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ABSTRACT: In this article, we are investigating a series of organo-dyes, including methylene 

blue, fluorescein, rhodamine 6G, Nile red and eosin Y, to perform a visible light-mediated 

controlled/“living” radical polymerization of methacrylates. We demonstrate that eosin Y and 

fluorescein were efficient catalysts to activate a photoinduced electron transfer-reversible 

addition-fragmentation chain transfer (PET-RAFT) mechanism. The concentration of eosin Y 

was varied from 10-100ppm in respect to monomer. This polymerization technique yielded 

well-defined (co)polymers with a good control of the molecular weights ranging from 10,000 

to 100,000 g/mol and low polydispersities (PDI < 1.30). A variety of functional monomers, 

including N,N-dimethylaminoethyl methacrylate, hydroxyl ethyl methacrylate, 

pentafluorophenyl methacrylate, glycidyl methacrylate, oligoethylene glycol methyl ether 

methacrylate (OEGMA), methacrylic acid were successfully polymerized. Finally, the addition 

of tertiary amine, such as triethylamine, afforded to carry out the polymerization in the 

presence of air via a reductive quenching cycle. Different diblock polymethacrylate 

copolymers, i.e. PMMA-b-POEGMA and PMMA-b-PMMA, were prepared to demonstrate the 

high end group fidelity. 

 

KEYWORDS: Controlled/living radical polymerization, photoinduced electron transfer, 

reversible addition-fragmentation chain transfer and organo-photoredox catalyst 

 

 

 

INTRODUCTION:  

Polymerization regulated by visible light is considered to be 

eco-friendly and a sustainable alternative to traditional thermal 

initiated polymerization, along with a variety of attractive 

features, including simple experimental setup, mild reaction 

conditions, minimal side reactions and spatio-temporal 

control.1-3 Visible light photoredox catalysis employed for 

controlled/“living” radical polymerization, now referred to as 

reversible deactivation radical polymerization (RDRP), is an 

emerging topic attracting significant interests in polymer and 

material chemistry, since 2010.4-15 For instance, Hawker and 

Fors employed for the first time a photo-redox catalyst based on 

iridium catalyst to activate an atom transfer radical 

polymerization-like process under visible light,4, 5, 16 This 

process was inspired by the seminal works of MacMillan,17-19 

Stepheson20-22 and Yoon19, 23 in organic synthesis. In these 

reactions, the photoredox catalyst plays a crucial role in terms 

of durability, applicability and reactivity for visible light 

photoredox reactions. The most popular catalysts are transition 

metal complexes due to their strong light absorption, long 

excited state lifetime and high stability.18 However, they are 

expensive and potentially toxic, which limits their 

implementation or commercialization.24 Recently, organo-

photocatalysts have emerged as an alternative to these metallic 

based catalysts due to their low costs, availability and low 

toxicity.25 Organic dyes with diverse absorption were proven to 

be highly efficient in photoredox catalysis for synthetic 

transformations in organic synthesis.26, 27 For instance, Eosin Y 

(EY, Scheme 1) is one of the widely used organic dyes, 

commonly employed as a biological stain for fluorescence 

studies of cytoplasm, collagen and muscle fibre.28 Its 

photochemistry has also been well investigated.24, 29 Upon 

excitation by visible light, EY rapidly undergoes intersystem 

crossing from singlet excited state to the lowest energy triplet 

excited state, which has a lifetime of 24µs.24-26, 30 The triplet 

state of EY has strong reducing (E*red (PC*/PC-●) = +1.18 V vs 

SCE) and oxidizing (E*red (PC+● /PC*) = -1.60 V vs SCE) 
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potentials, which was successfully employed in organic 

transformations to substitute metal-based catalyst.24, 31 Finally, 

EY has also been successfully employed to mediate free radical 

polymerization in the presence of tertiary amine, such as 

methyldiethanolamine, and N-vinylpyrolidone.32-35  

Recently, we developed a versatile and robust photoinduced 

living polymerization technique, named photoinduced electron 

transfer – reversible addition–fragmentation chain transfer 

(PET-RAFT) polymerization,36-38 which is capable of 

polymerizing a large range of conjugated and unconjugated 

monomers to afford polymers with well-defined structures and 

narrow polydispersities, even in the presence of air and ultra-

low concentration of catalyst. In this process, a photocatalyst, 

such as fac-[Ir(ppy)3] and Ru(bpy)3Cl2, activates RAFT 

polymerization by an electron transfer between the catalyst and 

RAFT agent. Based on our previously reported mechanism of 

PET-RAFT, we envisaged that organo-dyes have the potential 

to be effective photoredox catalysts. In this paper, we 

investigated a series of organo-dyes, including EY, methylene 

blue, fluorescein, Nile red, and rhodamine 6G, which were 

commonly employed in organic synthesis. These dyes would be 

ideal organo-photocatalyst for controlled/“living” 

polymerization as they are non-toxic (commonly employed in 

biology, as staining agent for confocal microscopy).  

Scheme 1. Chemical structures of organo-dyes and CPADB employed 
in this study.  

In this article, we demonstrate for the first time, the 

applicability of organo-dyes for the activation of PET-RAFT 

mechanism to afford the preparation of well-defined 

polymethacrylates and their block copolymers. Most 

importantly, this polymerization technique is tolerant of diverse 

functionalities and oxygen; and can be performed in various 

organic solvents and water. 

EXPERIMENTAL  

Materials 

Methyl methacrylate (MMA, 99%), tert-butyl methacrylate 

(tBuMA, 99%), tert-butyl acrylate (tBuA, 99%), oligo 

(ethylene glycol) methyl ether methacrylate (OEGMA, average 

Mn 300), methylene blue (95%), fluorescein (95%), rhodamine 

6G (99%), nile red (98%), Eosin Y (EY, 99%), and 

triethylamine (≥ 99%) were all purchased from Sigma-Aldrich. 

Deinhibition of monomers was performed by percolating over a 

column of basic alumina (Ajax Chemical, AR). Dimethyl 

sulfoxide (DMSO), acetonitrile (MeCN), toluene, and N,N-

dimethylformamide (DMF), diethyl ether, and petroleum spirit  

were purchased from Ajax Chemical and used as received. 4-

cyanopentanoic acid dithiobenzoate (CPADB) was prepared 

according to the literature.39, 40  

Instrumentation 

Gel permeation chromatography (GPC) was performed 

using tetrahydrofuran (THF) or dimethylacetamide (DMAc) as 

the eluent. The GPC system was a Shimadzu modular system 

comprising an auto injector, a Phenomenex 5.0µm beadsize 

guard column (50 × 7.5mm) followed by four Phenomenex 

5.0µm bead-size columns (105, 104, 103 and 102 Å) for DMAc 

system, two MIX C columns provided by Polymer Lab for THF 

system, and a differential refractive-index detector and a UV 

detector. The system was calibrated with narrow molecular 

weight distribution polystyrene standards with molecular 

weights of 200 to 106 g mol-1.  

Nuclear Magnetic Resonance (NMR) spectroscopy was 

carried out on a Bruker Advance III with SampleXpress 

operating at 300MHz for 1H using CDCl3 as solvent and 

tetramethylsilane (TMS) as a reference. The data obtained was 

reported as chemical shift (δ) measured in ppm downfield from 

TMS.  

UV-vis Spectroscopy spectra were recorded using a CARY 

300 spectrophotometer (Varian) equipped with a temperature 

controller.  

On-line Fourier Transform Near-Infrared (FTNIR) 

spectroscopy was used to measure the monomer conversions by 

following the decrement of the vinylic C-H stretching overtone 

of the monomer at ~6,200cm-1. A Bruker IFS 66/S Fourier 

transform spectrometer equipped with a tungsten halogen lamp, 

a CaF2 beam splitter and liquid nitrogen cooled InSb detector 

was used. The sample was placed in a FTNIR quartz cuvette 

(1cm × 2mm) and polymerised under blue LED light irradiation 

(�max = 435nm). Every 5,10, or 30 minutes, the sample was put 

into a holder manually and each spectrum in the spectral region 

of 7,000-5,000cm-1 was constructed from 32 scans with a 

resolution of 4cm-1. The total collection time per spectrum was 

about 15 s. Spectra were analysed with OPUS software. 

Photopolymerization reactions were carried out in the same 

reaction vessel used in our previous work,37 where the reaction 

mixtures were irradiated by one meter of blue LED strip (4.8 

W, �max = 435nm). 

Synthetic procedures 

General procedure for the kinetic studies of PET-RAFT 

polymerization of methyl methacrylate (MMA) mediated by 

different dyes in the absence of oxygen. As a example of 

MMA polymerization by fluorescein at 500 ppm (relative to 

monomer) catalyst concentration, a reaction solution consisting 

of DMSO (1mL), MMA (0.94g, 9.4mmol), CPADB (13.1mg, 
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0.047mmol) and fluorescein (1.56mg, 4.7 × 10-3 mmol) was 

prepared in a 4mL glass vial. Sealed with a rubber septum and 

covered with aluminium foil the reaction solution was degassed 

for 20 minutes with N2 and then irradiated under blue LED 

light (4.8 W, �max = 435nm) at room temperature. After 24 h, 

the monomer conversions and molecular weight were analysed 

by 1H NMR (CDCl3) and GPC (RI and UV detectors). 

For the polymerization mediated by methylene blue, the 

reaction solutions were irradiated by both blue and red LED (λ

max = 635 nm) lights. In the case of Nile red, the light sources 

were blue and green LED (λmax = 530 nm). The reaction setup 

referred to supporting information. 

General procedure for the kinetic studies of PET-RAFT 

polymerization of methyl methacrylate (MMA) mediated by 

Eosin Y (EY) by on-line Fourier transform near-Infrared 

(FTNIR) spectroscopy in the absence and presence of 

oxygen. A reaction stock solution consisting of DMSO (1mL), 

MMA (0.94g, 9.4mmol), CPADB (13.1mg, 0.047mmol) and 

eosin Y (0.61mg, 9.4 × 10-4mmol) was prepared in a 4mL glass 

vial. 0.7mL of this stock solution was transferred into a 0.9mL 

FTNIR quartz cuvette (1cm × 2mm). To examine the 

polymerization in the absence of oxygen the cuvette was sealed 

with a rubber septum and covered with aluminium foil while 

degassing for 20 minutes with N2. The quartz cuvette was then 

irradiated under blue LED light (4.8 W, �max = 435nm) at room 

temperature. The cuvette was transferred to the sample holder 

manually for FTNIR measurement every 30 minutes. After 15 

seconds scanning, the cuvette was moved back into light. The 

monomer conversions were calculated by the ratio of the 

integral of the wavenumber area 6220 ~ 6120cm-1 at different 

time points to that at 0 minute. Aliquots of the final reaction 

mixtures were analysed by 1H NMR (CDCl3) and GPC (RI and 

UV detectors) to measure the conversions, number average 

molecular weights (Mn, GPC), and polydispersities (Mw/Mn). The 

remainder was purified via precipitation in methanol/petroleum 

ether (1/1, v/v). The final pink powder was collected and 

submitted for UV-vis spectroscopy and 1H NMR measurements 

to confirm chain end group fidelities and calculate absolute 

molecular weights, Mn, NMR.  

Mn, NMR = (I3.6ppm/3)/(I7.8ppm/2) × MWMMA + MWCPADB 

Where I3.6ppm and I7.8ppm correspond to integrals of peak signal 

at δ 3.6ppm and δ 7.8ppm attributed to OCH3 of MMA and 

phenyl group of CPADB, respectively. 

To examine the polymerization in the presence of oxygen, 

another 0.7mL aliquot of the stock solution was polymerized 

and analysed using an identical procedure except for 

elimination of the degassing step. 

General procedure for the kinetic studies of PET-RAFT 

polymerization of methyl methacrylate (MMA) mediated by 

eosin Y/triethylamine (EY/TEA) by on-line Fourier 

transform near-Infrared (FTNIR) spectroscopy in the 

absence and presence of oxygen. 

A reaction stock solution consisting of DMSO (1mL), MMA 

(0.94g, 9.4mmol), CPADB (13.1mg, 0.047mmol), eosin Y 

(0.61mg, 9.4 × 10-4mmol) and TEA (mg, 4.76mg, 0.047mmol) 

was prepared in a 4mL glass vial. 0.7mL of this stock solution 

was transferred into a 0.9mL FTNIR quartz cuvette (1cm × 

2mm). To examine the polymerization in the presence of 

oxygen the cuvette was sealed with a rubber septum. The quartz 

cuvette was then irradiated under blue LED light (4.8W, �max = 

435nm) at room temperature. The cuvette was transferred to the 

sample holder manually for FTNIR measurement every 30 

minutes. After 15 seconds scanning, the cuvette was moved 

back into light. The monomer conversions were calculated by 

the ratio of the integral of the wavenumber area 6220 ~ 

6120cm-1 at different time points to that at 0minute. Aliquots of 

the final reaction mixtures were analysed by 1H NMR (CDCl3) 

and GPC (RI and UV detectors) to measure the conversions, 

number average molecular weights (Mn, GPC), and 

polydispersities (Mw/Mn). The remainder was purified via 

precipitation in methanol/petroleum ether (1/1, v/v). The final 

pink powder was collected and submitted for UV-vis 

spectroscopy and 1H NMR measurements to confirm chain end 

group fidelities and calculate absolute molecular weights, Mn, 

NMR.  

To examine the polymerization in the absence of oxygen, 

another 0.7mL aliquot of the stock solution was degassed with 

nitrogen for 20 minutes, and then polymerized and analysed 

using an identical procedure. 

General procedure for PET-RAFT polymerization of 

functional monomers mediated by EY in the absence of 

oxygen. In a typical experiment synthesizing poly(2-

hydroxylethyl methacrylate (PHEMA), a 5mL glass vial was 

equipped with a rubber septum and charged with DMSO 

(0.5mL), HEMA (1.41g, 14.1mmol), CPADB (20mg, 

0.0705mmol), eosin Y (0.46mg, 7.05 × 10-4mmol). The mixture 

was covered with aluminium foil while degassing for 20 

minutes with N2. The reaction mixture was then irradiated 

under a blue LED light at room temperature for 21 hours. The 

final solution was precipitated in diethyl ether by stirring. The 

pink precipitate was collected, re-dissolved in a minimal 

amount of dichloromethane, and precipitated a second time 

from diethyl ether. The pink precipitate was then collected and 

dried to yield the desired product. 

General procedure for the preparation of diblock 

copolymers by PET-RAFT polymerization mediated by 

EY/TEA in the presence of oxygen. In a typical experiment 

synthesizing the diblock copolymer poly(methyl methacrylate)-

b-poly(methylmethacrylate) (PMMA-b-PMMA), a 5mL glass 

vial was equipped with a rubber septum and charged with 

DMSO (1.5mL), MMA (1.41g, 14.1mmol), CPADB (20mg, 

0.0705mmol), eosin Y (0.46mg, 7.05 × 10-4mmol), and TEA 

(7.1mg, 0.0705mmol). The mixture was then irradiated under a 

blue LED light at room temperature for 21 hours. The final 

solution was precipitated in mixture of methanol/petroleum 

spirit (1/1, v/v) with stirring. The pink precipitate was collected, 

re-dissolved in a minimal amount of dichloromethane, and 

precipitated a second time from the mixture of 

methanol/petroleum spirit (1/1, v/v). The pink precipitate was 

then collected and dried to yield the desired product: Mn,GPC = 

21 710 g/mol, Mw/Mn = 1.09. 
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For the chain extension, a 5mL glass vial was equipped with a 

rubber septum and charged with DMSO (0.5mL), MMA 

(0.076g, 0.76mmol), PMMA macro-initiator (0.08g, Mn = 

21,270g/mol, 0.0038mmol), eosin Y (0.025mg, 3.8 × 10-

5mmol) and TEA (0.38g, 0.0038mmol). The mixture was then 

irradiated under a blue LED light at room temperature for 13 

hours. The final solution was precipitated in methanol with 

stirring. The pink precipitate was collected, re-dissolved in a 

minimal amount of dichloromethane, and precipitated a second 

time from methanol. The pink precipitate was then collected 

and dried to yield desired product: Mn,GPC = 33,200g/mol, 

Mw/Mn = 1.13. 

RESULTS AND DISCUSSION 

Initial polymerizations of methyl methacrylate (MMA) were 

investigated using CPADB as chain transfer agent in the 

presence of organic photo-redox catalysts (500ppm relative to 

monomer) under blue LED light (λmax = 435 nm, 4.8W). We 

tested different organo-dyes, including EY, fluorescein, Nile 

red, methylene blue, and rhodamine 6G due to their low redox 

potentials. After 24 hours of polymerization, the monomer 

conversions were determined by NMR for the different dyes. 

Encouraging results were noted for EY and fluorescein where  

monomer conversions greater than 50% were observed, while 

in the case of other dyes, the monomer conversion was less than 

10% (or not detectable by NMR) which was attributed to self-

initiation of MMA under blue LED light (Table 1). According 

to our data, we can rank the organo-photoredox catalyst by 

order of reactivity to activate PET-RAFT: eosin Y >> 

fluorescein >> Nile red, rhodamine and methylene blue.  

 

Table 1. PET-RAFT polymerization tests of MMA with various organo-dyes 
in the absence of oxygen under blue LED light (435 nm, 5 W). 

Organo-dye 
[MMA]/[CPA
DB]/[catalyst] 

T 
(h) 

αM a 

(%) Mn, th
b  

Mn, exp
c PDIc 

Fluorescein 200 :1 :0.1 24 51.2 11 520 12 160 1.18 

Eosin Y 200 :1 :0.02 24 92.4 18 100 18 700 1.23 

Methylene 

Blued 
200 :1 :0.1 24 0 - - - 

Nile Rede 200 :1 :0.1 24 0 - - - 

Rhodamine 

6G 
200 :1 :0.1 24 10 2 420 4 250 1.13 

Note: a) Monomer conversion determined by 1H NMR spectroscopy using 
the following equation: αM = [(ʃ5.5-6.0ppm)/2]/(ʃ3.5ppm/3), b) theoretical 
molecular weight calculated using Mn, th. = ([MMA]/[CPADB]) × αM × 
MWMMA  + MWCPADB, c) experimental molecular weight and polydispersity 
(PDI) determined by THF GPC using universal calibration; d) 
Polymerizations were conducted under both blue and red (λmax = 635 nm) 
LED light; e) Polymerizations were conducted under both blue (λmax = 435 
nm) and green (λmax = 530 nm) LED lights. 

On the basis of our previous research using iridium and 

ruthenium catalysts,36-37 we preliminarily propose the following 

criteria must be met to have an effective photoredox catalyst: 

(a) it must have a lower reduction potential E*red (PC+●/PC*) 

than that of RAFT agents; (b) it should exhibit a low quantum 

yield for fluorescence; (c) it should have a fairly high 

intersystem crossing rate. EY presents the longest excitation 

lifetime in comparison to other organo-dyes investigated in this 

study and present the lowest fluorescence quantum yield (Φ = 

0.47, Table 1).41-44 A low value of quantum yield reveals that 

significant energy received by the dye is wasted in thermal 

dissipation and other energy transfers, while a high 

fluorescence quantum yield corresponds to high conversion of 

energy into fluorescence. In addition, the reduction potential of 

EY (E*red (PC+●/PC*)) is much lower than that of the RAFT 

agent [E*red (CPADB/CPADB-) ~ -0.4 V],36 which allows 

activation of PET process. Therefore methylene blue with 

higher reduction potential (+0.01V) cannot initiate the 

polymerization. Although fluorescein is a stronger reducing 

agent [E*red (PC+●/PC*) = -1.22 V] than EY, fluorescein 

presents a higher fluorescence quantum yield (Φ = 0.95) than 

EY (Φ = 0.57). The decrease in fluorescence of EY (compared 

to fluorescein) is predominantly due to an increase in 

intersystem crossing41 which allows EY to be in the excited 

state for a longer time (24µs) than fluorescein and by 

consequence dissipated the energy via other processes like 

electron transfer.24, 42 In our experiments, we show that 

polymerization is activated when fluorescein concentration is 

equal to 500ppm relative to monomer concentration. 

Rhodamine 6G has also a reduction potential [E*red (PC+●/PC*) 

~ -0.8 V vs SCE]43 comparable to RAFT agent [E*red 

(CPADB/CPADB-) ~ -0.4 V] with a very high fluorescence 

quantum yield (Φ>0.95).44 Thus it cannot activate the PET-

RAFT process. In the case of Nile red, the low quantum yield 

observed in DMSO (or polar solvents) are due to the 

aggregation of the hydrophobic benzophenoxazinone core 

structures.54 In addition, Nile red is also a good radical 

scavenger.55   

 

Table 2. Properties of dyes. 41-44   

Organo-dye 
E*red

a 
(PC+●/PC*) 

Φb kr 
c 

(ns-1) 

 

knr
d 

 (ns-1) 

Fluorescein -1.22 V 0.95 1.61 1.4 

Eosin Y -1.1 V 0.47 1.40 56.1 

Methylene 

Blue 
+0.01 V > 0.55 - - 

Nile Red -1.02 V 0.71 - - 

Rhodamine 

6G 
-0.8 V 0.95 0.221 0.025 

Note: a) Reduction potential in V vs SCE; b) quantum yield, c) radiative 
decay constant (ns-1); d) Non-radiative constant (ns-1).  
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Scheme 2. Proposed mechanisms for PET-RAFT polymerization 
mediated by eosin Y in the absence (A, oxidative quenching cycle) and 
presence (B, reductive quenching cycle) of sacrificial electron donor, 
triethylamine (TEA), and their oxygen tolerance. 

After these initial results, EY was selected and investigated in 

detail. Several control experiments (no.1-3, Table 3) were 

carried out to investigate possible side reactions. The radical 

polymerization of MMA could not proceed successfully to 

achieve high monomer conversion (< 10% in all cases) after 24 

hours of light irradiation in the absence of chain transfer agent, 

i.e. CPADB, or catalyst, i.e. EY. This suggested that CPADB 

and EY were key components in this polymerization process. 

Previous studies demonstrated that EY can absorb light to yield 

excited EY*, which is capable of transferring an electron by 

photo-induced electron transfer (PET). CPADB accepts the 

electron and acts as initiator as well as chain transfer agent to 

mediate chain growth in a living manner (Scheme 2A).  

The kinetic study and “ON/OFF” experiment of MMA 

photopolymerization in the absence of oxygen was carefully 

investigated. As shown in Figure S1, ESI, temporal control of 

the polymerization was clearly demonstrated by the light “ON” 

and “OFF” switch on the plot of ln([M]0/[M]t) (derived from 

conversion measured by online Fourier transfer near-Infrared 

(FTNIR) spectroscopy) versus time. The polymerization system 

remained dormant with no polymerization taking place in the 

absence of light, when the light was back “ON”; the system was 

activated and resumed polymerizing. These “activation” and 

“deactivation” processes were easily manipulated by 

controlling “ON” and “OFF” periods.  

 
Figure 1. PET-RAFT polymerization of MMA mediated by eosin Y 
(EY) in DMSO using CPADB as thiocarbonylthio compound: A) 
ln([M]0/[M]t) vs. time of exposure; B) molecular weights and Mw/Mn vs. 
conversion; C) molecular weight distributions of PMMA at different 
time points. Note: The reactions were performed in DMSO at room 
temperature under 4.8 W blue LED light (λmax = 435 nm) using 
[MMA]:[CPADB]:[EY] = 200 : 1  : 0.02 in the absence of oxygen. 

Linear plot of ln([M]0/[M]t) versus exposure time (Figure 1A) 

suggested that constant concentration of propagating free 

radicals were achieved during the polymerization period, 

although three hours induction period was observed. The 

evolution of experimental molecular weights to monomer 

conversion showed a linear evolution with an excellent 

agreement to theoretical molecular weights (Figure 1B), which 

was in accord with a controlled/“living” polymerization 

behaviour. Monomodal distributions of molecular weights with 

a clear shift with exposure time (Figure 1C) and narrow 

polydispersities (Mw/Mn) lower than 1.2, indicated a good 

control of the polymerization.  

After demonstrating that EY can activate PET-RAFT 

polymerization, we decided to test the versatility of this 

approach for the polymerization of functional monomers, 

including hydroxylethyl methacrylate (HEMA), N,N-

dimethylaminoethyl methacrylate (DMAEMA), glycidyl 

methacrylate (GMA), hydroxylpropyl methacrylamide 

(HPMA), methacrylic acid (MAA), pentafluorophenyl 

methacrylate (PFPMA) and oligoethylene glycol methyl ether 

methacrylate (OEGMA). Table 4 summarizes the various 

polymers prepared in this study. In contrast, to our previous 

studies using fac-[Ir(ppy)3], functional monomers, such as 

DMAEMA and GMA, were not well controlled with a PDI 

greater than 1.5.36-38 We attributed the uncontrolled 

Page 5 of 12 Polymer Chemistry

P
ol

ym
er

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

polymerization to a radical formation through oxidation 

reaction of the amine or glycidyl group by EY. In this study, we 

demonstrate that EY did not interfere with the various 

functional groups as demonstrated by a good agreement 

between the theoretical and experimental molecular weights 

assessed by GPC. All the polymers have been prepared with a 

PDI lower than 1.3, which confirms a living character. UV-vis 

spectroscopy after purification confirmed the presence of 

dithioester by the signal at λ = 305nm (ε = 15 100 M−1 cm−1) 

(data not shown). Using Bert-Lambert equation, the end group 

functionality was determined to be greater than 95% for all the 

polymers. At the end of the polymerization, EY was completely 

eliminated by precipitation as demonstrated by the absence of 

signal at 539 nm (ε = 60 803 M−1 cm−1).30  

 
Scheme 3. Chemical structures of monomers employed in this study. 
GMA, HEMA, MMA, OEGMA, DMAEMA, PFPMA, MAA and 
HPMA stand for glycidyl methacrylate, hydroxylethyl methacrylate, 
methyl methacrylate, oligoethylene glycol methylether methacrylate, 
N,N-dimethylaminoethyl methacrylate, pentafluorophenyl methacrylate, 
methacrylic acid and hydroxylpropyl methacrylamide.  

 

Table 3. Polymerizations of methyl methacrylate (MMA) mediated by eosin Y and eosin Y/TEA as photoredox catalysts in the absence or presence of oxygen.  

No. 
 ([MMA]/[CPADB]/[eosin 

Y]/[TEA])a 
Nitrogen 

Time (h) 
Conv. b 

(%) 
Mn, theo. 

c
 

(g/mol) 
Mn, GPC 

d
 

(g/mol) 
Mw/Mn

d 

1 200/0/0.02/0 Yes 24 5 - 250 000 3.8 
2 200/0/0.02/0 No 24 0 - - - 
3 200/0/0.02/0.1 Yes 24 9 - 203 000 3.2 
4 200/0/0.02/0.1 No 24 0 - - - 
5 200/1/0/1 Yes 24 7 1680 3 020 1.26 
6 200/1/0/1 No 24 0 - - - 
7 200/1/0.02/0 Yes 12 52 10 670 11 400 1.14 
8 200/1/0.02/0 No 12 24 5 100 6 530 1.18 
9 200/1/0.02/1 Yes 12 67 13 610 14 100 1.20 

10 200/1/0.02/1 No 12 73 14 920 15130 1.21 

Note: a) The reactions were performed in DMSO at room temperature under 4.8 W blue LED light (λmax = 435 nm); b) Monomer conversion determined by 1H 
NMR spectroscopy; c) Theoretical molecular weight calculated using the following equation: Mn, th. = [M]0/[CPADB]0 × MWM × α (NMR) + MWCPADB, where 
[M]0, [Thiocar.]0, MWM, α (NMR) and MWCPADB correspond to monomer and thiocarbonylthio compound concentration, molar mass of monomer, conversion 
measured by NMR and molar mass of CPADB compound respectively; d) Molecular weight and polydispersity determined by GPC using universal 
calibration. 

Subsequently, we investigated the polymerization of OEGMA 

in different solvents, including acetonitrile (MeCN), toluene, 

water, DMSO and N,N-dimethylformamide (DMF) using 

[OEGMA]:[CPADB]:[EY] molar ratio of 200:1:0.01 under 

blue LED light (4.8W) to demonstrate the versatility of this 

polymerization technique. At different time points, aliquots 

were taken from the polymerization mixture and were analysed 

by GPC and NMR. For all these solvents, except toluene, we 

observed a linear relationship between ln([M]0/[M]) and the 

exposure time. The solvents had strong effect on the apparent 

propagation rate. DMSO and water gave the fastest 

polymerization rates, while the polymerizations performed in 

MeCN and DMF presented slow polymerization kinetics 

(Figure 2). Interestingly, we did not observe monomer 

conversion in toluene after 24 hours of irradiation. One of the 

explanations is that EY is quenched in toluene. Except the 

polymerizations performed in toluene, the evolutions of the 

molecular weights were in good agreement with the theoretical 

ones, which demonstrate that EY can be an efficient photo-

redox catalyst for PET-RAFT in polar solvents (Figure 2B).  In 

our previous work employing metal photocatalysts fac-

[Ir(ppy)3] and Ru(bpy)3Cl2,
36,37 PET-RAFT technique was 

proved to be extremely tolerant to oxygen. We decided to 

investigate if EY has the ability to perform polymerization in 

the presence of oxygen. Figure 3A indicated a linear plot of 

ln([M]0/[M]t) versus exposure time for both systems, i.e., in the 

absence and presence of oxygen. However, the polymerization 

in the presence of oxygen presented a lower apparent 

propagation rate, kp
app, 0.027 h-1 than that in the absence of 

oxygen (kp
app = 0.070 h-1). The result obtained for 

polymerization in the presence of oxygen suggested that a 

fraction of EY was used to activate CPADB, while the other 

fraction was employed to consume O2 to form superoxide 

anions. Interestingly, both systems presented the same 

induction periods which suggested that the electron transfer 

from excited state EY* to CPADB and oxygen can occur 

concurrently. The proposed reaction pathway was shown in 

Scheme 2A. At the end of the polymerization, the polymers 

were purified by precipitation in methanol and analysed by 

NMR and UV-vis to determine the presence of dithiobenzoate. 

In the presence and absence of oxygen, NMR and UV-vis 

revealed high end group fidelity (f > 95%). 
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Figure 2. A) Evolution of ln([M]0/[M]t) vs. exposure time for PET-RAFT 
polymerization of OEGMA mediated by eosin Y (EY) in various solvents 
using CPADB as thiocarbonylthio compound (50 ppm of EY in respect to 
monomer); B) Evolution of molecular weight and PDI vs. exposure time for 
PET-RAFT polymerization of OEGMA mediated by eosin Y (EY) in various 
solvents using CPADB as thiocarbonylthio compound (50 ppm of EY 
relative to monomer). 

Table 4. Polymerizations of functional monomers mediated by 
eosin Y as photoredox catalysts.  

# 
Monomera Time 

(h) 
Conv. b 

(%) 
Mn, theo. 

c
 

(g/mol) 
Mn, GPC 

d
 

(g/mol) 
PDId 

1 HEMA 12 55 14 500 15 200 1.21 

2 DMAEMA 12 69 21 900 22 500 1.18 

3 PFPMA 12 56 28 500 29 600 1.14 

4 MAA 12 51 8 900 10 200 1.36 

5 HPMA 12 75 22 500 
12 800 

(23 500)e 
1.18 

6 GMA 12 58 16 700 16 900 1.16 

7 OEGMA 12 60 36 300 34 500 1.22 

Note: a) The reactions were performed using [Monomer]/[eosin Y]/[CPADB] 
ratio of 200/0.02/1 in DMSO at room temperature under 4.8 W blue LED 
light (λmax = 435 nm); b) Monomer conversion determined by 1H NMR 
spectroscopy; c) Theoretical molecular weight calculated using the following 
equation: Mn, th. = [M]0/[Thiocar.]0 × MWM × α(NMR) + MWThiocar., where [M]0, 

[Thiocar.]0, MWM, α(NMR) and MWThiocar. correspond to monomer and 
thiocarbonylthio compound concentration, molar mass of monomer, 
conversion measured by NMR and molar mass of thiocarbonylthio 
compound respectively; d) Molecular weight and polydispersity determined 
by GPC, e) molecular weight determined by NMR. 

 
Figure 3. Kinetic study for PET-RAFT polymerization of MMA 
mediated by eosin Y (EY) or EY/TEA in the absence or presence of 
oxygen. (A) ln([M]0/[M]t) versus exposure time using 
[MMA]:[CPADB]:[EY] = 200 : 1 : 0.02;  (B) ln([M]0/[M]t) versus 
exposure time using [MMA]:[CPADB]:[EY]:[TEA] = 200 : 1  : 0.02 : 
0.1; (C) kinetic data table for kp

app and induction periods. Notes: The 
reactions were performed in DMSO at room temperature under 4.8 W 
blue LED light (λmax = 435 nm). 

Recent work in organic synthesis26, 30 and polymer synthesis32, 

35 using EY in the presence of air suggests that the addition of 

triethylamine (TEA) improves the reaction yield. For instance, 

Bowman and co-workers demonstrate the use of EY in the 

presence of TEA to initiate a free radical polymerization under 

light.32, 35 TEA is an excellent reducing agent,45-47 capable to act 

as a sacrificial agent which provides an electron to EY to yield 

EY-. As shown in Scheme 2B, EY acts as an electron carrier. 

Such mechanism has been described previously for several 

organic reactions using metallo- and organo- photocatalysts.25, 

48 Therefore, the polymerization rate in the presence of TEA 

should be greater in the presence of oxygen. We decided to test 

this assumption by the addition of a small amount of TEA in 

our previous reaction (i.e., [CPADB]/[TEA] = 1/0.1). In the 

presence of TEA, it was evident that the apparent propagation 

rates increased slightly in the absence of oxygen, whereas the 

polymerization rate was doubled in the presence of oxygen 

(Figure 3B). In addition, the induction periods was surprisingly 

reduced from 1.9 hours to 0.8 of an hour when the 

polymerization was performed under air, which demonstrated 

that TEA was capable of effectively improving oxygen 

consumption.  
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Figure 4. Effects of TEA concentration on the kinetics of PET-RAFT 
polymerization of MMA mediated by eosin Y in the presence of 
oxygen. 

Inspired by early work using TEA and EY for organic 

synthesis,25, 30 we proposed another mechanism to describe 

PET-RAFT in the presence of TEA. In the presence of an 

electron donor, such as TEA, reductive pathway is privileged 

instead of oxidative pathway (Scheme 2A/B).26, 27 In this 

pathway, an electron transfer from the electron donor (TEA) to 

EY is initiated with the formation of amine radical cation, 

Et3N
•+

, as shown in Scheme 2B, to generate EY radical anion 

(EY
•-

). The radical cation (Et3N
•+
) derived from the oxidation 

of triethylamine can react with a second molecule of TEA or 

solvents by hydrogen abstraction to yield inactive species.47, 49-

53 In the presence of oxygen, one part of EY
•- 

will reduce 

oxygen to generate superoxide (O2
•-), whereas the other fraction 

of EY
•- 

will transfer an electron to CPADB to generate a 

propagating radicals for chain growth. As a control experiment, 

we performed the polymerization of MMA without CPADB in 

the presence of EY and TEA ([Eosin]:[TEA] = 0.02:0.1) under 

air and nitrogen. In this condition, we observed a very low 

monomer conversion (<10%, Table 2, #3-4) after 24 hours 

which indicates that CPADB plays an important role in the 

activation of the polymerization. 

However, the amount of TEA (1.65 × 10-3mmol) present in the 

FTNIR reaction vessel using a molar ratio of [TEA]:[CPADB] 

= 0.1/1 was insufficient  to completely reduce the dissolved 

oxygen and free oxygen in the reactor vessel (i.e., 2.48 × 10-

3mmol, see experimental section in ESI). Thus, we decided to 

increase the amount of TEA and investigate its effect on the 

photo-polymerization rates, as shown in Figure 4. Firstly, it is 

interesting to note that there was a great effect of TEA 

concentrations on the propagation rates in the presence of 

oxygen, whereas very little difference was observed in the 

absence of oxygen (Table S1 in ESI). Monomer conversions 

were determined to be 11 and 42% after 6 hours of light 

irradiation when the polymerization is carried with a 

[TEA]:[CPADB] ratio of 0 and 1, respectively. Kinetic data for 

different molar ratios of TEA, [MMA]:[CPADB]:[EY]:[TEA] 

= 200: 1 : 0.02 : (0~100), were plotted in Figure 4A. The 

polymerization rates increased when the [TEA]:[CPADB] ratio 

varies from 0 to 1, while for a TEA molar ratio greater than 1, 

the apparent polymerization rates remained constant (Figure 

4B). These results could be depicted with the proposed 

mechanism in Scheme 2B.  

 
Figure 5. PET-RAFT polymerization of MMA mediated by eosin Y 
(EY)/triethylamine (TEA) in DMSO using CPADB as thiocarbonylthio 
compound: A) ln([M]0/[M]t) vs. time of exposure; B) molecular weights 
and Mw/Mn vs. conversion; C) molecular weight distributions of PMMA 
at different time points. Note: The reactions were performed in DMSO 
at room temperature under 4.8 W blue LED light (λmax = 435 nm) using 
[MMA]:[CPADB]:[EY]/[TEA] = 200 : 1  : 0.02 : 1 in the presence of 
oxygen. 
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Figure 6. 1H NMR spectrum (CD3CN) for purified PMMA prepared by PET-RAFT polymerization mediated by EY/TEA in the presence of 
oxygen. Note: The peak of CHCl3 and DMSO is attributed to the solvents used for polymerization and dissolution. Mn,NMR = 20 250 g/mol, Mn,GPC = 
21 710 g/mol, Mw/Mn = 1.09. 

In a second part of this paper, we sought to investigate the 

polymerization kinetics of MMA in the presence of TEA and 

oxygen (Figure 5). The measured molecular weights were in 

good agreement with theoretical ones, whilst the polydispersity 

values stayed lower than 1.3 over the polymerization period. 

The retention of the dithiobenzoate end-group was confirmed 

by different techniques. GPC equipped with a dual RI-UV 

detector showed that the molecular weight distributions 

obtained by UV (λ = 305nm) and RI detectors were in good 

agreement (Figure S2 in ESI). 1H NMR analysis (Figure 6) 

revealed the presence of dithiobenzoate at 7.49, 7.66 and 7.94 

ppm, while UV-vis spectroscopy (Figure S3 in ESI) showed 

the characteristic signal at 305nm. In order to demonstrate the 

presence of end group fidelity, successful chain extensions of 

PMMA were performed to yield diblock copolymers PMMA-b-

PMMA (Figure S4 in ESI) and PMMA-b-POEGMA (Figure 

S6 in ESI). The absence of shoulder at low molecular weight 

confirmed the preservation of RAFT end group during RAFT 

polymerization. The composition of final diblock copolymers 

was confirmed by 1H NMR (Figures S5 and S7 in ESI). 

Having successfully demonstrated the specific role of TEA in 

PET-RAFT polymerization, we directed our efforts to the 

effects of EY concentration on polymerization kinetics in the 

presence of oxygen (Figure 7). Here, we fixed the 

concentration of TEA, MMA and CPADB and we varied the 

concentration of EY from 0 to 100ppm. An increase in apparent 

propagation rates was observed with increasing EY 

concentrations in the presence of oxygen. The induction periods 

were greatly decreased as well, which was attributed to the fast 

activation of RAFT agent and rapid consumption of oxygen. 

Figure 7 shows that the photocatalyst concentration could be 

reduced to 50ppm in the presence of oxygen which offers an 

acceptable polymerization rate (50% monomer conversion in 

less than 6 hours). In addition, the PDI decreased from 1.19 to 

1.14 when the amount of EY was decreased from 100 to 

10ppm. 

Conclusions 

Visible light-mediated controlled/“living” radical 

polymerization via photoinduced electron transfer-reversible 

addition-fragmentation chain transfer (PET-RAFT) mechanism 

could utilize organic photocatalysts, such as eosin Y or 

fluorescein, to yield well-defined (co)polymers with controlled 

molecular weights and polydispersities. The addition of 

triethylamine allowed to perform the polymerization under 

oxygen (without the need for degassing). Triethylamine acts as 

a sacrificing electron donor to reduce oxygen in the 

polymerization system. In addition, the EY can activate the 
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polymerization of functional monomers, including glycidyl 

methacrylate, 2-hydroxyl ethyl methacrylate, 

pentafluorophenylactivate ester methacrylate and N,N-

dimethylaminoethyl methacrylate. Finally, we have optimized 

the concentration of EY and triethylamine to yield well defined 

polymers under air.  

 
Figure 7. PET-RAFT polymerization of MMA mediated by TEA using 
various concentration of eosin Y (EY) (100, 50, 10, and 0 ppm relative 
to MMA) in the presence of oxygen. Note: the reactions were 
performed in DMSO at room temperature under 4.8 W blue LED light 
(λmax = 435 nm). 
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In this work, we demonstrate the use of organophotoredox catalyst under visible to perform photoinduced electron transfer – 

reversible addition fragmentation chain transfer (PET-RAFT) for the polymerization of methacrylate monomers.  
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