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ABSTRACT: The use of metalloporphyrins has been gaining
popularity particularly in the area of medicine concerning
sensitizers for the treatment of cancer and dermatological
diseases through photodynamic therapy (PDT), and advanced
materials for engineering molecular antenna for harvesting solar
energy. In line with the myriad functions of metalloporphyrins,
we investigated their capability for photoinduced living
polymerization under visible light irradiation over a broad
range of wavelengths. We discovered that zinc porphyrins (i.e.,
zinc tetraphenylporphine (ZnTPP)) were able to selectively
activate photoinduced electron transfer−reversible addition−
fragmentation chain transfer (PET-RAFT) polymerization of
trithiocarbonate compounds for the polymerization of styrene,
(meth)acrylates and (meth)acrylamides under a broad range of wavelengths (from 435 to 655 nm). Interestingly, other
thiocarbonylthio compounds (dithiobenzoate, dithiocarbamate and xanthate) were not effectively activated in the presence of
ZnTPP. This selectivity was likely attributed to a specific interaction between ZnTPP and trithiocarbonates, suggesting novel
recognition at the molecular level. This interaction between the photoredox catalyst and trithiocarbonate group confers specific
properties to this polymerization, such as oxygen tolerance, enabling living radical polymerization in the presence of air and also
ability to manipulate the polymerization rates (kp

app from 1.2−2.6 × 10−2 min−1) by varying the visible wavelengths.

■ INTRODUCTION

Molecular recognition plays an integral role in biology
especially in biomolecular interactions involving enzyme
catalysis, cellular signaling, protein−protein interaction, reac-
tant transport, noncovalent receptor binding and DNA
hybridization.1 In these processes, recognition of two or more
molecular binding partners can lead to their association or to
their rejection,2 which governs several important biologic
processes. For instance, the molecular recognition between
DNA and specific proteins activates and controls the rate of
transcription of genetic information from DNA to mRNA, i.e.,
the polymerization of RNA, and subsequently the polymer-
ization of protein. Because of these applications, in recent years,
researchers have developed numerous artificial systems for
molecular and macroscopic recognition involving the use of
simple interactions such as hydrogen bonds, π−π stacking,
entropic depletion, and capillary forces.3 However, molecular
recognition to specifically activate and deactivate a synthetic
living radical polymerization, such as atom transfer radical
polymerization (ATRP),4 nitroxide-mediated polymerization
(NMP)5 and reversible addition−fragmentation chain transfer
polymerization (RAFT)6 has not been explored.
In this study, we have investigated different transition metal

porphyrins to access their suitability as photoredox catalysts for

the activation of photoinduced electron transfer−reversible
addition−fragmentation chain transfer (PET-RAFT) polymer-
ization (Scheme 1). Although metalloporphyrins have
generated great interests due to their applications in photo-
therapy and photovoltaics,7 they have never been employed as
photoredox catalysts to activate a chemical reaction such as
living radical polymerization (in the exception of some specific
polymerizations mediated by cobalt-porphyrin8−11 and chlor-
ophyll12). By evaluating the efficiency of different metal-
loporphyrins in the PET-RAFT process, we discovered selective
activation of trithiocarbonates over other thiocarbonylthio
compounds (dithiobenzoate, dithiocarbamate and xanthate)
in the presence of the zinc porphyrin. This is a novel form of
molecular recognition involving the specific interaction of zinc
porphyrin and trithiocarbonates. Zinc and sulfur interaction
play a critical role at the cellular level; this partnership generates
redox-active coordination environments for the redox-inert zinc
ion to enable protein motifs such as zinc fingers to carry out
functions such as DNA recognition for transcriptional
activation.13 In our study, we were able to introduce a similar
form of recognition with zinc tetraphenylporphine (ZnTPP)
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where activation of trithiocarbonate leads to efficient polymer-
ization while activation of dithiobenzoate is sluggish, leading to
a much slower and inefficient polymerization. In contrast to our
previous studies using transition metal,14−17 organic18 and
biophotoredox catalysts,12,19 such selectivity for a specific
thiocarbonylthio compound had not been observed before.
According to our proposed PET-RAFT mechanism (Scheme
1),14 the redox potential of thiocarbonylthio compound should
be higher than the reduction potential of the photoredox
catalyst for successful initiation. To be specific, the polymer-
ization of acrylates with trithiocarbonates (i.e., 2-(n-butyltri-
thiocarbonate)-propionic acid (BTPA)) requires strong reduc-
ing agents to activate the PET-RAFT process, while polymer-
ization of methacrylates with dithiobenzoates (i.e., 4-
cyanopentanoic acid dithiobenzoate (CPADB)) is successful
using less powerful reducing agents due to the difference in
redox potential between these two species (−0.6 V versus −0.4
V, potential versus standard calomel electrode (SCE), for
BTPA and CPADB respectively).12,14−18 However, the ZnTPP
investigated in this study is an exception to this rule as the
activation of trithiocarbonate is carried out more efficiently than
dithiobenzoate.
In addition, the polymerization activated by ZnTPP presents

more unique properties in comparison to those activated by
copper,20−35 iridium,14,36−39 ruthenium,17,40−42 and other
photoredox catalysts12,18,43−50 due to this specific interaction.
For instance, the polymerization of MA fully open to air was
achieved with a living character. Most of reversible-deactivation
radical polymerization techniques are sensitive to the presence

of oxygen as propagating radicals are rapidly trapped by oxygen.
For activators generated by electron transfer-ATRP
(AGET),24,51,52 single electron transfer−living radical polymer-
ization (SET-LRP),53−57 photoinduced ATRP24,58,59 and PET-
RAFT using an fac-[Ir(ppy)3] and Ru(bpy)3Cl2,

14,16 the oxygen
can be consumed or reduced during an inhibition period prior
to polymerization. In the case of PET-RAFT activated by
ZnTPP, the polymerization was activated under air without (or
very short) an inhibition period. This result is attributed to
possible coordination of ZnTPP to the trithiocarbonate,
allowing an activation and deactivation of the polymerization
in the presence of oxygen. Another unique property of ZnTPP
is the possibility to carry out the polymerization at different
wavelengths (from 435 to 655 nm). Indeed, most of the
photoredox catalysts, except chlorophyll,12 can activate a living
radical polymerization under a specific wavelength, which is
usually centered on the high energy visible region of spectrum,
i.e., blue and UV region.14,17,18,20−32,34−50,60−77 The use of high
energy wavelength considerably reduces the potential applica-
tions of photoinduced living polymerization in biological
material science, as organic compounds strongly absorb light
with the wavelength lower than 450 nm. In the literature, we
could only find few reports78−86 of uncontrolled photo-
polymerization using wavelengths above 550 nm. ZnTPP
presents absorptions at 520, 570, and 600 nm, which can be
used to activate a PET-RAFT polymerization. More impor-
tantly, the polymerization rate is easily manipulated according
to the wavelengths employed in the case of ZnTPP, which has
never been reported in photoinduced living polymerization.

Scheme 1. Proposed Mechanism for Photoinduced Electron Transfer−Reversible Addition−Fragmentation Chain Transfer
(PET-RAFT) Polymerization Mediated by ZnTPP and Different Thiocarbonylthio Compoundsa

a4-Cyanopentanoic acid dithiobenzoate (CPADB), cumyl benzodithioate (CDB), 2-(n-butyltrithiocarbonate)-propionic acid (BTPA), 3-
benzylsulfanyl thiocarbonylthiosulfanyl propionic acid (BSTP), 4-cyano-4-[(dodecylsulfanylthiocarbonyl) sulfanyl] pentanoic acid (CDTPA), 2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT), cyanomethyl methyl(phenyl) carbamodithioate (dithiocarbamate), and methyl
2-[(ethoxycarbonothioyl)sulfanyl]propanoate (xanthate).
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Indeed, in most of previous photoactivated polymerization
techniques,36,37,45,60,61,87 the polymerization rates could be
steadily manipulated by light intensity and/or catalyst
concentration, but rarely using different wavelengths with a
single photoredox catalyst.

■ RESULTS AND DISCUSSION

1. Screening Metalloporphyrins as Photoredox Cata-
lysts to Activate Living Radical Polymerization under
Light. Porphyrin is an important functional molecule, which
contains four pyrrole units linked by four carbon atoms in a
planar arrangement with an 18π distinct aromatic character.88,89

Porphyrins and their derivatives have received great interest in

the last 30 years90 due to their numerous applications in
organic reactions,91 energy conversion (photovoltaic),92,93

photonics94 and medicine (photodynamic therapy).95 In the
early 90s, porphyrin compounds have been employed as
catalysts to conduct living anionic polymerization.96−98 Later,
Matyjaszewski,99 Bruns100 and co-workers demonstrated the
use of heme as catalyst to mediate ATRP. However, these
compounds have not been investigated as potential photoredox
catalysts to activate a (living) radical polymerization under
light. In this study, five porphyrin based photoredox catalysts,
5,10,15,20-tetraphenyl-21H,23H-porphine zinc (ZnTPP,
Scheme 2A), meso-tetraphenylporphyrin (TPP, Scheme 2B),
5,10,15,20-tetraphenyl-21H,23H-porphine nickel(II) (NiTPP,

Scheme 2. Different Porphyrin Structures Investigated in This Studya

a5,10,15,20-Tetraphenyl-21H,23H-porphine zinc (ZnTPP, A), meso-tetraphenylporphyrin (TPP, B), 5,10,15,20-tetraphenyl-21H,23H-porphine
nickel(II) (NiTPP, C), 5,10,15,20-tetrakis(4-methoxyphenyl)-21H,23H-porphine cobalt(II) (CoTMPP, D), and 5,10,15,20-tetrakis(4-methox-
yphenyl)-21H,23H-porphine iron(III) chloride (FeTMPP, E).

Table 1. Screening Porphyrin Based Photoredox Catalysts for Living Radical Polymerizationa

# photocatalyst monomer RAFT [ZnTPP]/[M] (ppm) time (h) α (%)b Mn,th.
c (g/mol) Mn,GPC

d (g/mol) Mw/Mn

1 TPP MMA CPADB 100 24 55 11 240 11 440 1.10
2 TPP MA BTPA 100 6 13.5 − − −
3 ZnTPP MMA CPADB 100 24 25 6080 5640 1.19
4 ZnTPP MMA CDB 100 24 2 − − −
5 ZnTPP MMA CDTPA 100 12 90 21 900 21 050 1.14
6 ZnTPP MMA CDTPA 50 12 50 11 650 10 940 1.12
7 ZnTPP MMA DDMAT 50 12 74 15 240 40 721 1.9
8 ZnTPP MA BTPA 100 2 80 13 140 12 700 1.09
9 FeTMPP MMA CPADB 100 24 0 − − −
10 FeTMPP MA BTPA 100 6 4.5 − − −
11 CoTMPP MMA CPADB 100 24 0 − − −
12 CoTMPP MA BTPA 100 6 5 − − −
13b NiTPP MMA CPADB 100 24 0 − − −
14b NiTPP MA BTPA 100 6 5 − − −

aExperimental conditions: [Monomer]:[RAFT]:[Catalyst] = 200:1:2 × 10−2 (100 ppm) or 200:1:1 × 10−2 (50 ppm); solvent DMSO; light source 5
W red LED light (λmax = 635 nm). bThe solvent is N-methyl-2-pyrrolidone (NMP) due to the poor solubility of NiTPP. cTheoretical molecular
weight was calculated using the following equation: Mn,th. = [M]0/[RAFT]0 × MWM × α + MWRAFT, where [M]0, [RAFT]0, MWM, α, and MWRAFT

correspond to initial monomer concentration, initial RAFT concentration, molar mass of monomer, conversion determined by 1H NMR, and molar
mass of RAFT agent. dMolecular weight and polydispersity index were determined by GPC analysis (DMAc as eluent) calibrated to polystyrene
standard. (−): not determined.
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Scheme 2C), 5,10,15,20-tetrakis(4-methoxyphenyl)-21H,23H-
porphine cobalt(II) (CoTMPP, Scheme 2D), and 5,10,15,20-
tetrakis(4-methoxyphenyl)-21H,23H-porphine iron(III) chlor-
ide (FeTMPP, Scheme 2E) were investigated to selectively
activate thiocarbonylthio compounds for the living radical
polymerization of methacrylates and acrylates.
As the porphyrins absorb intensely in the Soret region

(around 430 nm) and partially in the Q region (around 600
nm),101 we carried out all the initial polymerization tests under
blue LED light (435−480 nm) (SI, Table S1) and under red
light (610−655 nm) (Table 1) using methyl acrylate (MA) and
methyl methacrylate (MMA). For MMA polymerization in the
presence of 4-cyanopentanoic acid dithiobenzoate (CPADB),
TPP and ZnTPP gave low monomer conversions (Table 1, #1
and #3, 55% for TPP and 25% for ZnTPP) after 24 h under red
light exposure, while the polymerizations conducted with other
metalloporphyrins showed negligible conversions (Table 1, #9,
#11 and #13). Another dithiobenzoate (cumyl dithiobenzoate,
CDB) presented an even lower conversion (2%) using ZnTPP
as catalyst (Table 1, #4). Interestingly, the polymerization of
MMA in the presence of ZnTPP appears to be relatively low in
comparison to those mediated by other metal photoredox
catalysts, such as fac-[Ir(ppy)3] and Ru(bpy)3Cl2, which
generally provided >80% conversion after 24 h light exposure.
Surprisingly, in the case of MA polymerization, ZnTPP
uniquely presented greater catalytic activity to activate BTPA
as high monomer conversion was observed (93% and 80%
under blue and red light, respectively).
Depending on the metal ions in the core of the porphyrins,

different catalytic activity for the polymerization of MMA and
MA were displayed. The difference in the catalytic activity was
attributed to their photophysical properties upon excitation.
Unlike Ni2+, Co2+ and Fe3+ core, the Zn2+ atom in the
tetraphenylporphyrin exhibited very little charge-transfer
interaction between the metal and the π-conjugated system in
the excited state, and therefore, the absorption spectra are
assigned only to π−π* transitions. In contrast, under light,
there is considerable triplet state formation for both ZnTPP
(ΦT = 0.88) and TPP (ΦT = 0.82) with the fluorescence
quantum yield slightly lower in ZnTPP (ΦF = 0.04) than the
TPP (ΦF = 0.13) (Table 2). In addition, decay of the excited

singlet state of both ZnTPP and TPP leads to the population of
the triplet levels; consequently, the decrease in fluorescence
quantum yield can be associated with an increase in the rate
constant for intersystem crossing.102−104 The ability of ZnTPP
and TPP to stay longer in the excited state increases the
probability for photoinduced electron transfer to take place
from the excited π-conjugated porphyrin to the RAFT agents
which leads to radical generation and initiation of polymer-
ization. This result appears consistent with our previous
observations for organophotoredox catalysts where a longer
excited state is associated with a more efficient activation of

PET-RAFT.17 Furthermore, energy loss due to internal
conversion for both ZnTPP and TPP can be neglected as the
sum of ΦF and ΦT is close to unity.102

In comparison to ZnTPP and TPP, NiTPP has a much lower
fluorescence quantum yield and higher rate constant for
intersystem crossing (Table 2). However, it is inefficient in
its role to initiate PET-RAFT polymerization as it loses most of
its excitation energy to rapid internal conversion from the
lowest energy π−π* excited singlet state to a low-lying (dd)
singlet state. The lack of long-lived NiTPP excited species is
further supported by the fact that no observable luminescence
could be measured due to nonradiative decay of the excited
singlet state through internal conversion or intersystem
crossing to a nonradiative triplet state.102 Although there are
limited examples in the literature that has looked into the
photophysical properties of CoTMPP and FeTMPP, the
inability of these porphyrins to initiate RAFT polymerization
can be drawn from previous studies with the inefficiency is
most likely due to the paramagnetic transition metal rather than
the porphyrin core.105 In previous reports, the presence of
paramagnetic metals such as Fe3+ and Co2+ led to the
enhancement of spin−orbital interactions which increased
triplet state yield by radiationless transition from the excited
singlet state and shortened the lifetime of radiative transition
between the ground and triplet state. The shortened lifetime of
the triplet state reduces the probability for electron transfer to
take place between RAFT agents and iron and cobalt
porphyrins leading to the absence of activation, and subsequent
polymerization.103,104,106

2. Selective Activation of Trithiocarbonate under
Visible Light. It is worth to note that ZnTPP showed greater
ability to activate BTPA for MA polymerization than CPADB
for MMA polymerization. This is not a common phenomenon.
In our previous studies,12,14−18 we have demonstrated that
CPADB is easily activated as it presents a higher reduction
potential (−0.4 V versus SCE) than BTPA (−0.6 V versus
SCE). However, ZnTPP investigated in this study is an
exception to this rule as activation of BTPA is carried out more
efficiently than CPADB, which suggests an unusual selectivity
possibly due to an interaction between ZnTPP and BTPA. As
both ZnTPP and TPP have very similar properties, i.e.,
reduction potential (∼ −(1.0−1.3) V vs SCE)107 and high
triplet quantum yield (Table 2), it was expected that both
photoredox catalysts should be able to initiate BTPA. However,
this hypothesis was incorrect as polymerization of MA in the
presence of TPP was observed to be less efficient (13.5%, Table
1, #2). The discrepancy in the polymerization rates can be
attributed to the coordination of zinc to the thiocarbonylthio
moiety on RAFT which may lead to higher efficiency of PET-
RAFT activation. Indeed, previous reports suggest that ZnTPP
presents strong affinity to pyridine, thiol and trithiocarbon-
ate.108 To clarify this finding, we have performed UV−visible
spectroscopy of ZnTPP, ZnTPP/BTPA (SI, Figure S1) and
ZnTPP/CPADB (SI, Figure S1) before and after light
irradiation. In the presence of BTPA and ZnTPP, we observed
a new signal at 620 nm, while the signals of ZnTPP/CPADB
did not change. This new signal at 620 nm is attributed to a
possible interaction of trithiocarbonate with ZnTPP. In the case
of other metalloporphyrins such as TPP, NiTPP, FeTMPP, and
CoTMPP, the UV−vis spectra for the samples prepared under
identical conditions displayed no change in signals before and
after light irradiation (SI, Figure S2). Additionally, Kamigaito
and co-workers exploited the specific interaction between

Table 2. Photophysical Data for Metalloporphyrins102−104

# photoredox catalyst ΦF
a τF

a ΦT
a kisc/s

−1a

1 TPP 0.13 13.6 0.82 4.7 × 107

2 ZnTPP 0.04 2.7 0.88 3.6 × 108

3 NiTPP <10−4 − − >1010

aΦF, ΦT, τF and kisc/s
−1 correspond to fluorescence quantum yield,

triplet quantum yield, fluorescence lifetime and rate constant for
intersystem crossing, respectively.
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trithiocarbonate and a Lewis acid, i.e., zinc (Zn2+), to mediate a
living cationic polymerization.109−111

To confirm that the behavior observed with BTPA is not
dependent on the nature of monomer, i.e., MA, we decided to
polymerize methyl methacrylate using 4-cyano-4-[(dodecylsul-
fanylthiocarbonyl) sulfanyl] pentanoic acid (CDTPA) and 2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid
(DDMAT) as thiocarbonylthio compounds, a group of
trithiocarbonates capable of controlling methacrylates. The
polymerization was only carried out under red LED light. As we
showed in our previous studies,112 CDTPA and DDMAT were
able to undergo photolysis and generate radicals to initiate
RAFT polymerization without the need of a photoredox
catalyst in the presence of blue and green lights. However, in
the presence of red light, no photolysis was observed leading to
the conclusion that self-initiation was not possible at this
wavelength.112 In comparison with CPADB (Table 1, #3),
much higher monomer conversions were observed for CDTPA
(Table 1, #5 and 6) and DDMAT (Table 1, #7). These results
support our hypothesis, which likely attributes to the specific
activation of trithiocarbonate by ZnTPP through the
coordination of trithiocarbonate with ZnTPP.
3. Polymerization under Blue Light Irradiation

Catalyzed by ZnTPP. As ZnTPP shows a strong Soret band
absorption at 420 nm in DMSO, the polymerization kinetics of
MA was initially investigated in detail under blue light (λmax =
460 nm) using various concentrations of catalyst (5, 10, and 50
ppm) with an online Fourier transform near-infrared (FTNIR)
spectrometer to determine the monomer conversion and the
presence or absence of inhibition period. Two important
findings were presented in Figure 1A. First, a short inhibition
period, which was commonly observed in RAFT and also PET-
RAFT systems, depending on the amount of catalyst used was
reduced with an increase of catalyst amount. Second, the
polymerization kinetics are controlled by the amount of ZnTPP

catalysts introduced into the system; an increase in catalyst
concentration results in a subsequent increase of apparent
propagation rate constants (kp

app) (Figure 1A). The kp
app gave

kp
app (blue) = 1.1 × 10−2 min−1, 6.9 × 10−3 min−1 and 4.9 ×

10−3 min−1 for different catalyst concentrations of 50, 10, and 5
ppm, respectively. However, increasing the catalyst concen-
tration over 50 ppm did not promote the polymerization rates
(Table S1, #6 versus #5) due to undesirable self-quenching of
the photoredox catalyst which may include coupling of
excitons, excimer formation, triplet−triplet annihilation, and
dye−dye electron transfer.113 The polymerization can be easily
stopped by switching OFF the light and steadily restarted by
switching ON (Figure 1B). Good agreement between the
experimental and theoretical molecular weights was observed
(Figure 1C), while the polydispersity decreased with monomer
conversion, which is in perfect agreement with a living
polymerization behavior.114 In addition, polymerization under
blue LED light maintained high end group fidelity as verified by
NMR (SI, Figure S3). Further confirmation of end group
fidelity of the synthesized homopolymers were demonstrated
by successful chain extensions as discussed in Section 8. Finally,
molecular weight distributions measured by GPC shifted
symmetrically from low to high molecular weights during the
polymerization (Figure 1D).

4. Polymerization under Red Light Irradiation
Catalyzed by ZnTPP. ZnTPP shows remarkable properties
in comparison to other photoredox catalysts that we have
previously explored. In contrast to other catalysts such as fac-
[Ir(ppy)3] and Ru(bpy)3Cl2, ZnTPP displayed several
absorption signals, including a red-shifted minor absorption
peak at 570 and 600 nm in DMSO. These absorption signals
motivated us to carry out polymerization under red light.
Polymerization of MA showed first-order kinetics for ln([M]0/
[M]t) against exposure time with the propagation rate constant
determined to be kp

app (red) = 1.3 × 10−2 min−1 under red light

Figure 1. Online Fourier transform near-infrared (FTNIR) measurement for kinetic study of PET-RAFT polymerization of MA in the absence of
oxygen at room temperature with ZnTPP as photoredox catalyst under blue light irradiation with BTPA as the chain transfer agent, using molar ratio
of [MA]:[BTPA] = 200:1 in DMSO. (A) Plot of ln([M]0/[M]t) vs exposure time at different catalyst concentrations (50, 10, 5 ppm relative to
monomer concentration); (B) “ON/OFF” online FTIR kinetics for 50 ppm relative to monomer concentration; (C) Mn vs conversion; and (D)
molecular weight distributions at different time points for 50 ppm catalyst concentration.
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(Figure 3A). In the absence of BTPA, no monomer conversion
was observed (Table 3, #2) leading to the assumption that
direct monomer activation by catalyst was minimal for MA. In
addition, a living polymerization was afforded by ZnTPP under
red light irradiation as a linear relationship was observed for the
plot of Mn against conversion as well as a decrease in molecular
weight distributions with an increase in molecular weight (SI,
Figure S4A,B). The polymerization can be temporally
manipulated by switching “ON/OFF” the light source (SI,
Figure 4C). Furthermore, polymerization under red LED light
maintained high end group fidelity as verified with NMR (SI,
Figure S5) by the presence of signal at 3.3 and 4.9 ppm
attributed to Z group.

In order to test the versatility of this catalyst, polymerization
under red light irradiation were performed in DMF, methanol
and acetonitrile. Of these solvents, only N,N-dimethylforma-
mide (DMF) afforded polymerization. Methanol and acetoni-
trile provided very low solubility of ZnTPP, and therefore,
polymerization was not possible in these solvents. In the case of
DMF, a slower polymerization was observed (Table 3, #3 and
4) in comparison to polymerization in DMSO (Table 3, #5 and
6). The slower polymerization can be attributed to coordina-
tion of the amide functionality on DMF to ZnTPP115 which
may hinder polymerization as it creates competition for
thiocarbonylthio-Zn coordination.

Table 3. Polymerization of Different Monomers by PET-RAFT Using ZnTPP with Various Thiocarbonylthio Compounds with
5 W red LEDs (λmax = 635 nm) as a Light Source

# exp. cond.a [M]:[RAFT]:[ZnTPP] monomer RAFT [ZnTPP]/[M] (ppm) time (h) αb (%) Mn,th.
c (g/mol) Mn,GPC

d (g/mol) Mw/Mn
d

1e 200:0:1 × 10−3 MA − 50 2 10 − − −
2f 200:0:1 × 10−3 MA − 50 2 5 − − −
3g 200:1:1 × 10−3 MA BTPA 50 2 42 7460 6730 1.10
4g 200:1:1 × 10−3 MA BTPA 50 21 95 16 600 19 300 1.17
5f 200:1:1 × 10−3 MA BTPA 50 2 92 15 990 13 660 1.10
6f 200:1:2 × 10−2 MA BTPA 100 2 92 15 990 14 200 1.08
7f 200:1:1 × 10−3 DMA BTPA 50 2 95 18 300 19 200 1.04
8f 200:1:1 × 10−3 NIPAM BTPA 50 2 96 21 970 24 390 1.12
9f 200:1:1 × 10−3 DMAEA BTPA 50 2 42 12 300 14 300 1.36
10f 200:1:1 × 10−3 Styrene BTPA 50 18 28 6140 5000 1.19
11f 200:1:1 × 10−3 Styrene BSTP 50 18 31 6790 5700 1.40
12f 200:1:2 × 10−2 HPMA CDTPA 100 10 55 16 160 32 806 1.11

aThe reactions were performed in the absence of oxygen at room temperature in dimethyl sulfoxide (DMSO). bMonomer conversion was
determined by using 1H NMR spectroscopy. cTheoretical molecular weight was calculated using the following equation: Mn,th. = [M]0/[RAFT]0 ×
MWM × α + MWRAFT, where [M]0, [RAFT]0, MWM, α, and MWRAFT correspond to initial monomer concentration, initial RAFT concentration,
molar mass of monomer, conversion determined by 1H NMR, and molar mass of RAFT agent. dMolecular weight and polydispersity index (Mw/Mn)
were determined by GPC analysis (DMAC as eluent) calibrated to polystyrene standard. eThe reaction mixture was irradiated under 5 W blue LED
light (λmax = 460 nm). fThe reaction mixture was irradiated under 5 W red LED light (λmax = 635 nm). gThe reactions were performed in the absence
of oxygen at room temperature in N,N-dimethylformamide (DMF). Monomers: MA: methyl acrylate; DMA: N,N-dimethyl acrylamide; NIPAM: N-
isopropylacrylamide; DMAEA: 2-(dimethylamino)ethyl acrylate; HPMA: N-(2-hydroxylpropyl) methacrylamide.

Figure 2. Polymerization under blue, green, yellow, orange and red lights using ZnTPP as the photoredox catalyst with [Monomer]:[RAFT]:
[ZnTPP] = 200:1:1 × 10−2. (A) Overlap of wavelength ranges of LED lights used on molar extinction spectrum of ZnTPP; (B) Plot of ln([M]0/
[M]t) vs exposure time at catalyst concentration of 50 ppm; (C) Mn vs conversion; and (D) PDI vs conversion.
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Tolerance of ZnTPP to other different monomer families
(acrylamide, methacrylamide, styrene and vinyl acetate) and
functionalities (including alcohol, tertiary amine, glycidyl,
oligo(ethylene glycol) and isobornyl) were also tested (Table
3, #7−12 and SI, Table S2). Polymerization of N,N-dimethyl
acrylamide (DMA) (Table 3, #7), N-isopropylacrylamide
(NIPAM) (Table 3, #8) and N-(2-hydroxylpropyl) methacry-
lamide (HPMA) (Table 3, #12) yielded good control of
molecular weight and molecular weight distributions. The
experimental molecular weight of HPMA is slightly higher than
the theoretical molecular weight due to the difference in
hydrodynamic volume between HPMA and the linear PMMA
standards used in DMAC GPC calibration.116−119 In the case of
2-(dimethylamino)ethyl acrylate (DMAEA) (Table 3, #9),
relatively high polydispersity was observed due to some
possible side reactions between ZnTPP and monomers which
may have led to higher events of termination. A similar scenario
was also observed for the polymerization of styrene with BTPA
(Table 3, #10) and benzylsulfanyl thiocarbonylthiosulfanyl
propionic acid (BSTP) (Table 3, #11) where the molecular

weight distributions for the latter were much higher than the
former.

5. Controlling the Polymerization Rates by Tuning
Light Wavelengths. As mentioned in the previous section,
ZnTPP presents several absorption peaks at 422, 520, 570, and
600 nm (Figure 2A). We decided to investigate the
polymerization kinetics of MA in the presence of BTPA as
thiocarbonylthio compound and ZnTPP under other wave-
lengths (522, 565, and 595 nm which correspond to green,
yellow, orange) (Figure 2A). The evolution of ln([M]0/[M]t)
versus time in Figure 2B shows polymerization of MA
proceeding rapidly in all these wavelengths. Interestingly, the
polymerization rates depend strongly on the employed
wavelength. The fastest to slowest polymerization rates
(Table 4) are in the order of yellow > green > orange > red
and blue. The slower polymerization rates in green light than
yellow light was attributed to the emission of the green lamp
which lies on the shoulder of the intense peak at 570 nm, while
the emission of the yellow lamp is centered on the maximum
absorption at 570 nm. Additionally, as the molar extinction
coefficients are much lower in the red (∼635 nm) and blue

Table 4. Polymerization of Methyl Acrylate under Different Wavelengths Using ZnTPP as Photoredox Catalyst (50 ppm
Relative to Monomer) and BTPA as Thiocarbonylthio Compound

# light λ (nm) kp
app (min−1) α (%) Mn,th.

a (g/mol) Mn,GPC
b (g/mol) Mw/Mn

b

1 blue 435−480 1.3 × 10−2 70 12 300 13 000 1.08
2 green 480−560 2.0 × 10−2 80 14 010 14 750 1.06
3 yellow 560−590 2.6 × 10−2 82 14 360 14 500 1.09
4 orange 590−610 1.8 × 10−2 84 14 700 13 100 1.08
5 red 610−655 1.2 × 10−2 75 13 150 12 000 1.05

aTheoretical molecular weight was calculated using the following equation: Mn,th. = [M]0/[RAFT]0 × MWM × α + MWRAFT, where [M]0, [RAFT]0,
MWM, α, and MWRAFT correspond to initial monomer concentration, initial RAFT concentration, molar mass of monomer, conversion determined
by 1H NMR, and molar mass of RAFT agent. bMolecular weight and Mw/Mn were determined by GPC analysis (THF as eluent) calibrated to
polystyrene standard.

Figure 3. Kinetic study of PET-RAFT polymerization of MA with online Fourier transform near-infrared (FTNIR) measurement in the absence
(degassed system) and presence (nondegassed system) of oxygen at room temperature with ZnTPP as the photoredox catalyst under red light
irradiation with BTPA as the chain transfer agent, using molar ratio of [MA]:[BTPA] = 200:1 in DMSO. (A) Comparison plot of ln([M]0/[M]t) vs
exposure time with catalyst concentration of 50 ppm in the presence and absence of oxygen under red light irradiation, (B) Comparison plot of
ln([M]0/[M]t) vs exposure time with catalyst concentration of 50 and 10 ppm in the presence oxygen under blue light irradiation, (C) Mn vs
conversion from (A) for 50 ppm nondegassed polymerization, and (D) molecular weight distributions at different time points from (C).
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regions (∼460 nm), lower apparent propagation rate constants
were observed. This is the first example, showing that a
polymerization can be tuned by the wavelength using a single
unique catalyst. In a previous work,45 Goto, Kaji and co-
workers have reported the polymerization of MMA under
different wavelengths by using various photoredox catalysts. In
our work, using a single photoredox catalyst, we were able to
control the polymerization as demonstrated by the excellent
control of the molecular weights in combination with the low
polydispersity index (PDI < 1.10) (Figure 2C,D).
6. Comparative Study on Wavelength of Polymer-

ization in the Presence and Absence of Oxygen. PET-
RAFT polymerizations, using fac-[Ir(ppy)3] and Ru(bpy)3Cl2
based catalysts, have been demonstrated to be tolerant to
oxygen, as they can reduce oxygen to inactive species. To
investigate the effects of oxygen in the case of ZnTPP, two
polymerizations were carried out concurrently under red and
blue lights, which correspond to the extreme parts of the visible
spectrum. One reaction mixture was purged with nitrogen while
the other was not. In red light (Figure 3A), a lower
concentration of propagating radical (kp

app (red) = 0.8 ×
10−2 min−1) was generated in the presence of oxygen
(nondegassed system) as compared to the degassed system
which had an apparent propagation rate constant of kp

app (red)
= 1.3 × 10−2 min−1. However, we did not observe a substantial
increase of the induction period in the presence of oxygen
under red or blue light. Interestingly, the polymerization
conducted by ZnTPP shows a significant difference in our early
reports utilizing fac-[Ir(ppy)3] and Ru(bpy)3Cl2, as photoredox
catalysts14,16 and other living radical polymerization techniques,
where a substantial inhibition period was observed, including
AGET and SET-LRP.51,53,120−122 This result is attributed to the
interaction between ZnTPP and trithiocarbonate, which allows
direct activation of the PET-RAFT process without the need to
reduce the oxygen. Repetition of this procedure with blue light
in the presence of oxygen led to an observed apparent

propagation rate constant of kp
app (blue) = 0.8 × 10−2 min−1

(Figure 3B) which is much lower as compared to the degassed
system (kp

app (blue) = 1.1 × 10−2 min−1) (Figure 1) for 50 ppm
of catalyst. A lower apparent propagation rate constant was also
observed for 10 ppm catalyst concentration (kp

app (blue) = 0.6
× 10−2 min−1) in comparison to 50 ppm catalyst concentration
under blue (Figure 3B) and red (data not shown) light
irradiation.
Polymerization in the presence and absence of oxygen

maintained living characteristics with linear plots for Mn versus
conversion, with an increase in the molecular weight and a
decrease in the molecular weight distributions with conversion
for both red (Figure 3C and 3D and SI, Figure S4) and blue
(SI, Figure S6) lights. It is well-known that the presence of
molecular oxygen, which has a radical-scavenging property,
inhibits RAFT polymerization through early termination.123 As
the standard reduction potential of oxygen [Eϕ (V) = −0.33] is
much higher than the first reduction potential of the ZnTPP
porphyrin ring (−1.31 V vs SCE in DMSO), it is also highly
likely that the oxygen molecule can be reduced to hydroxide
radical which will eventually be scavenged by DMSO.14,124−126

7. Controlled/“Living” Radical Polymerization Fully
Open to Air. Encouraged by the results obtained for oxygen
tolerance studies, we decided to push the boundaries of
polymerization afforded by ZnTPP by conducting photo-
polymerization in vessels fully open to air. In this investigation,
polymerization of MA mediated by ZnTPP (50 ppm relative to
monomer concentration) was tested in open glass vials under
three different lights, blue, green and red (Figure 4A). After 4 h
light irradiation, the polymerization was stopped and aliquots
were withdrawn for GPC and NMR measurements. Surpris-
ingly, good control of molecular weight and molecular weight
distributions (SI, Table S3) were obtained. However, the GPC
molecular weights of the polymers for the different lights were
much lower than the theoretical molecular weights due to
monomer evaporation during the course of the polymerization.

Figure 4. Polymerization of MA fully open to air at room temperature with ZnTPP as the photoredox catalyst under red light irradiation with BTPA
as the chain transfer agent, using molar ratio of [MA]:[BTPA]:[ZnTPP] = 200:1:1× 10−3 in DMSO. (A) Picture of open glass vial reactors for
different light reactions. (B) Kinetic plot of ln([M]0/[M]t) vs exposure time under green light irradiation. (C) Mn vs conversion for green light
reaction, and (D) molecular weight distributions at different time points from (B).
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As the open vials are prone to monomer evaporation compared
to vials sealed with septa, the calculation of the molecular
weights based on monomer conversion is skewed.
Nevertheless, the controlled nature of the polymerization

piqued our interest to further investigate the kinetics in an open
air system. We employed the use of FTNIR to monitor the
kinetics of MA polymerization under green light irradiation.
Linear plot of ln([M]0/[M]t) versus exposure time indicated
the presence of constant radical concentration in the reaction
mixture (Figure 4B). Surprisingly, the polymerization proceeds
in open air with no inhibition period. The molecular weight
distributions remained low (Mw/Mn < 1.2) during the
polymerization, although the experimental molecular weight
was much lower than theoretical molecular weights due to
unavoidable monomer evaporation in the open glass vials
(Figure 4C). 1H NMR analysis (SI, Figure S7) for final polymer
products confirmed that not only the molecular weight assessed
by NMR (Mn,NMR = 8840 g/mol) was in good accord with
GPC measurements (Mn,GPC = 8790 g/mol), but also,
demonstrated the presence of trithiocarbonate at the polymer
end group. Judging from the symmetric GPC traces, with no
observable shoulder and tailing, uinform polymer chain growth
most likely occurred (Figure 4D). These results sufficiently
support the uniqueness of ZnTPP as photoredox catalyst in
activating PET-RAFT polymerization, which is mostly likely
attributed to the selective interaction between ZnTPP and
trithiocarbonate, and therefore, allowing direct activation of the
PET-RAFT process in the presence of oxygen.

8. Chain Extension of Macromolecular Chain Transfer
Agents (Macro-CTA) Synthesized in the Presence and
Absence of Air. Chain extensions were carried out with PMA
macro-CTA to investigate livingness of the synthesized
homopolymers in the presence and absence of air. The
synthesis of PMA macro-CTA was carried out in DMSO under
blue and red light irradiation (Mn,GPC = 16 600 g/mol, Mw/Mn
= 1.06 and 70% monomer conversion for red light and Mn,GPC
= 14 300 g/mol, Mw/Mn = 1.06 and 62% monomer conversion
for blue light) at a catalyst concentration of 50 ppm in the
absence of air. After purification by precipitation, chain
extension was carried out with MA and DMA monomers
under the same light source used for macro-CTA synthesis with
a molar ratio of [monomer]:[CTA]:[ZnTPP] = 500:1:2.5 ×
10−2. Macro-CTAs were successfully chain extended under red
and blue LED lights with both MA and DMA monomers.
Under red light irradiation (Figure 5), a complete shift in
molecular weight of PMA macro-CTA was observed with the
diblock copolymers having narrow molecular weight distribu-
tions (Mn,GPC,red = 34 000 g/mol, Mw/Mn = 1.06 for PMA-b-
PDMA in 1 h, and Mn,GPC,red = 21 000 g/mol, Mw/Mn = 1.05
for PMA-b-PMA in 2 h). The UV and RI traces for both
diblock copolymers showed good overlap which further
confirmed the livingness of the system. Similar results were
also obtained for chain extensions under blue light irradiation
with MA and DMA monomers where diblocks with narrow
molecular weight distributions (Mw/Mn < 1.10) were
synthesized (SI, Figure S8).

Figure 5. Molecular weight distributions for PMA macro-CTAs and their diblock copolymers synthesized under red light irradiation in the absence
of air with ZnTPP as the catalyst and BTPA as the chain transfer agent at room temperature in DMSO: (A) PMA macro-CTA and PMA-b-PDMA
(overlap of RI and UV signals after 1 h), and (B) PMA macro-CTA and PMA-b-PMA (overlap of RI and UV signals after 2 h).

Figure 6. Molecular weight distributions for PMA macro-CTAs synthesized under blue and red LED lights in the presence of air and their diblock
copolymers synthesized in the absence of air: (A) PMA macro-CTA and PMA-b-PMA in red light, and (B) PMA macro-CTA and PMA-b-PMA in
blue light.
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In order the verify the livingness of the macro-CTAs
synthesized in the presence of oxygen under blue and red light
irradiation, chain extensions with MA were carried out (Figure
6). The synthesis of PMA macro-CTAs in an oxygenated
system was carried out under blue and red light irradiation
(Mn,GPC = 17 460 g/mol, Mw/Mn = 1.06 and 89% monomer
conversion for red light and Mn,GPC = 15 030 g/mol, Mw/Mn =
1.05 and 86% monomer conversion for blue light) at a catalyst
concentration of 50 ppm. These macro-CTAs were successfully
chain extended in the absence of air with respect to the initial
light used for their synthesis (Mn,GPC = 36 230 g/mol, Mw/Mn =
1.09 for red light in 2 h and Mn,GPC = 35 180 g/mol, Mw/Mn =
1.08 for blue light in 1 h at catalyst concentration of 50 ppm).
The absence of shoulder at low molecular weight and low PDI
demonstrates the absence (or low amount) of nonliving
polymers.
9. Stability of ZnTPP under Light. The use of ZnTPP as

photoredox catalyst for controlled/“living” radical polymer-
ization has never been reported in the literature. As a
consequence, this motivated us to investigate the stability of
ZnTPP under prolonged exposure to light. Two glass vials with
50 ppm concentration of catalyst each were degassed before
placing one vial in the dark while the other under red light
irradiation for 16 h (SI, Figure S9). After 16 h, MA was added
to the vial and degassed. Polymerizations were then carried out
in the presence of BTPA with kinetics measured using online
FTNIR on both samples. Interestingly, both preirradiated and
control experiments (without preirradiation) for ZnTPP
yielded the same propagation rate constants proving no
significant degradation of ZnTPP upon prolonged irradiation.
In addition, the robustness of the ZnTPP catalyst can be

demonstrated by successive chain extensions of PMA to
generate a P(MA)5 pentablock copolymer without supple-
mentary addition of catalyst and repetitive purification steps.
We first synthesized a PMA macro-CTA (Mn,GPC = 9670 g/
mol) by polymerization of MA in the presence of BTPA and
100 ppm of ZnTPP catalyst for 4 h in DMSO. NMR confirmed
nearly full monomer conversion (>95%) in the first step. For
the second block, MA in a degassed DMSO solution was then
added under nitrogen to the macro-CTA, and the polymer-
ization was allowed to continue for a further 6 h to reach full
monomer conversion. This process was repeated three more
times until the formation of the high-order pentablock
polymers with high molecular weight (Mn,GPC ≈ 52 400 g/
mol, Mw/Mn ≈ 1.21) was obtained. GPC analysis of the
molecular weight distributions confirmed successful chain
extensions as manifested by clear shifts to higher molecular
weights in each step (Figure 7). The polymerization rates
appear unchanged after these multiple chain extensions, which
demonstrate that the catalyst is extremely stable under light.

■ CONCLUSIONS
Two major contributions to controlled/“living” radical
polymerization were summarized in this study. First, we
presented for the first time a photoinduced living polymer-
ization activated by a new metalloporphyrin photoredox
catalyst, ZnTPP, over a broad range of wavelengths (from
435 to 655 nm). The use of lower energy wavelength is an
important step in the application of such photoinduced living
polymerization technology for biomedical applications and
materials sciences. Indeed, organic matter, including biological
tissue and organic molecules presents a low absorption in red
and NIR regions. Furthermore, in this contribution, we

demonstrated that the polymerization rates could be easily
manipulated by the use of a single unique photoredox catalyst
over various visible wavelengths and temporally controlled by
turning on/off the light. This finding would be useful for a
variety of applications in the design of three-dimensional
materials that require both spatial and temporal control.
Second, it has always been a challenge to perform living

radical polymerization in open air as oxygen is a radical
scavenger that could rapidly trap propagating radicals. This
contribution marks a step forward for controlled/living radical
polymerization in a vessel fully open to air. In this study,
ZnTPP acts as a photoredox catalyst that regulates living radical
polymerization completely open to air without sacrificing living
behavior. This result is most likely attributed to the unique and
intriguing interaction between ZnTPP and trithiocarbonate,
which will be the subject for further study in upcoming works.
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