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ABSTRACT

The article presents an application of curcumin, a widely available and cost-effective organic dye, to con-
trol visible-light mediated ATRP. A two-component photocatalytic system composed of curcumin and an
amine-based electron donor activates alkyl bromide and controls radical polymerizations by a reductive
quenching pathway. The polymerizations of various types of (meth)acrylates were performed under blue
LED irradiation (Amax = 460 nm, 5 mW cm~2). The effect of electron donor type, solvent, photocatalyst and
electron donor concentration, target degree of polymerization (DPygec) etc. on the metal-free ATRP of
methyl methacrylate (MMA) and poly(ethylene glycol) methyl ether methacrylate (OEGMAsqo) was sys-
tematically investigated to optimize the polymerization conditions. Moreover, comestible curcumin of
four different brands available in the market as kitchen spices was used, which makes this approach eco-
nomical (~0.04 € for 15 g of turmeric). In order to increase the applicability of the curcumin-based poly-
merization strategy, the concept was extended to the polymerization of other methacrylates — butyl
methacrylate (nBMA), di(ethylene glycol) methyl ether methacrylate (DEGMA), 2-(dimethylamino)
ethyl methacrylate (DMAEMA), and acrylates i.e. poly(ethylene glycol) methyl ether acrylate
(OEGA430), n-butyl acrylate (nBA) and 2-hydoxyethyl acrylate (HEA). In situ chain extension experiment
demonstrated the preservation of chain-end functionality, enabling the facile synthesis of well-controlled
copolymers.

© 2021 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

Introduction

Light as a widely available, relatively safe and economical exter-
nal stimulus has attracted much attention as an initiating factor in
controlled radical polymerization techniques, e.g. atom transfer
radical polymerization (ATRP) approach [1-4]. Polymers prepared
by ATRP are characterized by a narrow molecular weight distribu-
tion and a controlled structure, therefore it is one of the most con-
venient methods to prepare precisely defined polymer structures
with various architectures [5-11]. There is classical ATRP approach
with high catalyst concentration and low ppm techniques con-
trolled by chemical reducing agents, i.e. ascorbic acid [8,12,13],
glucose [14], Ag® [15], other zerovalent metals [16,17], and thermal
radical initiators [18], and external stimuli, i.e. electric current
[19,20], ultrasound [21], and light [3,22,23]. Among these tech-
niques, photoinduced ATRP provides a wide range of polymer types
using a simple experimental setup, mild reaction conditions, limit-
ing small side effects, with the possibility of adjusting the light
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source, and spatial and temporal control [2,24-27]. Light of various
wavelengths can be effectively used in photocontrolled polymer-
izations, including UV [1], visible [4,28] and near infrared (NIR)
[29,30] delivered by e.g. household bulbs [31], light-emitting
diodes (LEDs) [32] or even sunlight [4].

Initially, the concept of photoinduced ATRP involved the use of
light sources to reduce transition metal photoredox catalyst com-
plexes, eliminating chemical reducing agents from the reaction
setup. Transition metals i.e. Cu [33,34], Fe [35], Ir [36], Ru [37] pro-
vided an excellent control over light-mediated polymerization pro-
cesses. However, for numerous applications such as biomedicine,
biomaterials or microelectronics, metal contamination is a limiting
factor in the use of ATRP as a synthetic pathway - despite the elab-
oration of low ppm techniques rapidly developed in recent years.

Following these obstacles, further development of the light-
induced ATRP led to the elimination of metal-based catalysts from
the reaction setup, that were replaced by photocatalysts (organic
compounds) excited by light. Initially, 10-phenylphenothiazine
(Ph-PTZ) [1,38], perylene [39,40] and diaryl dihydrophenazines
[41], and recently developed oxygen-doped anthanthrene [4]| have
been successfully used to catalyze the polymerization of various
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monomers. Following this concept, organic dyes turned out to be
efficient photocatalysts in metal-free ATRP, i.e. eosin Y [23,32,42],
erythrosin B [32], fluorescein [3,23,43], 1’-diethyl-2,2’-cyanine
iodide [28], methylene blue [44], Nile red and Rhodamine 6G
[23]. The use of organic dyes provides low cost, they are readily
available and easy to use in mediated by visible light metal-free
ATRP of a wide range of monomers. Compared to ultraviolet light
with a high energy (~6 eV), visible light - a relatively safe and eco-
nomical low energy ~2 eV external resource, exhibits higher
potential in synthesis and applications [43]. Polymerization medi-
ated by visible light is considered to be a green technology.

Organic dyes participate in light-mediated ATRP through reduc-
tive quenching pathways. It means that excited state photocatalyst
is unable to reduce the initiator directly, as in the oxidative
quenching concept [22,32,45], and therefore the catalyst needs
an electron donor to provide sufficient negative reduction potential
to control the polymerization. Upon visible light photon absorp-
tion, an organic dye is converted to its excited state, followed by
the generation of reductant through reversible electron transfer
from an electron donor (usually trialkylamines) according to a
reductive quenching pathway. A dye-based reductant participates
in the dehalogenation of the initiator to form carbon-central radi-
cal species, which are responsible for the initiation of the
polymerization.

A step forward to design a fully biocompatible photoinduced
controlled polymerization setup is the use of a two-component
photocatalytic system composed of naturally-derived and widely
available components i.e. riboflavin (vitamin B,) playing the role
of a photocatalyst and ascorbic acid (vitamin C) as a mild reducing
agent [26]. The use of economical and readily available compounds
in ATRP mediated by light is a direction that has been strongly
developed in recent years. The present work proposes the use of
curcumin and comestible curcumin as a photocatalyst in the
metal-free ATRP of a wide range of acrylates and methacrylates.
Among the possibilities of applying visible light, this concept is
also beneficial due to the use of a naturally-derived and biocom-
patible photocatalyst, also with a medical action, widely available
in nature, and advantageous from an economic point of view
through the use of cheap kitchen spices.

Curcumin is a naturally-derived yellow-orange product, which
is a member of the ginger family [46]. Among its anti-cancer,
antibacterial, anti-inflammatory, and antioxidant properties
[47,48], curcumin has also enormous potential for the use in a pho-
toinduced radical polymerization technique [49-52]. It is a type of
multicolor photoinitiator with panchromatic light absorption.
Therefore, curcumin catalyzed photopolymerization can be trigged
by various wavelengths of incident light (from UV to red light),
hence utilization of this type of bio-based molecules in modern
polymer chemistry is highly interesting [51]. Under illumination
by both ultraviolet and visible light, it can accept and lose a pair
of hydrogen atoms through reduction and oxidation processes,
respectively. It can be excited to a singlet state with a short life
and then transform into a triplet excited state characterized by
long life and high reactivity, which is a crucial feature for an effi-
cient photoactivator in the metal-free ATRP [49]. Up to now, cur-
cumin was extensively studied in free radical polymerization
[49,51-54]. It has never been used as a photocatalyst in controlled
radical polymerizations, thus it is an excellent direction for the
development of naturally-derived photocatalytic systems for RDRP
techniques.

Herein, visible-light mediated ATRP is presented with the two-
component photocatalytic system composed of curcumin and
amine-based electron donor. The polymerizations of various types
of methacrylates and acrylates were performed under blue LED
irradiation (Amax = 460 nm, 5 mW cm2). The effects of electron
donor type, solvent type, photocatalyst and electron donor concen-
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tration, target degree of polymerization (DParge¢) €tc. on metal-free
ATRP of methyl methacrylate (MMA) and poly(ethylene glycol)
methyl ether methacrylate (OEGMAsqo) were systematically inves-
tigated to optimize the polymerization conditions. Moreover, the
curcumin with laboratory purity has been substituted by comesti-
ble curcumin from of different brands available in market as
kitchen spices, making this approach an economic solution
(~0.04 € for 15 g of curcuma). In addition, to increase the applica-
bility of this curcumin-based polymerization strategy, we tried to
extend it to the polymerization of other methacrylates - butyl
methacrylate (nBMA), di(ethylene glycol) methyl ether methacry-
late (DEGMA), 2-(dimethylamino)ethyl methacrylate (DMAEMA),
and acrylates i.e. poly(ethylene glycol) methyl ether acrylate
(OEGA4g0), n-butyl acrylate (nBA) and 2-hydoxyethyl acrylate
(HEA). Compared to other ATRP techniques, the proposed concept
completely eliminates the transition metal from the reaction setup,
and thus the need for chemical reducing agents. Instead, the envi-
ronmentally friendly, cost-effective and renewable photocatalyst is
used. Consequently, the proposed approach significantly reduces
the number of purification steps. Considering other externally con-
trolled ATRP techniques, e.g. electrochemically-mediated
approach, no electrolyte is needed and the reaction system is
greatly simplified and therefore easy to use on an industrial scale,
only a simple LED light source is necessary.

Results and discussion

Effect of electron donor type, initiator to curcumin ratio, and curcumin
to electron donor ratio on curcumin-catalyzed metal-free ATRP of
MMA

To activate the alkyl bromide in the ATRP process, an organic
catalyst as curcumin at a highly reducing state is necessary. Cur-
cumin - a dye-based photoinitiator participates in photoinitiated
ATRP through a reductive quenching pathway. Therefore, an elec-
tron donor is needed to provide electron for reduction of the dye’s
excited state Cur®, resulting in the formation of photocatalyst in
the form of an anion radical Cur®~ that is able to reduce alkyl halide
(ATRP initiator) under visible light irradiation (Anax = 460 nm, 0.50
mW cm™2) to produce an electron-deficient alkyl radical for chain
propagation.

Tertiary amine electron donors such as triethylamine (TEA), N,
N,N',N”,N"-pentamethyldiethylentriamin (PMDETA), and
1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA) with a
similar structure were studied. The electrons transferred from
the electron donor to curcumin reside in the tertiary nitrogen
atom. The proposed reductants differ in the number of tertiary
nitrogen atoms in their structure, i.e. TEA includes one, PMDETA
- three, and HMTETA - four N atoms as a source of electrons.
Experiments were performed in dimethylformamide (DMF), with
2-bromopropionitrile (BPN) as the initiator, targeted degree of
polymerization (DP) of 300 by employing a 1/0.2 ratio of BPN/cur-
cumin, varying the ratio of curcumin and electron donor between
1/5 to 1/30 (Table 1, entries 1-6, Figs. 1 and S2).

In the presence of TEA, a non-linear kinetic profile was
observed, regardless of electron donor concentration. The mono-
mer was rapidly consumed up to ca. 10%, then it slowed down
and the dependence of In([M]o/[M]) deviated from linearity
(Fig. 1a). The use of 30-fold excess of TEA instead of 5-fold resulted
in an increase of final dispersity (My/M, = 1.53 vs. 1.69 for 1/5 and
1/30 [Curcumin]o/[Electron donor], molar ratio, see Table 1), and
the lower MMA conversion was reached (18.5% and 11.9% for 1/5
and 1/30 of [Curcumin]o/[Electron donor]y molar ratio, see Table 1).
A high concentration of TEA reduced the dye’s excited state faster,
resulting in the formation of a curcumin-based anion radical that
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Table 1

Polymerization of methyl methacrylate by curcumin catalyzed metal-free ATRP concept.'
Entry Electron [BPN]o/ [Curcumin]o/[Electron DPiarger  Time Conv? kapp3 DP, M3 theo M3 app M/ 1S

donor [Curcumin]o donor]y (h) (%) (h™1 theo? (x1073) (x1073) M3, (%)

1 TEA 1/0.2 1/5 300 3.5 18.5 0.057 55 5.7 70.5 1.53 8.1
2 TEA 1/0.2 1/30 300 3.5 119 0.039 36 3.7 63.2 1.69 5.9
3 PMDETA 1/0.2 1/5 300 3.5 15.6 0.043 47 49 76.3 1.51 6.5
4 PMDETA 1/0.2 1/30 300 3.5 245 0.075 73 7.5 66.5 1.56 113
5 HMTETA 1/0.2 1/5 300 3.5 23.6 0.079 71 7.3 69.6 1.56 104
6 HMTETA 1/0.2 1/30 300 3.5 384 0.124 115 11.7 64.9 1.60 18.0
7 HMTETA 1/0.4 1/30 300 3.5 35.1 0.125 105 10.7 60.5 1.61 17.6
8 HMTETA 1/0.4 1/30 600 3 30.6 0.120 184 18.5 68.1 1.53 27.2

IGeneral conditions: T = room temperature; Vi, = 10 mL for entries 1-6, and Vi = 5 mL for entries 7 and 8; [MMA]o/[BPN]o/[Curcumin]o/[Electron donor]o = X/1/y/z; X = 300
for entries 1-7, and x =600 for entry 8; y = 0.2 for entries 1-6, and y = 0.4 for entries 7 and 8; z = 1 for entries 1, 3 and 5, z = 6 for entries 2, 4 and 6, and z = 12 for entries 7 and

8; [MMA] = 30% v/v; Blue light irradiation at 460 nm (5.0 mW cm2).

2Conversion and theoretical degree of polymerization (DP,, theo) calculated according to 'H NMR analysis, DPp,iheo = (conv - [MMA]o)/[BPN], [55].
3Apparent rate constant of propagation, calculated as a slope of the curve In[M]o/[M] = f(t) illustrated in the Fig. 1a,c,e [21,56].

M theo = [MMA]/[BPN]o - conversion - Mywa + Mgpn.
SApparent M,app and My/M,, were determined by DMF GPC.
SInitiation efficiency, lefr = (Mn,theo/ Mnapp) - 100%.

reduces initiator, thus provided a high amount of propagating rad-
icals. In consequence, poor initiator deactivation is observed,
results in radical-radical coupling.

In contrast to TEA, the PMDETA electron donor provides a poly-
merization characterized by a linear dependence of In([M]o/[M])
on time (Fig. 1a), however, at molar ratio of [Curcumin]o/[Electron
donor]p = 1/5 it was less efficient than TEA, reaching 16% of MMA
conversion and the final product with comparable dispersity (My,/
M, = 1.51, Table 1, entry 3). The polymerization with PMDETA con-
centration at molar ratio [Curcumin]o/[PMDETA]y = 1/30, con-
versely to TEA, results in higher monomer conversion (ca. 25%,
Table 1, entry 4), accompanied by a much faster polymerization
rate (kgPP? = 0.043 vs. 0.075 for 1/5 and 1/30 of [Curcumin]o/[Elec-
tron donor], molar ratio, respectively, see k3PP in Table 1, entries
3 and 4), and slightly broader M,,/M, (1.56, Table 1, entry 4,
Fig. S2d). Considering the concentration of electron donor, the
same behavior as PMDETA gives was observed with the use of
HMTETA, namely increasing amounts of electron donor provides
more efficient polymerization reflected by higher monomer
consumption and the rate of polymerization (conv = 23.6 vs.
38.4, kiPP = 0.079 vs. 0.124 for 1/5 and 1/30 [Curcumin]o/[Electron
donor]o molar ratios, respectively, see conv and ki’? in Table 1,
entries 5 and 6). For these first optimization sets of kinetics, it
can be concluded that the number of tertiary nitrogen atoms in
the chemical structure of an electron donor significantly influenced
the polymerization efficiency. More nitrogen atoms provide more
electrons transferred from the electron donor to curcumin, and
therefore more propagating radicals are formed leading to a faster
polymerization rate. Consequently, a lower concentration of ter-
tiary amine with a higher amount of nitrogen atoms in its structure
is needed to effectively reduce the photocatalyst in the excited
state. The HMTETA electron donor with four N atoms as a source
of electrons provides the most effective synthesis. Only reactions
with PMDETA and HMTETA followed first-order kinetics and pro-
vided products with final M,,/M, ~1.51-1.60 (Fig. S2c-h). For all
the polymerizations, relatively pour agreement between theoreti-
cal and experimental molecular weight was observed, reflecting
low initiation efficiency I.¢ (~6-18%, see Iosr in Table 1). It is clearly
visible on the non-linear M, with the conversion plot (Fig. 1b). Ini-
tially, the molecular weight is rapidly grown followed by reaching
the plateau despite the monomer is consumed. This is hypotheti-
cally caused by insufficient deactivation of initiator/propagating
radicals, resulting in radical-radical coupling, and lagging estab-
lishment of the dynamic equilibrium between active and dormant
species. It is also noted that molecular weights seem to approach
more theoretical values in higher monomer conversion, therefore
suggesting the tendency towards higher initiation efficiency as
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the monomer is consumed. Since the photocatalytic mediated pro-
cesses of reductive dehalogenation of the initiator and propagation
processes occur constantly during the polymerization, in the initial
synthesis step, fast activation of the initiator causes formation of a
high amount of the propagating radicals, and slow deactivation
results in coupling reaction and low initiation efficiency. As the
polymerization progresses and the monomer is consumed, a
dynamic equilibrium between active and dormant species is estab-
lished and the initiation efficiency increases.

The influence of [BPN]o/[Curcumin]o molar ratio on polymeriza-
tion course was subsequently studied at the molar ratio of cur-
cumin and HMTETA electron donor of 1/30 (Table 1, entries 6
and 7, Fig. 1c,d). When even higher amounts of photocatalyst were
employed ([BPN]o/[Curcumin]g = 1/0.4) a similar kinetics profile
emerged i.e. linear dependence of In([M]o/[M]) on time (Fig. 2a)
pointing at high livingness of the process. Relatively constant M,
throughout the polymerization (Fig. 1d and S2fg) was also
observed. As previously described, it is connected to the insuffi-
cient deactivation processes, therefore polymers reach their final
M, from the very beginning, before being deactivated. Comparable
M /M, of the final product and I (Mw/M, = 1.60 and 1.61, and
Iege = 18.0% and 17.6% for [BPN]p/[Curcumin]g = 1/0.2 and 1/0.4,
respectively, Table 1, entries 6 and 7) was received.

Initiator concentration was then reduced from 9.3 mM (Table 1,
entry 7) to 4.7 mM (Table 1, entry 8) by increasing target degree of
polymerization (see DPiareer, Table 1, entries 7 and 8) at [BPN]o/
[Curcumin]o = 1/0.4 molar ratio. Applying the lower BPN amount
results in insignificantly lower polymerization rate (kj*® = 0.125
vs. 0.120 for DPgyrger = 300 and 600, respectively, see k3PP in Table 1,
entries 7 and 8), accordingly to usual ATRP behavior when the ini-
tiator concentration is reduced [57]. First-order kinetic was
observed (Fig. 1e) and in contrast to DPy,reer = 300, M, increased
as the monomer consumed (Fig. 1f), providing the final product
with lower dispersity (M, /M, = 1.53, Table 1, entry 8, Fig. S2g,h),
and higher initiation efficiency (I = 27.2 %, Table 1, entry 8). It
can be concluded that a lower initiator loading, thus higher mono-
mer concentration, caused faster initiator deactivation, therefore
the polymer did not reach the final molecular weight in the initial
step of the polymerization and grown constantly.

Effect of solvent type, initiator concertation (target degree of
polymerization, DPyage) and initiator to curcumin ratio on curcumin-
catalyzed metal-free ATRP of OEGMAsgg

The proposed curcumin-based concept was also investigated to
polymerize OEGMAsg, monomer, widely used in metal-free ATRP
approach [25,26]. The syntheses were conducted in the reaction
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Fig. 1. Curcumin-catalyzed metal-free ATRP of MMA. (a) First-order kinetics plot of monomer conversion vs. polymerization time and (b) M, and M,,/M, vs. monomer
conversion for experiments with various types of electron donor (Table 1, entries 1-6). (c) First-order kinetics plot of monomer conversion vs. polymerization time and (d) M,
and M,,/M,, vs. monomer conversion for influence study of initiator to photocatalyst molar ratio (Table 1, entries 6 and 7). (e) First-order kinetics plot of monomer conversion
vs. polymerization time and (f) M, and M,,/M,, vs. monomer conversion for influence study of initiator concentration (Table 1, entries 6 and 7).

setup implemented from the above-described MMA polymeriza-
tion i.e. employing a 1/30 molar ratio of curcumin/HMTETA and
BPN as the initiator. However, considering the different character-
istics of poly(ethylene glycol)-based monomer comparing to
methyl methacrylate, the scope of the proposed system was
expanded by investigating the influence of different components
on the polymerization course i.e. using different solvents, varying
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the ratio of BPN and curcumin between 1/0.4 to 1/1.6 and targeted
degree of polymerization (DP) from 50 to 250 (Table 2, Figs. 2 and
S3).

Investigation of the effect of different solvents on curcumin-
catalyzed polymerization was conducted in polar organic solvents
that dissolve the photocatalyst well, i.e. dimethyl sulfoxide
(DMSO), N,N-dimethylacetamide (DMAc) and DMF, at
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Fig. 2. Curcumin-catalyzed metal-free ATRP of OEGMAsqo. (@) First-order kinetics plot of monomer conversion vs. polymerization time and (b) M, and M,,/M,, vs. monomer
conversion for influence study of solvent type (Table 2, entries 1-3). (c) First-order kinetics plot of monomer conversion vs. polymerization time and (d) M, and M,,/M,, vs.
monomer conversion for influence study of initiator concentration (Table 2, entries 3-7). (e) First-order kinetics plot of monomer conversion vs. polymerization time and (f)
M, and M,,/M, vs. monomer conversion for influence study of initiator to curcumin ratio (Table 2, entries 7,8).

[OEGMAs00]0/[BPN]o/[Curcumin]o/[HMTETA], = 50/1/0.4/12 molar
ratio. The experiments provided the observations that there is no
significant influence on the polymerization course changing the
solvent. The linear fitting curves (In[M]o/[M] versus time) for all
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syntheses suggested a constant concentration of propagating radi-
cals during the polymerizations (Fig. 2a). Within ~ 3-4 h, ca. 60%
conversion was reached regardless of the solvent used, and the
apparent rate constant of propagation values calculated from the
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Table 2
Polymerization of oligo(ethylene glycol methyl ether) methacrylate by curcumin-catalyzed metal-free ATRP concept.’
Entry [BPN]o/[Curcumin], [Curcumin]o/ Solvent DPuger Time (h) Conv? (%) k3PP 3 (h™') DPhfheo Mntheo (X1073)  Maapp (x1073)  Mu/Ma ISk (%)
[Electron
donor]y
1 1/0.4 1/30 DMSO 50 3.17 58.0 0.2687 29 14.6 85.9 1.58 17.0
2 1/0.4 1/30 DMAc 50 3.67 63.6 0.2778 39 16.0 85.7 1.53 18.7
3 1/0.4 1/30 DMF 50 3.67 56.7 0.2497 28 14.3 84.9 1.58 16.8
4 1/0.4 1/30 DMF 100 3 744 0.451 74 374 76.5 143 48.9
5 1/0.4 1/30 DMF 150 4 64.0 0.275 96 48.1 87.4 1.40 55.0
6 1/0.4 1/30 DMF 200 1.5 41.9 0.3579 83 42.0 72.8 1.37 57.7
7 1/0.4 1/30 DMF 250 2.5 47.0 0.2610 118 58.9 76.0 1.36 77.5
8 1/0.6 1/30 DMF 250 2.5 29 0.142 72 36.4 734 1.36 49.5

IGeneral conditions: T = room temperature; Vo = 5 mL; [OEGMAsoo]o/[BPN]o/[Curcumin]o/[HMTETA], = x/1/y/z; x = 50-250; y = 0.4 for entries 1-7, and y = 0.6 for entry 8;
z = 12 for entries 1-7, and z = 18 for entry 8; [OEGMAsooo = 20% v/v; Blue light irradiation at 460 nm (5.0 mW cm2).

2Conversion and theoretical degree of polymerization (DP,, o) calculated according to 'H NMR analysis, DPp,theo = (conv - [OEGMAsgo]o)/[BPN]o [55].

3Apparent rate constant of propagation, calculated as a slope of the curve In[M]o/[M] = f(t) illustrated in the Fig. 2a,c.e [21,56].

“*Mn theo = [OEGMAsoo]o/[BPN]o - conversion - Moecmasoo + Mgew.
SApparent M,app and My/M,, were determined by DMF GPC.
SInitiation efficiency, lefr = (Mn,theo/ Mnapp) - 100%.

slopes are comparable for each reaction medium (see kPP in
Table 2, entries 1-3). Despite the linear first-order kinetics, compa-
rable to MMA polymerization, the rapid growth of the MWs in the
initial step of the polymerization was observed, resulting in the
gap between apparent MWs determined by GPC and theoretical
ones. It is ascribed to the low initiation efficiency (Ieg ~ 17-18%,
see l.¢ in Table 2, entries 1-3) and lagging establishment of the
dynamic equilibrium between propagating radicals and dormant
species. In view of the presented results, further experiments were
continued in DMF.

Considering the phenomenon noted for MMA polymerization,
i.e. with an increase in DP,ger, a higher initiation efficiency was
observed (Table 1, entries 7 and 8), a range of degrees of polymer-
ization were targeted (DP¢rgec = 50-250) while the ratio of initia-
tor, curcumin and electron donor was kept constant with [BPN]q/
[Curcumin]o/[HMTETA]p = 1/0.4/12 molar ratios in DMF. The lin-
earity of the kinetic plots (Fig. 2c) indicated the first order relation-
ship of the polymerizations with respect to the monomer
concentration, therefore the propagating radicals kept constant
during the syntheses. Usually, in accordance to the rate of poly-
merization (R,) equation [57], an increase of DPi,rger, and hence
the initiator concertation [PX], accelerates the reaction.
Curcumin-catalyzed metal-free ATRP of OEGMAsq in various
ranges of DPgygee did not exhibit the dependence (see kgPP in
Table 2, entries 3-7). The R, value reflected by the equation is
strictly connected with ATRP equilibrium constant, which is a ratio
between rate constant of activation (kac) and deactivation (Kkgeact)
calculated for metal-based catalyst. In proposed concept a metal
catalyst was substituted by organic photocatalyst. Moreover, con-
sidering the differences between molecular weights determined
by GPC and theoretical ones, and rapid growth of the MWs at the
initial step of the polymerization (Fig. 2d), the deactivation pro-
cesses are disrupted, thus the equation does not apply in this case.
It is also noted that higher DPi,ee: (lower [BPN]o) results in the
final products with lower dispersity and higher initiation efficiency
(Mw/M;, = 1.36 and ler = 77.5% for DPgarger = 250, see Myy/M;, and leg,
Table 2, entries 3-7). It can be concluded that higher monomer
concentration caused faster initiator deactivation, therefore the
polymer reaches the final molecular weight values approximately
to the theoretical ones.

The effect of the photocatalyst concentration on curcumin-
catalyzed metal-free ATRP concept has been also investigated con-
sidering two various [BPN]o/[Curcumin]o/[HMTETA]q molar
ratios: 1/0.4/12 and 1/0.4/18. Both polymerizations are character-
ized by linear plots of In[M]o/[M] versus time indicating character-
istics of first-order reactions, and the constant concertation of
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propagating radicals during the syntheses (Fig. 2e). The k3PP values
determined from the first-order kinetics plots show a negative
effect of a higher amount of photoinitiator on polymerization rate,
namely higher excess of the curcumin compared to BPN slow down
the polymerization, and kPP value is lower (kgPP = 0.263 and 0.142
for [BPN]o/[Curcumin]o/[HMTETA], = 1/0.4/12 and 1/0.4/18 molar
ratios, respectively, see k3PP in Table 2, entries 7 and 8). Both final
polymer products were characterized by comparable dispersity,
however lower photoinitiator loading provided higher initiation
efficiency (My/M, = 1.36 and 1.36, Il = 77.5% and 49.5% for
[BPN]o/[Curcumin]o/[HMTETA]o 1/0.4/12 and 1/0.4/18 molar
ratios, respectively, see M,,/M,, and ¢ in Table 2, entries 7 and 8).

The results suggest that a higher concentration of photoinitia-
tors causes a higher concentration of propagating radicals, and a
poor deactivation process and the establishment of the dynamic
equilibrium between propagating radicals and dormant species
(Fig. 2f). This phenomenon leads to the formation of a high molec-
ular weight polymer in the initial step of the polymerization and
low initiation efficiency.

Curcumin-catalyzed metal-free ATRP of OEGMAsoo with the use of
comestible curcumin

Curcumin is a phytochemical found in turmeric spice that
comes from the root of a plant known as Curcuma Longa. Turmeric
is a great source of curcumin [58]. A turmeric root typically con-
tains ~ 2% by weight of the root of turmeric [59]. To make the pro-
posed approach more economical, various commercially available
curcumin was used to polymerize OEGMAsqy at [OEGMAsqo]o/
[BPN]o/[Curcumin]o/[HMTETA]o 150/1/0.4/12 molar ratio in
DMF (Table 3, entries 2-5), comparing them to synthesis with
high-purity curcumin (Table 3, entry 1 the same as Table 2, entry
5)

Commercially-available curcumin brands APETITA, PRYMAT
and KAMIS did not provide control during the polymerization.
The non-linear fitting curves (In[M]o/[M] versus time) suggested
high concentration of propagating radicals in the initial step of
the polymerization (~0.5 h for APETITA and 1.5 h - PRYMAT and
KAMIS) (Fig. 3a). After that, no further conversion was detected,
thus the reaction plateaued. Despite the dispersity of the final
polymer products comparable to the polymers provided by labora-
tory curcumin-catalyzed polymerization, a low initiation efficiency
was noted (loff = 11-16%, see I.¢ in Table 3, entries 2-4). Worth
mentioning that spices produced from turmeric contain ~2% by
weight of curcumin [59], therefore the syntheses were conducted
with 50-fold lower curcumin loading than high-purity curcumin
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Table 3

Polymerization of oligo(ethylene glycol methyl ether) methacrylate by curcumin catalyzed metal-free ATRP concept.'
Entry Curcumin type Time (h) Conv? (%) kaPP3 (h 1) DPp 4o M3 theo (X1073) M3 app (x1073) My, /M3, 18 (%)
1 Pure 4 54.5 0.296 81 41.0 86.2 1.40 47.5
2 (AP) APETITA® 2.5 10.3 0.062 15 7.9 69.7 1.34 113
3 (PR) PRYMAT?® 2.5 17.8 0.094 27 135 105.3 1.28 12.8
4 (KM) KAMIS® 2.5 25.0 0.142 37 18.9 117.0 1.27 16.1
5 (LD) LIDL® 2.5 42.0 0.214 63 31.7 80.7 135 39.0

General conditions: T = room temperature; Vio; = 5 mL; [OEGMAsqo]o/[BPN]o/[Curcumin]o/[HMTETA], = 150/1/0.4/12; [OEGMAsqo]o = 20% v/v; Blue light irradiation at

460 nm (5.0 mW cm2).

2Conversion and theoretical degree of polymerization (DPy, o) calculated according to "H NMR analysis, DPy, heo = (conv - [OEGMAsgolo)/[BPN]o) [55].
3Apparent rate constant of propagation, calculated as a slope of the curve In[M]o/[M] = f(t) illustrated in the Fig. 3a [21,56].

4Mn,theo = [OEGMAsqo]o/[BPN]o - conversion - Moecmasoo + Mepn-
SApparent M,app and My/M, were determined by DMF GPC.
SInitiation efficiency, letr = (Mn theo/ Mnapp) - 100%.

"Reaction results presented also in Table 2 as entry 5, kinetics results for a shorter time of polymerization presented in this table to compare the kinetics of all the reactions.

8Commercially available brands of kitchen spices.
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Fig. 3. The use of comestible curcumin as photocatalyst in curcumin-catalyzed metal-free ATRP of OEGMAsq: (a) first-order kinetics plot of monomer conversion vs.

polymerization time, (b) M,, and M,,/M,, vs. monomer conversion. Table 3.

(Fig. S1). Moreover, the comestible curcumin also contains other
ingredients (~98% by weight) that may interfere with the course
of the polymerization.

A detailed kinetic analysis of the polymerization course with
the use of commercial curcumin provided by LIDL revealed a linear
increase in In([M]o/[M]) vs. polymerization time (Fig. 3a), suggest-
ing a constant concentration of the propagating radicals during the
course of the polymerization, as the synthesis conducted with pure
curcumin (Table 3, entry 5). Despite the low curcumin content in
the spice, the use of the same spice mass as pure curcumin for syn-
thesis ensured linear kinetics and high monomer conversion
(conv = 42%, Table 3, entry 5), while obtaining a product with nar-
row molecular weight distribution (M,,/M,, = 1.35) and an initiation
efficiency slightly lower than that of pure curcumin (Ie¢s = 39%). The
results confirmed the successful polymerization with commer-
cially available curcumin and suggest that other comestible cur-
cumin ingredients, depending on the product brand, may also
improve control during polymerization, even with curcumin being
low in the turmeric spice.

Effect of monomer type on curcumin-catalyzed metal-free ATRP

Finally, the scope of the applicability of the proposed concept
was expanded to other monomers, both methacrylates - di(ethy-
lene glycol) methyl ether methacrylate (DEGMA), n-butyl
methacrylate (nBMA) and 2-(dimethylamino)ethyl methacrylate
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(DMAEMA), and acrylates i.e. oligo(ethylene glycol) methyl ether
acrylate (OEGA4g0), 2-hydroxyethylacrylate (HEA) and n-butyl
acrylate (nBA) (Table S1). The polymerizations were conducted in
DMF keeping the molar ratio constant with [Monomer]y/[Initia-
tor]o/[Curcumin]o/[HMTETA]o 300/1/0.4/12, except OEGA4go
polymerization, where DPiee; at 150 was used. Methacrylates
were polymerized from BPN initiator, while the acrylates with
the use of a more suitable ATRP initiator ethyl o-
bromoisobutyrate (EBiB).

All the syntheses yielded the linear fitting curves In[M]o/[M]
versus time reflecting first-order kinetics (Fig. S5a). Considering
the methacrylates, DEGMA - another PEG-based monomer, and
DMAEMA polymerization reached high monomer conversion
(conv ~ 51-55%, Table S1, entries 1 and 3) and an initiation effi-
ciency of ~40% was obtained. The controllability of the nBMA poly-
merization was rather poor with a significantly overvalued
initiation efficiency (legr = 177%, Table S1, entry 2), suggesting
transfer of the activity of a growing polymer chain to another
molecule, and formation of short polymer chains. Only OEGA4go
among acrylate monomers exhibited the experimental molecular
weight of the final product relatively agreed with the theoretical
one, providing high initiation efficiency (I.¢s = 67%, Table S1, entry
4, Fig. S5Db).

Summarizing, among the monomers used, PEG-based mono-
mers and DMAEMA show the greatest predisposition to polymer-
ization by means of the proposed concept, while providing a
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controlled polymer product with a relatively high initiation effi-
ciency. Unexpectedly, the polymerization of acrylates was charac-
terized by lower apparent rate constants of propagation (see kp°?,
Table S1), although acrylates are characterized by higher propaga-
tion rate coefficients than methacrylates [60]. However, the stabil-
ity of the used initiators should be also considered in this context.
Methacrylates form tertiary radicals which are more stable than a
secondary radical formed by acrylates, while BPN initiator provides
a secondary starting radical group, and conversely, EBiB as an ini-
tiator applied for acrylates polymerization generates more stable
tertiary starting radicals. Therefore, in the proposed curcumin-
catalyzed metal-free ATRP concept the methacrylates polymerize
much faster. However, kiPP values increase with the increasing
length of the ester side chain, a trend that complies with previously
observed phenomena for both groups of monomers [61].

Polymerization mechanism

Based on previous research on organo-dyes as photoredox cat-
alysts for metal-free ATRP, the mechanism of the curcumin-
catalyzed polymerization in the presence of an electron donor
can be proposed. Curcumin is characterized by a reduction poten-
tial of —1.2 V [51], comparable to other successfully used dyes as
photoredox catalyst i.e. fluorescein (E*eq = -1.22 V [22]). Therefore,
similarly to other electron-acceptor dyes i.e. eosin Y, fluoresceine
or erythrosine B [22,43] it is a well-known reducible dye with a
wide absorption range of visible light up to around 600 nm. Low
reduction potential is one of the criteria that must be met for a
photoredox catalyst to function effectively. Another advantage of
curcumin, which effectively mediates photoinduced polymeriza-
tion, is its low fluorescence quantum yield (® = 0.022-0.041
[62], hence the energy received by the dye is poorly converted to
fluorescence, but is wasted on heat dissipation and other energy
transfers. The proposed mechanism of the curcumin-catalyzed
metal-free ATRP under visible light according to a reductive
quenching cycle is shown in Scheme 1. Curcumin absorbs visible
light (460 nm, 5.0 mW cm2) to afford its highly reactive excited
species Cur®, which is capable of transferring an electron by
photo-induced electron transfer (PET). Electron donor amines
(TEA, PMDETA or HMTETA) quenched an electron from Cur* to gen-
erate a Cur radical anion (Cur®~) and an amine radical cation EtsN**
derived from the oxidation of an electron donor.

Photoredox catalyst is regenerated to its ground state by trans-
ferring an electron to the alkyl halide or polymer chain ends form-
ing an electron-deficient alkyl radical or propagating radical and

Pn-Br MonomerCP;‘ + Br
+

Br~.

ot
o Et;N
Curcumin

Curcumin

\’Curcumin*

Scheme 1. Proposed mechanisms for metal-free ATRP mediated by curcumin in the
presence of sacrificial electron donor, tertiary amine.

Et;N
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bromine anion. Adding a monomer causes the propagation reac-
tions with formed radicals, and simultaneously oxidized amine
participates in a single electron oxidation of bromine anion to gen-
erate bromine radical and regenerate the amine. The formed bro-
mine radical deactivates the propagating radicals, and the cycle
is repeated continually.

Chain extension in situ polymerization

In order to examine the chain-end fidelity of the received poly-
mers, in situ block copolymerization experiments were success-
fully performed upon addition of MMA to synthesize a statistical
copolymer block to a well-defined POEGMA macromonomer with-
out purification (Table 4, Fig. S16).

The reactivity ratio of OEGMAsgp/MMA was close to 2
(rPEGMA ~ 1.33, rMMA ~ 0.75 [63]) and statistical copolymers
were expected to be obtained from in situ MMA chain extension.
The PEG-based polymer was synthesized to 44.5% of monomer
conversion (M, = 91,882, M,/M, = 1.37), and subsequently a
degassed 2 mL of MMA was injected into the reaction. Further irra-
diation of the reaction mixture caused an increase of the molecular
weight of the polymer to 100,600 retaining narrow, monomodal
molecular weight distribution as presented in Fig. 4. GPC analyses
clearly showed shifts to lower retention volumes, indicating suc-
cessfully conducted polymerizations from the chain ends of the
precursor POEGMA.

Conclusions

In conclusion, curcumin as a reducible dye in the presence of
amine and alkyl halides was successfully investigated to control
metal-free ATRP concept mediated by a blue LED irradiation
(Amax = 460 nm, 5 mW cm2). The proposed concept has been
broadly optimized to alter various parameters, i.e. effect of donor
type, initiator to curcumin ratio, and curcumin to electron donor
ratio on MMA polymerization, and effect of solvent type, initiator
concertation and initiator to curcumin ratio on OEGMAsqg poly-
merization. The curcumin-catalyzed metal-free ATRP provided
the final products with relatively low dispersities (My/M, = 1.61
of PMMA and M,,/M, = 1.40 of POEGMA). Most importantly,
comestible curcumin found in turmeric spices has proven to be
an excellent and economic replacement for laboratory curcumin.
The polymerization controlled by curcumin of one of the commer-
cially available brands was characterized by a controlled course
comparable to that of laboratory purity curcumin with a low dis-
persity final product (My/M, = 1.35). In order to extend the appli-
cability of the proposed concept, polymerizations of other
methacrylates (nBMA, DEGMA and DMAEMA) and various acry-
lates (OEGA480, nBA and HEA). The results indicate the high pre-
disposition of the proposed system for polymerization of PEG-
based monomers i.e. DEGMA and OEGA4 (PDEGMA: M,/
M, = 1.56, Iegr = 39.0%, POEGA: My/M,, = 1.32, I¢s = 67.4%), and also
DMAEMA (My,/M,, = 1.68, I.¢ = 42.6%) among methacrylates. In situ
chain extension experiment was successfully performed upon
addition of MMA to attach a statistical copolymer block to a
well-defined POEGMA macromonomer without prior purification,
thus confirming chain-end fidelity of the first block. The possibility
of using commercially available dyes, especially non-toxic and
fully-biocompatible e.g. comestible curcumin, working in the visi-
ble range with easily available and cheap light sources like LED,
contribute to the efficiency, ease of use and lower cost of controlled
radical polymerization processes. Compared to other ATRP tech-
niques, the proposed concept does not require a transition metal,
reducing the number of purification steps and process costs. The
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Table 4

Chain extension in situ polymerization.
Entry [Initiator]o/ [Curcumin]o/ DPrarget Time Conv? (%) kapp3 DP,Zheo M2 theo M3 app My

[Curcumin]o [Electron donor]y (h) (h™ (x1073) (x1073) M (%)
1! 1/0.4 1/30 150 2 44.5 0.278 66 335 91.9 137 365
Addition of the second monomer: 2 ml of MMA’
2 1/29 1/1.2 158 of OEGMAsq0o 2.25 11 of OEGMAsp 15 - 17 of 605 of 160.6 135 160
4034 of MMA of MMA? OEGMAso9 MMA

IGeneral conditions: T = room temperature; Vioc = 5 mL; [OEGMAsgolo/[BPN]o/[Curcumin]o/[HMTETA], = 150/1/0.4/12; [OEGMAsgolo = 20% v/v; Blue light irradiation at
460 nm (5.0 mW cm2).

2Conversion and theoretical degree of polymerization (DPy, eo) calculated according to "H NMR analysis, DP;, heo = (conv - [monomer]o)/[initiator]o) [55].

3Apparent rate constant of propagation, calculated as a slope of the curve In[M]o/[M] = f(t) illustrated in the Fig. S16a [21,56].

4lv’n,theo = [monomer]u/[initiator]o - conversion - Mmonomer + Minitiator-

*Apparent M app and My/M, were determined by DMF GPC.

®Initiation efficiency, lefr = (Mn,theo/ Mn,app) - 100%.

“General conditions: T = room temperature; Vi, = 6 mL - calculated as 5 mL (initial reaction mixture volume) - 1 ml (the volume of withdrawn kinetics sample) + 2 ml of
MMA portion; [OEGMAso]o/[MMA]/[POEGMA]o/[Curcumin]o/[HMTETA], = 158/4034/1/29/36; [OEGMAsq]o = 6% v/v; [MMA], = 33% v/v; Blue light irradiation at 460 nm (5.0
mW cm2).

8Conversion and theoretical degree of polymerization (DP,heo) calculated according to 'H NMR analysis comparing the area under the signals of DMF and signals for
appropriate monomers: § (ppm) = 6.08-6.12 (1H, =CH-) for MMA and & (ppm) = 6.12-6.18 (1H, =CH-) for OEGMAsqo.
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Appendix A. Supplementary data

Experimental section, UV-Vis analysis of curcumin, Kkinetic
study of polymerization, 'H NMR and GPC analysis of synthesized
molecular welg ht polymers. Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jiec.2021.10.001.

Fig. 4. GPC traces of in situ chain extension polymerization of MMA and OEGMAsgg
from POEGMA first block (Table 4, entry 2).
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