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Synthesis of Film-Forming Photoactive Latex Particles
by Emulsion Polymerization—-Induced Self-Assembly to

Produce Singlet Oxygen

Charléne Boussiron, Mickaél Le Bechec, Luca Petrizza, Julia Sabalot, Sylvie Lacombe,*

and Maud Save*

The design of photoactive polymer substrates producing singlet oxygen under
visible light irradiation has great technological potential. Aqueous dispersion of
novel photoactive core—shell particles was synthesized by surfactant-free revers-
ible addition—fragmentation chain transfer (RAFT) emulsion polymerization of
n-butyl acrylate. The surface of the nanoparticles is directly decorated thanks to
the polymerization-induced self-assembly process using a hydrophilic macro-
molecular chain transfer agent (macro-CTA) functionalized with the organic
photosensitizer. The macro-CTA was synthesized by statistical copolymerization
of acrylic acid and 2-Rose Bengal ethyl acrylate (RBEA) at 80 °C mediated with
4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid. Monitoring
polymerization kinetics of RAFT polymerization highlights that increasing
amount of RBEA induces retardation, still more pronounced when using the
vinylbenzyl Rose Bengal comonomer. The present work provides insight into
the quantum yield of singlet oxygen production in water (®, = 0.2-0.6) for

oxygen,’l induces specific oxidation reac-
tions of organic molecules to produce, for
instance, pharmaceutical ingredients like
artemisinin.l! Immobilization of photosen-
sitizers on solid substrates improves their
handling, recyclability, stability, and facili-
tates purification steps to remove photocat-
alyst from reactants in fine chemistry. Also,
there is an increasing demand to develop
coatings reducing microbial contamina-
tion, particularly in healthcare or food
packaging. Organic photosensitizers are
recognized as light activated antimicrobial
agents since the produced singlet oxygen
is the major agent of cell injury by oxida-
tion of the cell wall.Pl A wide variety of
inorganic materials have been developed as
substrates for organic photosensitizers but

the three types of synthesized polymers (hydrophilic polymer, latex particles,
and polymer film). The photoactive core—shell latex particles enabled the easy

preparation of photoactive polymer film by simple casting.

Waterborne latexes synthesized by emulsion polymerization,
widely present in the coating industry for different applications
ranging from waterborne paints, inks, adhesives, paper coating,
protective coating or binders for food packaging, and textiles,
elicit increasing interest for production of high added value
innovative products. Production of singlet oxygen (10,), a selec-
tive reactive oxygen species (ROS) by irradiation under visible
light of organic photosensitizers (Sens), has attracted increasing
interest in the fields of fine chemistry,! photo-decontamination
of air/water,>3] antimicrobial materials,**! or photodynamic
therapy (PDT).l Singlet oxygen, a powerful oxidant pro-
duced by energy transfer from the photoactivated sensitizer to
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polymers have increasingly gained interest
for their versatility and processability. A
covalent anchorage is advantageous to
limit any leaching issue of photosensi-
tizer in the surrounding environment.
Photosensitizers were mainly grafted onto cross-linked polymer
beads,”®l or involved in the synthesis of star-like polymers or
block copolymer micelles for PDT.>1% Few studies have reported
the preparation of polymer films integrating the organic pho-
tosensitizer via a covalent bonding.''"1® Most of these studies
required multi-step synthesis and the films were mostly pre-
pared by organic solvent casting or more sporadically by melt
compression molding.'”] In that context, functional waterborne
latex synthesized by the scalable emulsion polymerization pro-
cess, is versatile to prepare photosensitizer-supported mate-
rials either as stable colloidal particles or as polymer film. The
recent development of polymerization-induced self-assembly
(PISA) offers new perspectives in the design of latex particles
by surfactant-free emulsion!'® or dispersion!'>?% processes, up
to a high solids content. The simultaneous self-assembly and
particle growth enables the synthesis of well-defined core—shell
spherical or anisotropic particles formed by self-assembled block
copolymer chains.'®2!1 Moreover, the absence of molecular
surfactant circumvents some detrimental effects of molecular
surfactant like transparency loss. The first examples describing
this strategy used poly(acrylic acid) as macromolecular control
agent and stabilizer.?223] More recently, Chenal et al. interest-
ingly showed that poly(acrylic acid)-b-poly(n-butyl acrylate)
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(PAA-b-PnBA) synthesized by emulsion PISA produced homoge-
neous and cohesive transparent polymer films.**%! The perco-
lating network of the thin high glass transition temperature (Tg)
layer at low volume fraction was at the origin of these remarkable
mechanical properties of the low T, polymer film. Another study
showed that the adsorption of PAA-b-PnBA diblock copolymer
onto soft acrylic latex particles prior to their film formation also
creates a percolating network that raises the elastic modulus,
creep resistance, and tensile strength of the final film.?%! For all
these reasons, PAA and PnBA were chosen in the present work
to synthesize light-responsive polymer particles and advanced
films as substrate for supported photocatalysis. To the best of
our knowledge, only one study has previously reported the copo-
lymerization of a photosensitizer-based monomer in emulsion
polymerization.””) In this study, non-film-forming cross-linked
particles were synthesized by emulsion copolymerization of sty-
rene, divinylbenzene, and 0.014 mol% of tetrastyrylporphyrin.
The yield of photo-oxidation of allylic alcohol casted on the parti-
cles was monitored in a minimum of organic solvent.

The originality of the present work relies on the copoly-
merization of two types of photosensitizer-based monomers
with acrylic acid (AA) by reversible addition—fragmentation
chain transfer (RAFT) polymerization in order to take advantage
of the hydrophilic macromolecular chain transfer agent (macro-
CTA) to transpose the hydrophobic derivatized photosensitizer
in the water phase. Emulsion PISA of nBA is expected to allow
the direct synthesis of latex particles decorated with a photosen-
sitizer covalently anchored in the hydrophilic shell surrounding
the hydrophobic core (Scheme 1). The challenge is to design
unique photoactive latex particles as platform for producing
singlet oxygen from stable colloids dispersed in an aqueous
phase while simultaneously offering the opportunity to produce
advanced photosensitizing coatings by simple casting of the
corresponding film-forming waterborne latex. The photoactivity
in water of the different polymer materials (hydrophilic macro-
CTA, latex, and film) will be accurately compared via the deter-
mination of the quantum yields of singlet oxygen production
under visible light irradiation.

The first step of the work consists in the synthesis of a photo-
sensitizer-based monomer. Among the different organic photo-
sensitizers, the commercially available Rose Bengal (RB) was
chosen for its high quantum yield of singlet oxygen production
(@, = 0.76 in water)?® and its carboxylate functions allowing
covalent grafting with halogenated substrates.#?% Vinylbenzyl
Rose Bengal (VBRB) was first synthesized by nucleophilic sub-
stitution of Rose Bengal with 4-vinylbenzyl chloride (Figure S1,
Supporting Information). The successful covalent bonding of
the chromophore with vinylbenzyl chloride was confirmed by
NMR (Figure S2, Supporting Information) and by the slight
bathochromic shift of the maximum of absorbance and emis-
sion spectra (Figure S3, Supporting Information). RAFT
copolymerization of AA with 0.5 mol% of VBRB was carried
out at 80 °C mediated by the trithiocarbonate CTA (Expt. 3 in
Table S1, Supporting Information). Based on a previous study
of Loiseau et al.,?% 1,4-dioxane was chosen as solvent of poly-
merization as it proved to be less prone to irreversible transfer
reaction for RAFT polymerization of AA. Kinetics of RAFT
polymerization was monitored by proton NMR and was com-
pared to the kinetics of AA RAFT homopolymerization under
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similar experimental conditions (Expt. 1 and 3 in Table S1, Sup-
porting Information). Note that the previous studies dealing
with free radical copolymerization of VBRB with vinylic mon-
omers have never investigated any polymerization kinetics.l?’!
While the AA polymerization exhibited a linear evolution of the
logarithmic monomer conversion versus time and complete
conversion within 3 h (Figure 1), 0.5 mol% of VBRB induced
polymerization inhibition with less than 7% of monomer con-
version. Similar inhibition was observed for a polymerization
carried out in dark (Expt. 4 in Table S1, Supporting Informa-
tion). For the sake of comparison, RAFT copolymerization of
AA with 0.5 mol% of free RB was performed and the kinetics
perfectly overlay with AA polymerization. Thus, the photo-
active RB moiety alone did not alter the kinetics of AA poly-
merization mediated by the trithiocarbonate CTA. A novel
Rose Bengal-based monomer, the 2-Rose Bengal ethyl acrylate
(RBEA, Scheme 1), was synthesized via a two-step procedure
through the synthesis of 2-bromoethylacrylate (Figure S4, Sup-
porting Information). Both proton NMR spectra of the purified
RBEA (Figure S5, Supporting Information) and the compar-
ison of UV-visible absorbance/emission spectra with free RB
(Figure S6, Supporting Information) confirmed its successful
synthesis. Contrary to VBRB monomer, 0.5 mol% of RBEA did
not inhibit the AA RAFT polymerization (see Figure 1a) but a
retardation was observed as the conversion at 6 h reached 48%
against 93% for AA homopolymerization (see Expts. 1 and 5 in
Table S1, Supporting Information). A similar retardation phe-
nomenon was observed for the copolymerization of AA with
0.25 mol% of RBEA targeting a higher degree of polymeriza-
tion, that is, for a similar value of the [RBEA],/[ACPA], ratio
(Figure S7, Supporting information). Polymerization kinetics
were monitored with two lower fractions of RBEA (0.05 and
0.1 mol%) in order to decrease the molar ratio between the RB
monomer and the ACPA initiator from 3.4 to 0.7 or 0.3 (Expts.
6 and 8 in Table S1, Supporting Information). The copolym-
erization kinetics with the lowest fraction of RBEA perfectly
overlay with RAFT homopolymerization of AA (Figure 1a). For
the AA copolymerization with 0.1 mol% of RBEA, the initial
polymerization rate was similar to AA homopolymerization but
the loss of linearity observed above 60% of monomer conver-
sion reveals a decrease of the apparent polymerization rate due
to irreversible termination or transfer reactions. The extent of
such side reactions remains quite low as the number-average
molar mass (M,) was found to increase linearly with monomer
conversion, close to the theoretical M,, and with dispersity
below 1.4, in good agreement with AA homopolymerization
(Figure 1b). Only a slight deviation from theoretical M, trend
was observed above 70% of conversion associated with a slight
increase of dispersity from 1.3 to 1.4. The copolymerization of
VBRB with AA was thus performed at a lower [RBEA](/[ACPA],
ratio corresponding to 0.1 mol% of VBRB (Expt. 7 in Table S1,
Supporting Information). Exceeding an inhibition period of
50 min, the RAFT copolymerization proceeded up to 85 mol%
(Figure 1a). Polymerization kinetics suggests that the presence
of RB monomer might induce radical side reactions which do
not significantly alter the RAFT polymerization of AA for ratio
of RB-moieties versus the initiator below unity. For higher con-
tent of RB monomer, VBRB obviously induced inhibition of
AA RAFT polymerization while only retardation was observed
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Scheme 1. RAFT copolymerization of VBRB or RBEA with AA and synthesis of photoactive latex particles by emulsion polymerization of nBA using of
the photosensitizer-grafted hydrophilic macro-CTA. Photo-oxygenation of furfuryl alcohol by in situ produced singlet oxygen.

for RBEA copolymerization. It can be mentioned that the NMR
monitoring of both monomers at 115 °C highlighted that VBRB
degraded into a vinylbenzyl side product while RBEA remained
stable at such temperature (Figure S8, Supporting Informa-
tion). This degradation is thermally activated as the extent of
side products for VBRB is more difficult to probe by NMR at
lower temperature of 80 °C. A shielding of the methylene of
the benzyl group from 5.0 to 4.7 ppm is observed in the side
product of VBRB, which could be associated, for instance,
with the formation of (4-Vinyl-phenyl)-methanol. The under-
standing of this phenomenon will be the subject of a further
study that is beyond the scope of this communication. Thus,
PAA macro-CTA including RBEA comonomer will be selected
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to perform PISA emulsion polymerization of n-butyl acrylate.
The overlay of both size exclusion chromatography (SEC) traces
recorded by refractometer and UV-visible detector set at A =
570 nm, the characteristic wavelength of RB units, confirmed
the successful copolymerization of RBEA with AA (Figure S9,
Supporting Information). The photosensitizer is well anchored
to the hydrophilic macro-CTA to enable the design of photoac-
tive latex particles.

One of the prerequisites for the successful synthesis of
stable latex by PISA is to achieve a high level of chain end
functionalization for the hydrophilic polymer that should pro-
mote the in situ synthesis of amphiphilic block copolymer by
controlled radical polymerization. The UV-visible spectrum of

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) Semilogarithmic plots of monomer conversion versus time
for AA polymerization () absence of RB derivatives (Expt. 1), (®) free
RB (Expt. 2), (@) 0.5 mol% VBRB (Expt. 3), () 0.5 mol% VBRB (Expt.
4 in dark), (®) 0.5 mol% RBEA (Expt. 5), () 0.1 mol% RBEA (Expt. 6),
(@) 0.1 mol% VBRB (Expt. 7), (4) 0.05 mol% RBEA (Expt. 8). b) M, (filled
symbols) and dispersity (open symbols) versus conversion. The dotted
line corresponds to the theoretical trend of M,,. Experiments of Table ST,
Supporting Information.

the precipitated P(AA-co-RBEA) macro-CTA clearly indicated
the presence of the trithiocarbonate chain end at 4 = 309 nm
at a similar extent than for the PAA synthesized by RAFT
polymerization (Figure S10, Supporting Information). On the

Rapid Communications
www.mrc-journal.de

basis of the molar extinction coefficient of the trithiocarbonate
(érrc = 11 285 L mol™ cm™ in ethanol) and M,, value of PAA
and P(AA-co-RBEA), we calculated an average of 0.9 TTC per
polymer chain, which confirms the polymer livingness. This
is based on the hypothesis that free and polymer-bound trithi-
ocarbonate have a similar molar extinction coefficient. RAFT
emulsion polymerization of nBA was carried out at 70 °C
using P(AA-co-RBEA( 35,019) as macro-CTA and 4,4’-Azobis(4-
cyanopentanoic acid) (ACPA) as initiator. A complete monomer
conversion was reached for the latex prepared at 23 wt% of
solids content and pH of 5.4 (Table S2, Supporting Informa-
tion). Dynamic light scattering measurements indicated the
formation of narrowly dispersed 85 nm latex particles with dis-
persity of 0.07 (Figure 2). The latex was free of coagulum and
stable over weeks. The SEC analysis confirmed the formation
of block copolymer with a shift of the chromatogram toward
higher molar masses (Figure S11, Supporting information). As
expected the copolymer, mainly constituted of PnBA, exhibited
a low glass transition temperature (T, = —43°C, Figure S12,
Supporting Information). The aqueous dispersion of P(AA-co-
RBEA( 55m015)-b-PnBA particles was casted onto a glass slide
and dried to prepare the polymer film (Scheme 1). The trans-
parent films were analyzed by UV-visible spectroscopy in water
and compared with free RB, P(AA-co-RBEA) macro-CTA, and
P(AA-co-RBEA)-b-PnBA latex in the characteristic range of
absorbance of RB-moiety (A = 450-600 nm, Figure 2). The nor-
malized absorbance spectra of the polymeric materials perfectly
overlay and exhibit the characteristic shape of Rose Bengal.
The absence of both additional band or variation of the relative
intensity of the two bands proves the absence of RB aggrega-
tion.?! The bathochromic shift compared to free RB is char-
acteristic of the covalent bonding of RB with the macro-CTA
and accordingly with the block copolymer particles and pol-
ymer film. The polymer film was immersed in water for 24 h
and the absorbance of the continuous phase was analyzed in
order to control the level of any chemical leaching from the
film. As reported in Figure S13, Supporting Information, no
characteristic signal of RB moiety at 565 nm (&g = 113 000 L
mol~! cm™) was observed in the aqueous solution and very low
level of absorbance (Abs < 0.02) is observed at the wavelength
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Figure 2. Left) Particle size distribution of the P(AA-co-RBEA 25m01%)-b-PnBA latex; Right) Overlay of normalized absorbance spectra (A =450-650 nm)
in water: (purple) free Rose Bengal, (blue) precipitated P(AA-co-RBEA 1 mol5)-TTC macromolecular RAFT agent (Expt. 6 in Table S1, Supporting Infor-
mation), (red) PnBA latex synthesized from the P(AA-co-RBEA 35m01%)-TTC (see Table S2, Supporting Information), (green) polymer film from RB-latex

casting.

Macromol. Rapid Commun. 2018, 1800329

1800329 (4 of 6)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

Macromolecular
Rapid Communications

www.advancedsciencenews.com

of the trithiocarbonate 309 nm (grrc = 11 285 L mol™! cm™),
which confirms the anchorage of RB-based macro-CTA with
the particles.

To examine the photoactivity of the various polymers, the
P(AA-co-RBEA) macro-CTA as well as the latex and film based
on PnBA, we undertook the measurements of singlet oxygen
quantum yield (@%™) which corresponds to the number of
singlet oxygen molecules produced by number of absorbed
photons. The singlet oxygen quantum yields were determined
in water under irradiation at 515 nm by chemical quenching
of the well-known probe, furfuryl alcohol (FFA) oxidized to
6-hydroxypyran-3-one (Scheme 1). The values of @™ for the
sensitizer grafted onto the polymers were obtained by compara-
tive experiments according to Equation (1), relative to that of
free Rose Bengal (33" = 0.76)128! (see more details of calculation
in Supporting Information).

RB _ Sens
QSens _ RB Pa Tox

A A Sens _RB
Pa Tox

(1)

In Equation (1), r,, corresponds to the rate of disappear-
ance of the quencher by reaction with singlet oxygen (mol L!
min~!) and P, is the photon flux absorbed by the sensitizer
(Einstein L7! s71). It is interesting to note that PnBA latex par-
ticles synthesized by PISA from P(AA-co-RBEA)-TTC reac-
tive stabilizer are highly efficient to promote oxidation under
irradiation as revealed by the high value of singlet oxygen
quantum yield (@™ = 0.61, Table 1). Only one study has pre-
viously reported the covalent coupling of a photosensitizer
with poly(alkyl acrylate).?2 The poly(acrylic acid-co-ethylhexyl
acrylate) was associated with values of @Y™ equal to 0.20 in
dimethylformamide solvent.’?l We measured @3™ for both
macro-CTAs in water. The values are in a similar range (0.19-
0.26, Table 1) whatever the RB loading but lower than for the
final latex. Despite the absence of RB aggregation revealed by
the shape of the absorbance spectra (Figure 2), the conforma-
tion of the macro-CTA might be different in water than on the
nanoparticle surface. The number of P(AA-co-RBEA) chains at

Table 1. Quantum yield of singlet oxygen production in water from the
macro-RAFT, latex, and film covalently bonded with RB.

Sample RB loading®  Sample®) D4 (H20)
[umol g™ [gL7]

RB 983 0.99 0.76

P(AA-co-RBEAq g5mops) - TTC 33 0.12 0.19

P(AA-o-RBEAG o) TTC 6.3 0.06 0.26

P(AA-CO-RBEAq 1 moios)-TTC + PAA-b-PnBA 03 0.07+1.64 0.60

Latex (D, = 98 nm, PDI = 0.09)<™9)

P(AA-0-RBEAq 25morsc)-b-PNBA 03 1.60 0.61

Latex (Dy, = 85 nm, PDI = 0.07)9)

RB-Latex Film 0.3 - 0.16

AThe loading of RBEA monomer into the macro-CTA and latex is calculated as fol-
lows: Loading = nggea/Mpolymer = [(Abs X V) /(€rg X L)]/Mpolymer With L =1 cm and
£=113000 L mol™' cm™ the molar extinction coefficient of Rose Bengal in water
at 2 =551 nm; Y Concentration of the samples used for singlet oxygen measure-
ments; 9The non-functionalized latex was synthesized from a PAA-TTC macro-CTA
of M, = 2690 g mol™' and B = 1.2; 9Hydrodynamic diameter and polydispersity of
latex particles measured by DLS.
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the surface of the colloidal particles was estimated at 0.04 chain
nm™~ based on the initial number of moles of macro-CTA and
the overall surface calculated from the particle diameter and the
number of particles (Table S2, Supporting Information). Such
polymer density corresponds to a semi-dilute regime in which
the polymer chains are more constrained than in the mush-
room regime, the latter being generally observed for grafting
density lower than 0.01 chain nm=.3% It has been previously
shown that the polymer conformation can affect the photo-
activity of grafted organic photosensitizers,** which might
explain the difference observed between efficiency of RB-based
PAA in water or on the surface of the colloidal particles. In
order to investigate whether the latex particles could influence
10, production, the value of ¢, of P(AA-co-RBEA j,010,) Macro-
CTA was measured in the presence of non-functionalized PAA-
b-PnBA latex particles. It should be noted that the baseline
deviation of the UV-visible spectra, observed only in the pres-
ence of particles, is systematically corrected by a polynomial fit
to limit the overestimation of the RB absorbance arising from
light scattering (see Figure S15, Supporting Information). An
increase of ¢, of the P(AA-co-RBEA( y01%) macro-CTA from
0.26 to 0.60 was observed (Table 1), which might be ascribed
either to an effect of the light scattered by the particles on 'O,
production and/or to an impact of the particles on the quencher
or oxygen distribution in the medium. This result raises a sci-
entific point to be explored in the near future. The novel photo-
active waterborne core—shell latex synthesized by PISA (Table 1
and Table S2, Supporting Information) are efficient to form
photoactive transparent films from simple casting and drying
steps of the aqueous colloidal dispersion (see the picture in
Scheme 1). Indeed, under the same experimental conditions
used for latex particles and macro-CTA, the clear decrease of
FFA concentration in the presence of the polymer film proved
the efficient production of singlet oxygen at the film interface
(Figure S14, Supporting Information). An estimated value of
@Y™ of 0.16 was calculated (Table 1) but we would like to draw
attention that this value should be taken with care as there are
several difficulties to accurately measure @%™ for solid photo-
sensitizing materials.’® Both light scattering effects and accu-
rate measurement of the number of absorbed photons by the
active photosensitizer make the determination of singlet oxygen
quantum yield a difficult task.

In conclusion, we developed novel photosensitizer-grafted
film-forming latex particles with high potential to form
advanced functional coatings exhibiting photo-oxidation activity
under visible light. The photosensitizer-grafted polymer col-
loids fulfilled interesting specifications like an eco-friendly
synthesis by emulsion polymerization performed in aqueous
dispersed media, the absence of molecular surfactants, and
an easy casting process to prepare photoactive polymer films.
PISA of n-butyl acrylate proved to be an efficient method to
produce stable submicronic core—shell particles with the hydro-
philic outer shell directly functionalized by the organic photo-
sensitizer through the macro-CTA synthesized by RAFT copo-
lymerization of AA and 2-RBEA. The present work also inves-
tigated the impact of the comonomer structure on the RAFT
polymerization of AA, highlighting a lower inhibition with
2-RBEA compared to VBRB. Interestingly the three types of
synthesized polymers (hydrophilic polymer, latex particles, and

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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polymer film) proved to be photoactive with the colloidal dis-
persion of particles being the most efficient to produce singlet
oxygen (@3 = 0.6).

Experimental Section

All the experimental information is provided in Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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