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Visible-Light Emulsion Photopolymerization of Styrene

Frédéric Le Quéméner, Daniel Subervie, Fabrice Morlet-Savary, Jacques Lalevée,*
Muriel Lansalot,* Elodie Bourgeat-Lami,* and Emmanuel Lacote*

Abstract: The photopolymerization of styrene in emulsion is
achieved in a conventional double-wall reactor equipped with
a LED ribbon coiled around the external glass wall. Styrene
mixed to acridine orange is added to the water phase
containing sodium dodecyl sulfate, a water-soluble N-hetero-
cyclic carbene-borane and disulfide, and irradiated. Highly
stable latexes are obtained, with particles up to a diameter of
300 nm. The ability to reach such large particle sizes via
a photochemical process in a dispersed medium is due to the
use of visible light: the photons in the visible range are less
scattered by larger objects and thus penetrate and initiate better
the polymerizations. They are also greener and cheaper to
produce via LEDs, and much safer than UVs. The method
presented does not require any specific glassware; it works at
lower temperature and delivers larger particles compared to
thermal processes at similar solids contents and surfactant
concentrations.

P olymerization in dispersed media is a widely used method
with applications in both industry and academia because it
offers significant practical advantages.I" It generally proceeds
in aqueous suspensions, that is in a cheap, safe and green
solvent; it quickly leads to high molar mass polymers, and the
final products are fluid latexes even for high solids contents.
On the other hand, radical photopolymerizations are equally
desirable, since they are triggered by light, and as such subject
to external temporal and spatial control.”!

Combining the advantages of both systems is thus of
considerable interest.’! However, photopolymerizations
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require photoinitiating systems (PIS) that are almost always
lipophilic and sensitive to UV light. Initiation thus takes place
in the organic phase. Hence UV photopolymerization in
microemulsions or miniemulsions® are better suited, since
they favor the localization of the PIS in the small dispersed
organic droplets. These are important results, yet they suffer
from some drawbacks. Microemulsions require a large
amount of surfactant.”! Miniemulsions are better from that
point of view; however, they require highly energetic
homogeneization devices.”!

Emulsion photopolymerizations have been attempted as
well. However, they differ from the previous methods in that
their initiation early stages should take place in the water
phase. Previous efforts have examined various systems to
induce initiation in the water phase,[g] but also in the micellar
phase, and then very specific methods (use of magnetic fields)
have to be found to ensure efficiency.” Inverse emulsion
photopolymerization was also studied,'” although its mech-
anism should be better described as microsuspension poly-
merization.

All of these techniques however suffer from drawbacks:
low conversions, low solids contents, the need for specific
equipment, and/or poor latex stability. Furthermore, they are
usually restricted to the formation of small particles (typically
20-140 nm). This is a severe limitation if one wants to access
larger objects, and it stems from the use of UV light from
mainly Hg lamps to trigger the radical reactions. UV rays
have severe drawbacks. They are highly energetic and
harmful to the operators, necessitating special protection
measures; furthermore, they do not penetrate thick samples
well because they are scattered by the large monomer
droplets and/or polymer particles. The penetration issue can
be offset by running the polymerizations in a tubular vessel,
but the diameter of the particles remains below 100 nm."!

We felt that we could access both small and large particles
by using visible light, which is cheap and greener to produce
via LEDs. These photons are also safer (less energetic), thus
again cheaper. Because their wavelengths are longer, they are
much less scattered by larger objects and thus penetrate
better. And from a technological point of view, the LEDs are
very compact, long-lived and do not emit heat or ozone. They
can therefore be easily included into chemical reactors. As
a consequence, visible-light mediated radical reactions have
grown exponentially over the last few years in both molec-
ular™ and polymer chemistry."!

Oddly though, despite an early isolated report,* only
very few works focus on visible-light photopolymerizations in
dispersed media, and almost none involving conventional



emulsion polymerization.""** In particular, Tauer and co-
workers reported that a bis(acyl)germane or phosphine oxide
was cleaved under visible light and initiated photopolymer-
ization."”®! However, because Type I photoinitiators are lip-
ophilic, very large amounts of surfactant (thirteen times the
critical micelle concentration, CMC) were required, in
conditions close to those used in microemulsion. This allowed
an acceptable solids content (20%), but the process also
generated coagulum (as did the initial report!™). Very
recently, Li and co-workers!"™! showed that radical polymer-
ization of styrene could be initiated by a visible-light photo-
oxidizing dye, which generated radicals upon reaction with
a specific N-oxide surfactant. The initiation thus presumably
happened at the monomer droplet surface, but there was no
indication that stable latexes were formed by this method.

Some of us have introduced N-heterocyclic carbene—
boranes (NHC-boranes) as photoinitiating species for radical
photopolymerizations."® In particular we found mild condi-
tions for visible-light photopolymerization in organic solu-
tion."”! This latter system relies on the photoreduction of
diphenyldisulfide by visible-light irradiation of acridine
orange (AO). This generates a thiyl radical (see Scheme 1,
step 1), which further abstracts a hydrogen atom from the
NHC-borane, leading to the initiating NHC-boryl radical
(step 2).

Given the dearth of efficient systems to initiate emulsion
photopolymerizations, we considered NHC-boranes as
potential solutions to this challenge. According to the
previously mentioned accepted mechanism of emulsion
polymerization, initiation must proceed in the aqueous
phase. After the addition of a few monomer units (2 and 3
in the case of styrene under thermal potassium persulfate
(KPS) initiation,® see Scheme 1, steps 3 and 4), the small
oligomers become insoluble and the polymerization then
proceeds to form particles stabilized by the surfactant
(step 5). Thus we needed to translate our previous organo-
soluble initiation to the water phase, and therefore design
a fully water-soluble borane-based initiating system that
should still work adequately in water (Figure 1). Radical
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Scheme 1. Proposed mechanism for the emulsion photopolymerization
when the surfactant concentration is above its CMC.
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Figure 1. Structures of the compounds used in this work.

reactions are generally compatible with water, but can
nonetheless be strongly affected, especially if water is able
to develop hydrogen bonds with the reacting radicals."”

We selected the water-soluble triazolylidene-borane 1 as
the boron reagent,”” and disulfide 2 as the disulfide partner. 2
is negatively charged above its pKa (3.8) and thus highly
water-soluble. Partitioning experiments were carried out with
AQ, which showed that while it is soluble in both phases, AO
prefers the aqueous phase ([AO],/[AO]s,=167). Thus we
kept this dye for this work.

In a typical polymerization procedure (see Table 1,
entry 1), a solution of the dye and styrene was added to the
water phase containing 1, 2, and the surfactant (sodium
dodecyl sulfate, SDS, at twice the CMC). We used a conven-
tional double-wall reactor equipped with a LED ribbon coiled
around the external glass walls (see the Supporting Informa-
tion for details). AO was initially solubilized in the monomer
to prevent any undesired initiation of the polymerization that
might arise from its premature reaction with the disulfide.

Gratifyingly, the conversion was total after 6 h of irradi-
ation (Figure 2), and the latex obtained proved highly stable,
without the presence of any coagulum. This is an important
result for NHC-borane-initiated photopolymerization, which
thus far was limited to the polymerization of acrylates in
homogeneous media. Furthermore, the average particle size
measured by dynamic light scattering (DLS) was 112 nm, with
a polydispersity index (PdI) of 0.02. However, TEM analysis
showed that the particle size distribution (PSD) was rather
large (D,/D,=1.3) with a significantly smaller number-
average diameter (D,) of 67 nm. The difference in average
size determined by the two methods stems from the fact that
DLS emphasizes larger objects at the expense of smaller ones.
While increasing the concentration of AQ did not affect the
polymerization, doubling the relative amounts of both 1 and 2
resulted in a better PSD (D,/D,=1.1) and an increased
average size (91 nm, entry 2).

We next carried out a series of control experiments
(Figure 2, right hand side). Without the dye, the polymeri-
zation was less efficient (plateau at 80 % conversion after 6 h,
entry 3). It should be noted that the thiyl radicals are formed
by irradiation far from the absorption maximum of the
disulfide.” Removing the NHC-borane from the photo-
initiating system (but leaving AQO) suppressed the polymer-
ization (entry 4). Similarly no conversion was observed in the
absence of disulfide (entry5), when the polymerization



Table 1: Visible-light emulsion photopolymerization of styrene.

1 (1 equiv.; [1] = 0.11 gL~1)
N

2 (0.5 equiv.). AO (0.01 equiv.)
Na2003

PS latex
H,0, rt
visible light (LED)

Entry? ¢(SDS) Conv. Time D, PDI® D, D,/

(xCMCQ) [%] (h] [nm]® [nm]¥ D,
1 2 100 6 112 0.02 67 13
20 2 9 6 110 0.04 91 1.1
30 2 80 6 140 0.05 - -
41 2 0 6 - - - -
5[g] 2 0 6 _ _ _ —
6l 2 0 6 - - - -
70 2 0 6 - - - -
8l 2 42 6.5 93 0.05 - -
9l 16.5 97 45 66 0.11 - -
10 0.5 86 50 330 0.03 294 1.01
1 0.75 100 16 330 0.03 153 1.03
12 1 92 9 183 0.02 94 1.32
13 1.5 100 8 142 0.03 80 1.24
141 2 97 4 97 0.03 46 1.52
150 2 100 10 136 0.01 81 1.37
16! 2 100 11 153 0.02 68 1.71
170 0.75 100 3.5 93 002 79 1.06
180 1 100 0.8 88 0.05 69 1.06
19 2 100 0.6 68 0.02 52 1.06

[a] Conditions: a solution of AO (1 mol% with regard to 1) and styrene
was added to the water phase containing the surfactant (SDS),

1 ([11=0.11 gL™") and 2 (50 mol % with regard to 1). Unless otherwise
specified, the solids content was fixed at 20%. [b] Hydrodynamic
diameter and polydispersity index determined by DLS. [c] Number-
average diameter and size dispersity determined by TEM. [d] Polymer-
ization carried out with twice the concentration of 1 and 2, [AQ]
unchanged. [e] Polymerization carried out without AO. [f] Polymerization
carried out without NHC-borane. [g] Polymerization carried out without
disulfide. [h] Polymerization carried out in the dark. [i] Polymerization
carried only with disulfide under irradiation (and the surfactant). [j] The
organosoluble photoinitiating system PhSSPh/3 was used. [k] Solids
content was 13%. [I] Solids content was 26 %. [m] Solids content was
31%. [n] Standard thermal initiation was used (KPS, 4.6x10° molL ™).
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Figure 2. Conversion profiles of the photopolymerizations for different
surfactant concentrations (left; see Table 1, entries 1 and 10-13 for
conditions) and during control experiments (right; see Table T,
entries 1 and 3-7 for conditions).

medium was left in the dark (entry 6), or when only the
disulfide was present (entry 7). When the lipophilic NHC-
borane 3 was used instead of 1 in the presence of diphenyldi-
sulfide (PhS—SPh), the conversion dropped to 42 % (entry 8).
With a very large excess of surfactant (16.5 CMC), the
photopolymerization using 3 and PhS—SPh was very efficient
(97 % conversion after 4.5 h, entry 9).

Overall, the previous controls show that the NHC-boryl
radicals are essential for the polymerization to proceed, as
nothing happens without the presence of 1 or 2 (compare
entries 1 to 4 and 7). The dye is needed to get complete
conversion, and cannot initiate the polymerization by itself
(entry 5). Nonetheless, some radicals are still formed by
irradiation of the disulfides (compare entries1 and 3),
whereby the S—S bond of the disulfide is directly homolyzed
in a Type I mechanism (ArS—SAr—2ArS’). However the
NHC-borane is required for the polymerization to proceed
(compare entries 3 and 7).

In support of these observations, we determined the rate
constants for the elementary steps involved in the polymer-
ization initiation. The values we reported in the past were all
measured in an organic solvent (and for acrylate monomers)
using laser flash photolysis (LFP).l*“l By applying the same
techniques to 1 and 2 in water, we could determine that the H-
atom transfer from 1 to the ArS' radical derived from 2
proceeded with a rate ky=5x10" Lmol™'s™". The latter
added to styrene too slowly to be recorded by LFP. On the
contrary, NHC-boryl radical 1* adds to styrene at a rapid rate
(kaa=5%10°Lmol's™"), making the full system a good
photoinitiating system. We have shown that NHC-boranes
are outstanding additives that significantly increase the speed
of bulk photopolymerizations of acrylates initiated by several
Type 1 photoinitiators (including diphenyl disulfide).?? We
see here that this feature is maintained in the emulsion
photopolymerization of styrene. The main difference is that
the flux of thiyl radicals directly generated in the continuous
phasel® is not enough to support a photopolymerization in
the dispersed medium in the absence of the boron reagent.

The fact that the hydrophobic 3 is much less efficient than
1 to trigger the emulsion photopolymerization (compare
entries 1 and 8) is compatible with the general mechanism
envisaged (there is much less NHC-borane in the water
phase). The conditions described in Entry 9 (in the presence
of a huge amount of surfactant) are close to that of micro-
emulsion, which is characterized by the fact that the initial
micellar medium is thermodynamically stable. Consequently,
the polymerization proceeds in the micelles, where 3 is
soluble, and the particles obtained should be smaller. That is
what we observed in entry 9 (average diameter of 66 nm by
DLS vs. 112 nm under the conditions of entry 1). We did
however not attempt to develop further this aspect as it
requires a too large amount of surfactant.

With the emulsion photopolymerization conditions in
hands, we determined the influence of the reaction parame-
ters. A gradual lowering of the surfactant concentration led to
a growth of D, from 67 nm at 2 CMC to 294 nm at 0.5 CMC
(entries 10-13), albeit the polymerizations took gradually
longer (from 6 h to 50 h to reach full conversion, Figure 2 left
hand side). Interestingly, below the CMC of SDS, the size
dispersity (D,/D,) dramatically improved, from 1.32 at
1 CMC (entry 12) to 1.03 and 1.01 at 0.75 and 0.5 CMC,
respectively (entries 10 and 11). This likely reflects the time
the photopolymerization takes to reach steady state. The
photochemical system generates initiating radicals rather
slowly, leading to a low nucleation rate. Therefore nucleation
in the micelles above CMC becomes an issue, leading to



higher dispersities in that case.
In the presence of more NHC-
borane and disulfide (entry 2),
more radicals are formed, and
the steady state is reached
faster, leading to an improved

Photoinitiation
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I*  an. 100
&3 # I T
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dispersity. The particles size
growth suggests that coagula-
tion events play a significant
role in the polymerization. We
think this is because the initiat-
ing NHC-boryl radicals are not
charged (as opposed to those
derived from KPS).

The result described in
entry 10 is of particular impor-
tance, since the particles
formed are the largest reported
to date by photopolymerization
in dispersed media. Their diam-
eter is indeed high enough to
significantly scatter UV light,
and the better light penetration of visible light gives this
technique a huge advantage compared to UV-initiated
emulsion photopolymerization.

We next changed the solids content of the photopolyme-
rization at a surfactant concentration of 2 CMC (entries 14—
16). The photopolymerization was faster at the lower solids
content of 13% (4 h to reach completion, entry 14). Con-
versely at the higher solids contents (26% and 31%), the
system needed more time to reach completion (10-11 h,
entries 15 and 16), but the polymerizations remained efficient
even if the turbidity was significantly higher. The particle sizes
distribution was also noticeably worse at higher solids
contents. Like the SDS content, the monomer amount likely
affects the localization of the different species and thus the
polymerization mechanism.

Finally, to obtain a comparison with the classical thermal
conditions, we carried out three KPS-initiated emulsion
polymerizations of styrene (at 0.75, 1, and 2 CMC,
entries 17-19). The thermal polymerizations were faster,
reaching completion 4 to 10 times faster than the photo-
chemical polymerizations. Also the PSD was narrower above
CMC, and similar throughout all the trials (compare for
example Figure 3 top and bottom right distributions, obtained
thermally, to the bottom left distribution, obtained photo-
chemically). However, the sizes obtained under the photo-
chemical conditions were always larger. This effect was small
at CMC or above CMC (67 nm vs. 52 nm at 2 CMC, 94 nm vs.
69 at CMC), but it became especially strong below CMC (153
vs. 79 nm at 0.75 CMC).

To conclude, we showed that styrene can be photopoly-
merized in emulsion with very high conversions, and no
formation of coagulum. Our method is operationally simple,
green, and cheap. It delivers particles of all sizes with
diameters from 46 nm up to 300 nm. The key to obtain the
large objects in dispersed media under photopolymerization
conditions is to use visible light. Our method also works at
lower temperature than the traditional thermal emulsion
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Figure 3. TEM images and particle size distributions of the latexes obtained in the conditions described
in Table 1, entries 1 (bottom left), 11 (top left), 17 (top right), and 19 (bottom right); statistical analyses
were performed on an average of 600-1000 particles per batch.

polymerizations and delivers larger particles and higher molar
masses at the same surfactant concentration. We evidenced
a critical influence of the latter also on the particle size
distributions. While below the CMC the polydispersities
remain low, they are higher above it. Both features are
a consequence of the lower flux of initiating radicals under the
photochemical conditions. Using light to trigger the polymer-
ization also enables temporal control of the process (on/off
polymerization). Further work will focus on learning more
about the mechanism, and polymerizing other monomers and
co-monomers. Beyond, we wish to examine how the precise
spatial control that photoinitiation allows can affect the
polymerization outcomes.
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