide alone gave access to a 

wide range of poly(meth)acrylic latexes, where the propagation rate seemed to prevail on 

monomer solubility. P(MMA-co-St) and film-forming P(MMA-co-BA) latexes were also 

produced. Further work will focus on further extending the scope of the photoemulsion process, 

in particular with a view to polymerize UV-sensitive materials. 
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