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ABSTRACT: Here, we exploit the selectivity of photo-
activation of thiocarbonylthio compounds to implement two
distinct organic and polymer synthetic methodologies: (1) a
single unit monomer insertion (SUMI) reaction and (2)
selective, controlled radical polymerization via a visible-light-
mediated photoinduced electron/energy transfer-reversible
addition—fragmentation chain transfer (PET-RAFT) process.
In the first method, precise single unit monomer insertion
into a dithiobenzoate with a high reaction yield (>97%) is
reported using an organic photoredox catalyst, pheophorbide
a (PheoA), under red light irradiation (A, = 635 nm,
0.4 mW/cm?). The exceptional selectivity of PheoA toward
dithiobenzoate was utilized in combination with another cata-
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lyst, zinc tetraphenylporphine (ZnTPP), for the preparation of a complex macromolecular architecture. PheoA was first
employed to selectively activate a dithiobenzoate, 4-cyanopentanoic acid dithiobenzoate, for the polymerization of a methacrylate
backbone under red light irradiation. Subsequently, metalloporphyrin ZnTPP was utilized to selectively activate pendant
trithiocarbonate moieties for the polymerization of acrylates under green light (4, = 530 nm, 0.6 mW/cm?) to yield well-

defined graft co-polymers.

B INTRODUCTION

The ability of plants to convert solar energy into chemical
energy via photoredox processes (natural photosynthesis) has
inspired generations of chemists to try to reproduce such
systems.' > Recently, the use of visible-light photoredox cata-
lysis in organic chemistry has enabled the synthesis of known
chemical compounds through novel synthetic routes, limiting
the formation of side products and eliminating complex
purification procedures.” More importantly, these photoredox
catalysts have also led to the discovery of new chemical trans-
formations. For example, MacMillan and co-workers demon-
strated the first direct asymmetric alkylation and fB-arylation of
ketones and aldehycles.s_7 Since then, a wide range of chemical
reactions have been developed by Stephenson,”” Yoon,'”'!
Kénig,'"* and others."*"” In addition to the high efficiency of
these reactions, which require catalyst concentrations in parts
per million amounts, a number of photoredox catalysts have
demonstrated additional remarkable properties, including
compatibility and selectivity.'® Taking advantage of its com-
patibility with a number of common catalytic processes, recent
development in the field of visible-light photocatalysis has been
dedicated to merging various catalysts to perform complex
organic transformation in a single pot.s’17 For instance,
MacMillan and co-workers combined photoredox catalysts
with nickel catalysis to couple a-carboxyl sp® carbons with aryl
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halides."® In addition to this compatibility, photoredox catalysts
are also able to selectively activate specific substrates.'” Such
properties may play an essential role in organic syntheses for
the production of added-value chemicals, such as pharmaceut-
icals, agrochemicals, natural products, pigments, and optoelec-
tronic materials.'®*

More recently, the successful implementation of photoredox
catalysis in polymer chemistry has led to the development of
novel light-mediated polymerizations, which have been used
in conventional”’ ™ and controlled®*™*" free radical, cat-
ionic,”*~* and ring-opening metathesis**** polymerizations. In
contrast to conventional methods, light-mediated polymer-
izations provide opportunities for spatial and temporal control,
which is critical for patterned material fabrication and chemical
modification,'>?!?>26 739384345765 Hayker and  co-workers
pioneered controlled/“living” radical photopolymerization by
combining atom transfer radical polymerization (ATRP) with
photoredox catalysis.’”*>°® Inspired by their seminal works,
we have developed a living radical polymerization technique
involving the reversible deactivation of thiocarbonylthio
compounds by photoredox catalysts via a photoinduced elec-
tron (Scheme 1) or energy transfer process.”” A variety of
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Scheme 1. Proposed Mechanism of PET-RAFT
Polymerization (Top) and Photoredox Catalysts (PCs) and
RAFT Agents Employed (Bottom) in This Study
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photoredox catalysts, including transition metal complexes,**®”

organic dyes,47 metalloporphyrins,49 and naturally derived cata-
lysts (chlorophyll),*® have been successfully employed to
mediate photoinduced electron/energy transfer-reversible
addition—fragmentation chain transfer (PET-RAFT) polymer-
ization. The versatility and effectiveness of this polymerization
technique was demonstrated in different media using a broad
range of low energy wavelengths in the visible reé%ion from blue
to near-infrared light (typically, <1 mW/ cm?).?”°% The use of
photoredox catalysts in polymer synthesis creates new
opportunities to prepare functional polymers. For instance,
we were able to achieve dual stereo and temporal control by
combining photoredox catalysts with Lewis acids.”’ In another
example, we recently reported the first exploitation of selec-
tive activation of trithiocarbonates in the presence of zinc

tetraphenylporphine (ZnTPP), leading to the fast and
controlled folmerization of acrylates, even under open air
conditions.”

In this article, we exploit selective photoactivation for
advanced organic and polymer synthesis. Key photoredox
catalyst pheophorbide a (PheoA; Scheme 1), an organic
porphyrin originating from chlorophyll breakdown, is employed
to mediate the PET-RAFT process. In contrast to other
conventional photoredox catalysts, it possesses remarkable cata-
lytic activity and selectivity toward specific dithiobenzoates and
complements our recent discovery that ZnTPP selectively
activates trithiocarbonates.

To illustrate the selectivity of PheoA, we first employ PheoA
for the synthesis of organic molecules using a single unit
monomer insertion (SUMI) reaction (Scheme 2A).”' "7 With
the SUMI reaction proceeding in the presence of monomers
such as acrylates, acrylamides, or styrene, the R group of the
dithiobenzoate (such as 4-cyanopentanoic acid dithiobenzoate,
CPADB; Scheme 1) transitions from a tertiary carbon to a sec-
ondary carbon, resulting in a significant change in the stability
of the C—S bond. Owing to this chemical structure change,
pure monoadducts can be prepared without (or with minimal)
purification in a single step. In com}z)arison with a conventional
RAFT polymerization sy'stem,78_8 no exogenous initiators
are required and the reaction can be performed at room
temperature, which eliminates the formation of byproducts
from the decomposition of initiator and other side reactions. In
addition, the low catalyst concentration (ppm range) negates
the need for complex column purification procedures.

Second, we demonstrate the selective activation of
dithiobenzoates (CPADB) only by PheoA, in addition to its
inability to activate RAFT agents, including trithiocarbonates
and xanthates. By combining PheoA with ZnTPP, which
presents selectivity toward trithiocarbonates only (Scheme 2B),
we prepare complex polymeric architectures via the PET-RAFT
process. To illustrate this reaction, a graft co-polymer is pre-
pared via a one-pot, two-step process (Scheme 3). A reaction

Scheme 2. Selective Photoactivation of Thiocarbonylthio Compounds for SUMI Reactions (A) and Controlled Radical

Polymerization (B) via the PET-RAFT Process
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Scheme 3. Selective Photoactivation for the Preparation of a Graft Co-polymer via a One-Pot, Two-Step Process without

Intermittent Postmodification and Purification
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Table 1. Screening Reaction Conditions for Pheophorbide a (PheoA)-Regulated PET-RAFT Polymerization of Methyl
Methacrylate (MMA) in the Presence of 4-Cyanopentanoic Acid Dithiobenzoate (CPADB) under Red Light Irradiation”

no. [M]/[CPADB]/[PheoA] [PheoA]/[M] (ppm) time (h)
1 200:1:0.0002 1 12
2 200:1:0.0004 2 10
3 200:1:0.001 s 10
4 200:1:0.002 10 10
5¢ 200:1:0.0002 1 36
6 200:1:0.0002 1 36
78 200:1:0.02 100 20
8" 200:1:0.0008 4 24

a (%)° M,." (g/mol) M, apc” (g/mol) M,/M,?
70 14 280 13 820 1.13
80 16 280 16 310 1.15
79 16 180 16 900 1.24
80 16 280 17 020 1.32
85 17 260 17 000 1.09
45 9100 8500 1.14
70 14280 13720 1.18
71 14 440 13 800 1.15

“Experimental conditions: solvent, dimethyl sulfoxide (DMSO); light source, red LED light (4,,,, = 635 nm, 0.4 mW/cm?). “Monomer conversion
was determined by 'H NMR spectroscopy. “Theoretical molecular weight was calculated using the following equation: M, 4, = [M],/[CPADB], X
MWM x a + MWCPAPE where [M], [CPADB],, MWM, a, and MWPAPB correspond to initial monomer concentration, initill CPADB
concentration, molar mass of monomer, conversion determined by 'H NMR, and molar mass of CPADB, respectively. “Molecular weight and
polydispersity index (M,,/M,) were determined by GPC analysis calibrated to poly(methyl methacrylate) standards. “fac-[Ir(ppy);] photocatalyst;
blue LED light (4., = 460 nm, 0.7 mW/ em?).” Ru(bpy);Cl, photocatalyst; blue LED light. Eosin Y photocatalyst; blue LED light. hChlorophyll a

photocatalyst; red LED light.

mixture containing two RAFT agents (CPADB and 2-(n-
butyltrithiocarbonate) propionic acid, BTPA), two orthogonal
photoredox catalysts (PheoA and ZnTPP), and monomer
(methacrylate) is introduced into a single pot. The first step
takes place under red light irradiation (UV—vis absorption of
PheoA shown in Figure S1), wherein CPADB is selectively
activated by PheoA to afford the formation of the methacrylate
backbone, whereas ZnTPP and trithiocarbonate remain
dormant and unreactive. Following full consumption of the
initial methacrylate monomer, an acrylate is introduced into
the pot in tandem with a switch to green light, resulting in
the selective activation of BTPA by ZnTPP for the prepa-
ration of the side chains (Schemes 2B and 3). By implementing
this novel orthogonal approach, only a single pairing of a
catalyst and a thiocarbonylthio compound was activated at a
time.
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B RESULTS AND DISCUSSION

Investigation of the Catalytic Activity of PheoA.
Preliminary results (Table 1) revealed the catalytic efficiency
of PheoA in the activation of a dithiobenzoate, CPADB, for the
photopolymerization of methacrylates. The catalytic efficiency
was illustrated by the high monomer conversion efficiency
(~70% monomer conversion; no. 1, Table 1) after 12 h of light
exposure (red light, ., = 635 nm, 0.4 mW/cm?) at a very low
catalyst concentration (1 ppm catalyst relative to monomer
concentration) in the presence of CPADB. Such activity is
remarkable in comparison with that of previously used
photoredox catalysts, which include transition metal catalysts,
such as iridium- and ruthenium-based complexes (nos. S and 6,
Table 1), organic dye eosin Y (no. 7, Table 1),Y and
naturally derived catalyst chlorophyll a (no. 8, Table 1).**
These catalysts required longer polymerization times, typically
24 h, and/or higher catalyst concentrations (>10 ppm) to
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achieve similar monomer conversion. More importantly, the
polymerization mediated by PheoA was fairly controlled, as
demonstrated by the low polydispersity (1.13) and close
agreement between the theoretical and experimental molecular
weights (nos. 1 and 2, Table 1).

In the case of higher catalyst concentrations (5 and 10 ppm),
polymerization rates did not accelerate as expected (79 and
80% for 5 and 10 ppm, respectively, in 10 h; nos. 3 and 4, Table
1), possibly due to self-quenching at higher concentrations.”**
Furthermore, higher polydispersities (1.24 for S ppm and 1.32
for 10 ppm) were noted. Therefore, all further polymerizations
were performed at catalyst concentrations of less than 2 ppm.
Several control polymerizations were conducted without the
addition of PheoA or RAFT agent or in the absence of light,
and in all of these cases, no polymerizations were noted (Table
S1), demonstrating the essential roles of the catalyst, RAFT
agent, and light. Methacrylate monomers containing functional
groups (t-butyl, alcohol, tertiary amine, benzyl, and glycidyl)
also proved to be compatible with PheoA, as demonstrated by
the good correlation between theoretical and experimental
molecular weights and low polydispersities (Table S2).

To demonstrate living polymerization and temporal control,
the polymerization kinetics of MMA were investigated via
online Fourier transform near-infrared (FTNIR) spectroscopy
for 1 ppm PheoA under red light irradiation. The monomer
conversion was monitored by following the decrease of the
vinylic stretching signal of MMA at 6250—6100 cm™, as
reported previously.47’67 Ln([M],/[M],) derived from the mono-
mer conversion was plotted against exposure time. Switching the
light OFF or ON resulted in reversible deactivation or reactiva-
tion of the polymerization (Figure 1A), indicating temporal
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Figure 1. PET-RAFT polymerization of MMA using CPADB and
PheoA as the photoredox catalyst in the presence (ON) or in the
absence (OFF) of light: (A) ON/OFF experiment; (B) In([M],/
[M],) vs time of exposure; (C) M, ., (W), M, 4, (=), and M,,/M, (®)
vs conversion; (D) molecular weight distributions at different
monomer conversions. Reaction conditions: toom temperature; red
LED light (A, = 635 nm, 04 mW/cm*); [MMA]/[CPADB]/
[PheoA] 200:1:0.0002 (1 ppm PheoA relative to monomer
concentration); [MMA], = 4.7 mol/L; PMMA standard for molecular
weight calibration.

control. In the absence of light (OFF), the polymerization
immediately stops, which was attributed to rapid deactivation by
the catalyst. In addition, the linear plot of In([M],/[M],) versus
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exposure time (Figure 1B) revealed a constant radical
concentration, which confirmed that the catalytic activity of
PheoA was highly stable under these conditions. The good accord
between the experimental and theoretical number-average
molecular weights (Mn,exp and M, ;) as well as the linear in-
crease in M, versus monomer conversion, low polydispersity
(Figure 1C), and symmetrical gel permeation chromatography
(GPC) curves (Figure 1D) further verified the living features of
the process.

PheoA for Selective Polymerization via Activation of
4-Cyanopentanoic Acid Dithiobenzoate (CPADB). During
this investigation, we discovered that PheoA exhibited a
remarkable selectivity toward CPADB. Other investigated
RAFT agents listed in Scheme SI include dithiobenzoates
(2-cyano-2-propyl benzodithioate, CPD, and cumyl dithioben-
zoate, CDB), trithiocarbonates (2-(n-butyltrithiocarbonate)-
propionic acid, BTPA, 2-(dodecylthiocarbonothioylthio)-2-
methylpropionic acid, DDMAT, and 3-benzylsulfanyl-
thiocarbonylthiosulfanyl propionic acid, BSTP), and xanthate
(methyl 2-[(ethoxycarbonothioyl)sulfanyl]propanoate). When
we tested these RAFT agents with their compatible monomer
families, such as acrylates, acrylamides, and vinyl acetate,
negligible monomer conversion was surprisingly detected
(nos. 19, Table 2). This exceptional catalytic selectivity was
attributed to a plausible specific interaction between CPADB
and PheoA, which is discussed and investigated in the following
section.

To prove the specific selectivity of PheoA, we carried out
polymerizations in the presence of two different families of
RAFT agent: a dithiobenzoate, CPADB, and a trithiocarbonate,
BTPA or 2-(dodecylthiocarbonothioylthio)-2-methylpropionic
acid (DDMAT) (Scheme S1). The experiments were
performed under red light irradiation (4, = 635 nm,
0.4 mW/cm?) using the formulation of [MMA]/[CPADB]/
[BTPA]/[PheoA] = 200:0.5:0.5:0.0004 (no. 10, Table 2). The
results showed controlled polymerization with low polydisper-
sity (1.14) and relatively high MMA conversion (~50%) after
20 h. In the case of DDMAT (no. 11, Table 2), a faster poly-
merization (50% at 12 h reaction) was observed. Remarkably,
in both polymerizations, the experimental molecular weights
corresponded to the theoretical values calculated using CPADB
as the only chain transfer agent, suggesting the absence of
trithiocarbonate activation or chain transfer to trithiocarbonate.
To confirm these unexpected results, a kinetic study was carried
out to follow the evolution of experimental molecular weight
and polydispersity versus monomer conversion (Figure S2).
The kinetics for the CPADB/BTPA system, surprisingly,
revealed the selective activation of CPADB for the polymer-
ization of MMA through the comparable evolution of molecular
weights between experimental and theoretical values calculated
using CPADB only. This result suggests that BTPA did not
participate in the polymerization. To confirm this result, we
decided to purify the polymer by several precipitations and
carried out further analysis. The purified polymer displayed a
pink color characteristic of dithiobenzoates, whereas the
supernatant from precipitation presented a light yellow color
characteristic of trithiocarbonates. This qualitative observation
tends to show that the trithiocarbonates were not reacted. This
result was also verified by UV—vis and NMR spectroscopies.
The UV-—vis spectrum of the purified product (black line,
Figure 2) showed only the presence of dithiobenzoate group
and the absence of signal at 423 nm characteristic of tri-
thiocarbonate group. Furthermore, "H NMR analysis (Figure S3)
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Table 2. PheoA-Regulated PET-RAFT Polymerization of Different Monomer Families and Various RAFT Agents under Red

Light Irradiation”

no. [M]/[RAFT]/[PheoA] monomer RAFT agent

1 200:1:0.002 MMA DDMAT

2 200:1:0.0002 MMA CDB

3 200:1:0.0002 MMA CDB

4 200:1:0.0002 MMA CPD

S 200:1:0.0002 MMA CPD

6 200:1:0.002 MA BTPA

7 200:1:0.002 MA BSTP

8 200:1:0.002 DMA BTPA

9 200:1:0.002 VAc xanthate

10° 200:(0.5/0.5):0.0004 MMA  CPADB/BTPA (0.5/0.5)

11°¢ 200:(0.5/0.5):0.0002 MMA CPADB/DDMAT
(0.5/0.5)

d

[PheoA]/[M] time M, o M, Grc
(ppm) (h)  a(%)”  (g/mol) (g/mol)  M,/M,?

10 10 5

1 24 <1

10 24 1

1 24 10

10 24 4

10 0

10 0

10 5

10 24 0

2 20 51 20 680" 21 630 1.14
12 50 20 280" 19790 1.13

“Experimental conditions: solvent, dimethyl sulfoxide (DMSO); light source, red LED light (A, = 635 nm, 0.4 mW/cm?). Abbreviations: VAc,
vinyl acetate; DMA, N,N’-dimethylacrylamide; CPD: 2-cyano-2-propyl benzodithioate; CDB, cumyl dithiobenzoate; xanthate, methyl
2-[(ethoxycarbonothioyl)sulfanyl|propanoate; BTPA, 2-(n-butyltrithiocarbonate)-propionic acid; DDMAT, 2-(dodecylthiocarbonothioylthio)-2-
methylpropionic acid; BSTP, 3-benzylsulfanylthiocarbonylthiosulfanyl propionic acid. “Monomer conversion was determined by 'H NMR
spectroscopy. “Theoretical molecular weight was calculated using the following equation: M, 4, = [M],/[RAFT], X MWM X a + MWRAFT where
[M],, [RAFT],, MW™, @, and MWRAFT correspond to initial monomer concentration, initial RAFT agent concentration, molar mass of monomer,
conversion determined by '"H NMR, and molar mass of RAFT agent, respectively. “Molecular weight and polydispersity index (M,,/M,) were
determined by GPC analysis calibrated to poly(methyl methacrylate) or polystyrene standards. “The RAFT agent is the mixture of CPADB and
BTPA (or DDMAT) (0.5:0.5, mol/mol). /Theoretical molecular weight was calculated on initiation of CPADB only.
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Figure 2. UV—vis spectra for PMMA prepared by selective activation
of CPADB for MMA polymerzation mediated by PheoA (black line;
no. 10, Table 2) and purified macroinitiator P(MMA-r-BTPEMA)
(red line) to show the absorption of dithiobenzoate and
trithiobenzoate in the visible region. The inset pictures show the
color of the purified polymers: PMMA (no. 10, Table 2) (right) and
purified macroinitiator P(MMA-r-BTPEMA) (left) prepared in the
Selective Photoactivation To Build a Graft Co-polymer through a
One-Pot, Two-Step Process section.

of the purified product confirmed the presence of only the
dithiobenzoate moiety. Indeed, the absence of BTPA in the
polymer structure was demonstrated by the absence of a signal at
32 ppm characteristic of CH, in the adjacent position to the
trithiocarbonate group, which again supports that BTPA was not
activated or reacted. Calculations of the molecular weight using
NMR were performed by comparing the characteristic signals of
CPADB at 72, 74, and 7.8 ppm and methyl methacrylate
(OCHj;) at 3.5 ppm. The good agreement of the molecular
weight between NMR and GPC (M, xyr = 23 110 g/mol vs
M, cpc = 21630 g/mol) supports the notion that only CPADB
was activated. The supernatant was also concentrated and
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analyzed by 'H NMR, which clearly showed the characteristic
signals of unreacted BTPA (Figure S4). The integrity of the
dithiobenzoate group was further demonstrated by successful
chain extension with MMA using purified polymer as the
macroinitiator (Figure SS).

As a comparison, we performed a conventional RAFT poly-
merization using AIBN as a thermal initiator in the presence of
the same RAFT agents. As expected, thermally initiated RAFT
polymerization using CPADB in the presence of DDMAT (or
BTPA) showed no signs of selectivity (Table S3). Although low
polydispersities were obtained, the experimental molecular
weights were much lower compared with the theoretical values
based on CPADB only, suggesting the presence of activation
of and chain transfer to trithiocarbonate. After purification by
several precipitations, the 'H NMR signal of the proton
(-S-CH,-) adjacent to the thiocarbonylthio of DDMAT was
also observed at 3.21 ppm (Figure 3), whereas it was not
detectable for the polymerization mediated using the PET-
RAFT process. This unique selectivity observed in the PET-
RAFT process can be attributed to its distinctive mechanism in
comparison with that of the conventional RAFT process.
Indeed, we previously established that PET-RAFT polymer-
ization was a combination of the PET and RAFT processes
(Scheme 1) The PET process governs the carbon radical
activation and deactivation, whereas the RAFT process
facilitates radical exchanges between the dormant and active
polymer chains. These two processes cooperatively afford living
radical behavior with excellent control. However, in the current
study, we hypothesize that the PET process dominates the
entire polymerization and the RAFT process (mainly chain
transfer) is effectively suppressed because of an interaction
between PheoA and CPADB.

Mechanistic Insights into the Selectivity of PheoA.
The unique photophysical properties of PheoA in comparison
with those of other photoredox catalysts may explain its higher
efficiency. It possesses a very high intersystem crossing rate and
triplet quantum yield compared with its fluorescence rate and
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Figure 3. '"H NMR spectra (300 MHz, CDCl) of purified PMMA
prepared by PheoA-mediated PET-RAFT polymerization (green
curve, top) and AIBN-initiated RAFT polymerization (black curve,
bottom) in the presence of a CPADB/DDMAT (1:1, mol/mol)
mixture as the RAFT agent. PET-RAFT (no. 11, Table 2): [MMA]/
[CPADB]/[DDMAT]/[PheoA] = 200:0.5:0.5:0.0002 (1 ppm PheoA
relative to monomer concentration); [MMA], = 4.7 mol/L. AIBN-
initiated polymerization (no. 1, Table S3): [MMA]/[CPADB]/
[DDMAT]/[AIBN] = 200:0.5:0.5:0.1; [MMA], = 4.7 mol/L.

Table 3. Photophysical Data for Pheophorbide a (PheoA)

photocatalyst kg [107 s71]¢ kisc [10% s71]% (oM (o RN
PheoA 44 12 0.2 0.8

“kgy kigcy @gp, and D, correspond to fluorescence rate, intersystem
crossing rate, singlet quantum yield, and triplet state quantum yield,
respectively.*®

singlet quantum yield (Table 3). These properties favor an
electron generated by photoexcitation to remain longer in the
triplet state, which consequently increases the probability for an
electron transfer event from the z-conjugated excited state of
PheoA to RAFT agents.

To investigate the reaction mechanism between PheoA and
CPADB, two different quenching experiments were performed
to demonstrate that a PET process is occurring between PheoA
and CPADB. The first set of experiments involved measuring
fluorescence quenching by titrating increasing amounts of
RAFT agents in the presence of a fixed concentration of PheoA
(Figures S6 and S7), and the second set of experiments involved
measuring quenching after irradiation of PheoA and RAFT
agents at a molar ratio of 1:150 under red light (Figure 4).

Both techniques are commonly employed to demonstrate a PET
or energy transfer process between two molecules.****™% These
experiments revealed that fluorescence of PheoA, upon excitation
at A, = 635 nm, was quenched only in the presence of CPADB
(Figure 4A). In the presence of BTPA (Figure 4B) or CPD
(Figure 4C), we did not observe quenching in any experiments,
which confirmed the absence of the electron or energy transfer
process between BTPA (or CPD) and PheoA.

To confirm that the transfer of an electron is possible
between PheoA and CPADB, we measured the ground state
oxidation potential using cyclic voltammetry (CV) of PheoA in
DMSO. CV experiments were recorded using glass carbon
(BASI) electrodes in anhydrous DMSO containing 0.1 M
tetrabutylammonium tetrafluoroborate as the electrolyte. First,
we determined that the reduction potential (Pheo/Pheo™) was
in good accord with the previous values reported in the
literature.”* Then, we assessed the first electron oxidation
potential (PheoA’/PheoA) of PheoA to be +0.3 V (vs Ag/
AgCl) (Figure S8) by CV. According to the previously reported

equation (EOPheoAVPheoA* = EOPheoAVPheoA - Ehv = EoPheoAVPheoA -
;—C),QO the excited state oxidation potential (PheoA*/PheoA*)

of PheoA can be estimated to be around —1.4 V (vs saturated
calomel electrode, SCE) based on ground state value. As the
oxidation potential of excited PheoA is much lower than the
reduction potentials of CPADB (—04 V vs SCE),”*”' the
probability for an electron transfer from PheoA to CPADB is
deemed thermodynamically favorable.

In the literature, many reports’ " have shown that the
proximity of an electron donor and acceptor enhances their
catalytic activities. First, '"H NMR analysis was utilized to
investigate the presence of a possible interaction between
CPADB and PheoA. The 'H NMR spectrum for the mixture of
PheoA and CPADB (1:2, mol/mol) revealed the presence of
weak dynamic association between PheoA and CPADB in
DMSO, evidenced by the clear shift in the proton signals of
PheoA (Figure S). Additionally, UV—vis spectra (Figure 6)
displayed a marginal blue shift (3 nm) of PheoA in the presence
of CPADB absorption at 670 nm before and after 6 h of light
irradiation of the polymerization mixture. This interaction
could be attributed to the formation of hydrogen bonding
between the pyrrole and acid groups of CPADB, which was
supported by the shift of the proton signals of pyrrole in the
NMR spectra when comparing CPADB to the CPADB/PheoA
mixture (Figure 5).

Selective Photoactivation of 4-Cyanopentanoic Acid
Dithiobenzoate (CPADB) for Single Unit Monomer
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Figure 4. Fluorescence emission spectra of 33.8 uM Pheo A in DMSO in the presence of a fixed concentration of CPADB (A), BTPA (B), and CPD
(C) under red light irradiation (A, = 635 nm, 0.4 mW/cm?) at different time points with a molar ratio of [PheoA]/[RAFT] = 1:150.
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Figure 5. Enlarged (A, B) and full (C, D) 'H NMR spectra
(600 MHz, DMSO-d;) for PheoA (B, D) and the PheoA and CPADB
(1:2, mol/mol) mixture (A, C) in the presence of air.

avoid the formation of multiadducts. Isolation of the pure
monoadduct also requires laborious purifications to remove
initiator-derived byproducts and multiadducts. The initial
RAFT agent can be effectively activated and deactivated through
the PET process in the presence of low concentrations of PheoA.
The use of photoredox catalysts avoids the use of initiator species
and the consequential formation of initiator-derived byproducts.
More importantly, the activation via PheoA is highly dependent
on the structure of the R group of the RAFT agent. As illus-
trated in Scheme 4, following the SUMI reaction with acrylate,

Scheme 4. SUMI into CPADB via Visible-Light-Mediated

Selective Photoactivation
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Figure 6. UV—vis absorption of the polymerization mixture in DMSO
before (black curve) and after (red curve) red light irradiation.
[MMA]/[CPADB]/[PheoA] = 200:1:0.0004 (2 ppm PheoA relative
to monomer concentration); [MMA], = 4.7 mol/L; light source:
635 nm red LED light, 0.4 mW/ cm?.

Insertion (SUMI) Reactions. The high catalytic efficiency of
PheoA for CPADB was exploited to perform SUMI into RAFT
agents for the preparation of a monoadduct. SUMI is an
effective approach used to control monomer sequence in
synthetic polymer materials or for the functionalization of
polymer chain ends.”"””**?~%” Monomer sequence regulation
plays a key role in biology and is a prerequisite for crucial
features of life, such as heredity, self- regphcatlon, complex self-
assembly, and molecular recognition. Developing synthetic
polymers containing precise monomer sequences is an
important area of research. Previous reports required the use
of stoichiometric amounts of monomer and RAFT agent to
avoid the formation of oligomers (multiadducts), except for
monomers such as maleic anhydride and maleimides that do
not undergo homopolymerization.”® In the case of high molar
ratios of monomer to RAFT agent, it is necessary to control
parameters such as reaction time and temperature to reduce or

3100

acrylamide, and styrene in the presence of CPADB, the structure
of the dithiobenzoate R group is radically changed from a tertiary
carbon to a secondary carbon, resulting in a significant change in
the stability of the C—S bond. Such changes affect the PET
activation process by PheoA. Indeed, CPADB is rapidly activated
in the presence of PheoA, but after one monomer addition, the
resultant dithiobenzoate cannot be reactivated by PheoA
anymore. This appears to be a convenient method to selectively
insert one monomer unit into CPADB.

The preliminary results shown in Table 4 demonstrated
successful SUMI into CPADB using different monomer families
such as styrene, acrylates, and acrylamides (nos. 1—4, Table 4).
Excess monomer, typically [monomer]/[RAFT] = 20:1, was
employed to obtain faster reaction rates (typically, 20 h). When
lower ratios were utilized (i.e, [monomer]/[RAFT] = 1:1),
longer reaction times were required. Only a single monomer
unit was inserted into CPADB, which was confirmed by 'H
NMR (Figure 7 and Figures S9—15) and GPC (Figure 8). 'H
NMR spectra (Figure 7) of crude product (after evaporation of
monomer and solvent under reduced pressure) for the reaction
of CPADB with MA displays a single unit addition, CPADB-
MA. The '"H NMR spectrum indicates that the SUMI reac-
tion proceeded with negligible side reactions via a PET-RAFT
process mediated by PheoA. The CPADB conversion was
calculated by comparing the ratio of the integration of the
proton signal at § 7.92 ppm to that at 8.0, which corresponds
to the signal of the benzyl group before and after the reaction,
respectively. The good correlation between the integrals of the
methyl groups in the monomer unit (6 3.83 ppm) and R group
fragment of the RAFT agent (§ 1.4—1.6 ppm) demonstrate the
synthesis of a 1:1 mixture of two diastereomers for CPADB-
MA. The purified product of CPADB-MA by column
chromatography did not show any difference, eliminating the
need for purification via column chromatography. SUMI
reactions with acrylamides also yielded high-purity mono-
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Table 4. Screening Conditions for SUMI Reactions via Selective Photoactivation”

no. [Monomer]/[RAFT]/[catalyst or AIBN] RAFT agent monomer

14 20:1:0.0004 CPADB MA

29 5:1:0.0004 CPADB St

3¢ 20:1:0.0004 CPADB DMA

4 20:1:0.0008 CPADB NIPAAm

59 20:1:0.0004 CPADB MMA

6 20:1:0.0004 CPADB MA
20:1:0.2 CPADB MA

8¢ 20:1:0 CPADB MA

9¢ 20:1:0.0004 PMMA" nBA

products CPADB conversion (%)” isolated yield (%)

CPADB-MA 98 922
CPADB-St 98 90
CPADB-DMA 99 91
CPADB-NIPAAm 97 90
Oligo-PMMA
CPADB-MA 30
Oligo-PMA

10
PMMA-nBA 97 95

“Experimental conditions: solvent dimethyl sulfoxide, (DMSO); 20 h light irradiation or thermal reaction. Abbreviations: St, styrene; DMA, N,N'-
dimethylacylamide; NIPAAm, N-isopropylacrylamide; nBA, n-butyl acrylate. “Determined by 'H NMR for crude products. “Products were purified
by column chromatography. “PheoA photoredox catalyst; red LED light source (4,4 = 635 nm, 0.4 mW/cm?). “Ir(ppy); photoredox catalyst; blue
LED light source (4, = 460 nm, 0.7 mW/ cm?)./Thermally initiated polymerization using AIBN as the initiator (70 °C). No photoredox catalyst;
blue LED light source (A, = 460 nm, 12 mW/cm?); 26 h light irradiation. "PMMA macro-RAFT was prepared by PET-RAFT polymerization of

MMA mediated by PheoA. M, gpc = 7100 g/mol.
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Figure 7. '"H NMR spectra for monitoring the SUMI reaction between
dithiobenzoate (CPADB) and monomer (MA) at different CPADB
conversions: 0%, black curve on the top; 35%, blue curve in the
middle; and 98%, red curve at the bottom.

adducts without the need of column purification. GPC curves
(Figure 8) of these crude products revealed the absence of any
dimer shoulders, demonstrating excellent SUMI reac-
tion profiles and high CPADB conversion. In the case of
N-isopropylacrylamide (NIPAAm), a simple purification step
by column chromatography was required owing to the high
boiling point of the monomer. Despite this, the CPADB-
NIPAAm monoadduct was isolated in high yields.

Single unit monomer addition of styrene into CPADB was
performed (no. 2, Table 4) using a lower monomer-to-RAFT
ratio (5:1) owing to partial double monomer unit insertion at
higher ratios (20:1), as evidenced by the shoulder in the GPC
trace (Figure S16). As expected, the attempt to prepare SUMI
of MMA gave an oligomeric product (no. S, Table 4), which
was attributed to repeated activations without selectivity. In
comparison, lower monoaddition conversion (30%; no. 6,
Table 4) was obtained when Ir(ppy); was employed as the
photoredox catalyst in the presence of MA under blue light
irradiation, which is attributed to the quenching of Ir(ppy),
with CPADB at 460 nm. This result illustrates the exceptional
catalytic efficiency of PheoA. In another comparison, we
performed a SUMI reaction via conventional RAFT polymer-
ization using [monomer]/[RAFT] = 20:1. Expectedly, the
thermally initiated polymerization of MA (no. 7, Table 4),
using AIBN as initiator and CPADB, gave poor control over
single unit insertion, resulting in the formation of oligomers, as
shown by GPC (Figure S17) and '"H NMR (Figure S18). To
demonstrate the importance of the catalyst (PheoA) in this
process, catalyst-free photopolymerization”®”” using CPADB
under high intensity blue light (1 = 460 nm, 12 mW/cm?*) was
performed. After 26 h of light exposure, only 10% CPADB
conversion (no. 8, Table 4) and an inefficient SUMI reaction
(see Figure S19 for the 'H NMR spectrum of the crude
product) were observed. In summary, only the PheoA-mediated
PET-RAFT approach was able to afford efficient SUMI reac-
tions. In addition, this technique has been successfully
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Figure 8. GPC curves of the crude SUMI products of different monomers (MA, St, DMA, and NIPAAm) to RAFT agent, CPADB, prior to
purification showing the absence of multiple insertion products (oligomers).
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implemented for the specific addition of a single unit of n-butyl
acrylate to a macro-RAFT PMMA (no. 9, Table 4).

Selective Photoactivation To Build a Graft Co-
polymer through a One-Pot, Two-Step Process. In our
previous work,” we demonstrated that ZnTPP selectively
activated trithiocarbonates in the PET-RAFT process. In light
of the discovery of the specificity of PheoA, we sought to
employ the orthogonal reactivity of these two catalysts, under
different wavelengths, for the preparation of complex polymer
architectures. As an example, a graft co-polymer was prepared
in a one-pot reaction through selective photoactivation using
two different wavelengths. Using conventional living radical
polymerization, the synthesis of graft co-polymers requires
several steps (including postmodifications and purifications)
and/or the combination of different polymerization techni-
ques,58’mo_104 such as RAFT and ATRP.'*>' In this work, we
proposed the synthesis of model graft co-polymers (PMMA-g-
PMA) using only one technique through the selective activation
of two different RAFT agents in one pot without intermediate
purification. Two different monomers were sequentially
polymerized to fabricate the polymer backbone and graft
chain, respectively, by switching the wavelength of the light
(Scheme 3). Under red light irradiation, PheoA specifically
activated the dithiobenzoate, resulting in the polymerization of
the methacrylate backbone. Following the addition of acrylate
monomer, the light was switched to green to activate the tri-
thiocarbonate using ZnTPP as the photoredox catalyst,
resulting in the formation of polyacrylate graft chains.

To demonstrate this orthogonal selectivity and rule out any
potential side reactions (cross activation or overlapped light
absorption) by these two catalysts, several control experiments
were carried out. First, two different wavelengths were selected
for each catalyst. At 690 nm, ZnTPP does not absorb, whereas
PheoA presents strong absorption in this region (Figure 9). We
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Figure 9. UV—vis absorption and molar extinction of PheoA and
ZnTPP for screening the activation light wavelength for selective
polymerization activation.

decided to test ZnTPP under 690 nm red light irradiation
(2 mW/cm?) using the following formulations: [MMA]/[BTPA]/
[ZnTPP] = 200:1:001 and [MMA]/[CPADB]/[ZnTPP] =
200:1:0.01. In both cases, low monomer conversions (8 and 0%,
respectively, after 24 h) were determined by NMR, which suggests
negligible activation of the RAFT agent via ZnTPP at this
wavelength. On the other hand, at 530 nm, PheoA displays low
absorption (Figure 9), whereas ZnTPP presents maximum
absorption in this region. The activation ability of PheoA at
530 nm was therefore tested using PheoA with either MA and
MMA, formulated as [MMA]/[CPADB]/[PheoA]
200:1:0.0004 and [MA]/[CPADB]/[PheoA] = 200:1:0.0004,

3102

respectively. Both reactions revealed low monomer conversions
(3 and 0%, respectively) after 24 h of irradiation under green
light (0.6 mW/cm?), which can be ascribed to the light being
quenched by CPADB in the green region (Figure 6). Therefore,
690 nm red light was employed to excite PheoA to selectively
activate CPADB, whereas 530 nm green light was used for ZnTPP
and BTPA.

Next, the compatibility of these two photoredox catalysts
needed to be confirmed to prevent photodeactivation through
energy or electron transfer from one catalyst to the other.
Therefore, two model reactions were carried out: (1) selective
activation of CPADB by PheoA to polymerize MMA under
690 nm red light irradiation in the presence of BTPA and
ZnTPP and (2) selective activation of BTPA by ZnTPP to
polymerize MA under 530 nm green light irradiation in the
presence of CPADB and PheoA. As demonstrated in the
Investigation of the Catalytic Activity of PheoA section, PheoA
is an efficient catalyst for mediating the PET-RAFT polymer-
ization of MMA at 635 nm. The shift of red light to a higher
wavelength (690 nm) slightly affects the polymerization rate
due to the lower absorption of PheoA in this region. Indeed,
polymerization with the formulation [MMA]/[BTPA]/
[CPADB]/[PheoA]/[ZnTPP] = 200:5:1:0.0004:0.02 (2 ppm
PheoA and 100 ppm ZnTPP relative to monomer concen-
tration) proceeded smoothly to reach 79% conversion after
23 h at 690 nm red light irradiation. The precipitated polymer
from the reaction mixture appears pink in color and did not
show any trithiocarbonate moieties from BTPA in the "H NMR
spectrum (Figure S20), as expected with our previous find-
ings. The concentrated supernatant of this reaction mixture
also contained unreacted BTPA, as determined by 'H NMR
(Figure S21).

The model polymerization of MA under green light (A =
530 nm, 0.6 mW/cm?) in the presence of CPADB/BTPA
(0.25:1, mol/mol), ZnTPP, and PheoA in DMSO was
investigated using the formulation [MA]/[CPADB]/[BTPA]/
[PheoA]/[ZnTPP] = 400:0.25:1:0.0008:0.02 (2 ppm PheoA
and SO ppm ZnTPP relative to monomer concentration).
Higher ratios of [CPADB]/[BTPA] were tested, which
nevertheless resulted in a very long induction period (>24 h).
The kinetic study showed that polymerization proceeded
quickly after a 380 min induction period (Figure S22A). The
polymerization displayed characteristics of living polymer-
ization with a linear increase in the molecular weight with
monomer conversion, accompanied by a low polydispersity
(<1.10). The theoretical molecular weight, calculated using
BTPA as the only chain transfer agent, was in good agreement
with the experimental values measured by GPC (Figure S22B)
and NMR (Figure $23). The possible radical chain transfer to
CPADB was suppressed owing to selective reactivation. 'H
NMR analysis of the purified polymer (Figure $23) revealed no
dithiobenzoate moieties, which further confirmed that no
introduction of CPADB into the polymer chains had occurred.
The concentrated supernatant after precipitation clearly
showed the presence of dithiobenzoate (Figure $24). Successful
chain extension of the purified product with MA indicated high
end group fidelity (Figure S25). The unimodal molecular
weight distribution (Figure S22C) demonstrated that the pres-
ence of CPADB and PheoA did not affect the living character of
the polymerization, except for a prolonged induction period.

Having demonstrated by two model reactions that PheoA
and ZnTPP selectively activate/deactivate only CPADB and
BTPA, respectively, we decided to take advantage of this ability
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Figure 10. Kinetic study of the co-polymerization of MMA and
BTPEMA using CPADB as the chain transfer agent in the presence of
PheoA and ZnTPP under 690 nm red light irradiation (4,,,, = 690 nm,
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(®) vs conversion; (C) molecular weight distributions at different
monomer conversions. Reaction conditions: [MMA]/[BTPEMA]/
[CPADB]/[PheoA]/[ZnTPP] = 200:5:1:0.0004:0.02 (2 ppm PheoA
and 100 ppm ZnTPP relative to monomer concentration); [MMA], =
4.7 mol/L; PMMA standard for molecular weight calibration.
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relative to monomer concentration); [MMA], = 4.7 mol/L; conversion =
96%; M, cpc = 23 020 g/mol; M, ,/M,, = 1.18.
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Figure 12. Kinetic study of the grafting photopolymerization of MA
using P(MMA-r-BTPEMA) as the macroinitiator in the presence of
ZnTPP and PheoA under green light (4,,, = 530 nm, 0.6 mW/cm?):

(A) In([M]o/[M],) vs time of exposure; (B) M, ., (W), M, based on
trithiocarbonate only (solid line), and M,,/M, (®) vs conversion;
(C) molecular weight distributions at different monomer conversions.

Reaction conditions: [MA]/[P(MMA-r-BTPEMA)]/[PheocA]/
[ZnTPP] = 2100:1:0.0004:0.02 (10 ppm ZnTPP relative to monomer
concentration); molecular weight of P(MMA-r-BTPEMA): M, gpc =
23 020 g/mol; M,/M, = 1.18; [MA], 1.2 mol/L; polystyrene
standard for molecular weight calibration; low molecular weight
(<15 000 g/mol) peak was excluded in determining M,,/M,,.

to build complex macromolecules through a one-pot, two-step
process without intermittent postmodification or purification
and only a simple flick of the light switch, as shown in Scheme 3.
First, the methacrylate, 2-(2-(n-butyltrithiocarbonate)-
propionate)ethyl methacrylate (BTPEMA; Scheme S2; 'H
and "*C NMR are shown in Figures S26 and $27), containing a
trithiocarbonate functional group was synthesized. This
monomer was co-polymerized with MMA in the presence of
CPADB, PheoA, and ZnTPP under 690 nm red light irradiation
(2 mW/cm?) using [MMA]/[BTPEMA]/[CPADB]/[PheoA]/
[ZnTPP] = 200:5:1:0.0004:0.02 (2 ppm PheoA and 100 ppm
ZnTPP relative to monomer concentration). With light
irradiation, the polymerization proceeded smoothly and
reached 96% conversion after 30 h. The purified product
appeared brown and exhibited UV—vis absorption character-
istics of both dithiobenzoate and trithiocarbonate (Figure 2). In
the kinetic study, the linear plot of In([M]y/[M],) against
exposure time suggested a constant radical concentration
and robust catalyst activity (Figure 10A). After 30 h of red
light exposure, the living features of the polymerization were
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evidenced by the good agreement between the experi-
mental and theoretical values, with low polydispersities
(<1.2) (Figure 10B) and with CPADB as the only reacted
RAFT agent. The GPC curves (Figure 10C) showed a clear
shift to high molecular weights with increasing conversion of
monomer, although low molecular weight tailing became
observable at high monomer conversion (96%). In addition,
the "H NMR spectrum (Figure 11) of the reaction mixture at
96% monomer conversion revealed the presence of dithio-
benzoate (5 7.2—8.0 ppm). The presence of a proton signal at &
4.8 ppm assigned to the trithiocarbonate moiety also suggested
that trithiocarbonate was not involved in the polymerization of
MMA.

Following the successful formation of the methacrylate
backbone, the second monomer, MA, was added into the
reaction mixture along with DMSO for dilution, and the
mixture was placed under green light irradiation. The
polymerization kinetics were investigated by online FTNIR
spectroscopy. The kinetics demonstrated temporal control
(Figure S28) and molecular weight control with low
polydispersity (<125 up to 43.9% monomer conversion)
(Figure 12B), which verified the successful preparation of graft
co-polymers. The low molecular weight peak (M, < 15 000 g/
mol) in GPC curves for the graft co-polymer in Figure 12C,
which increased during the polymerization, is attributed to a
small amount of intrapolymer coupling byproduct or low
molecular weight dead PMMA chain with one or two
trithiocarbonate side groups. The end group fidelity studied
with high-resolution 600 MHz 'H NMR (Figure 13) for the
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Figure 13. High-resolution 'H NMR spectrum (600 MHz, CDCl,) of
purified graft polymer P(MMA-+-BTPEMA)-g-PMA prepared by PET-
RAFT polymerization of MA in the presence of P(MMA-r-BTPEMA)
(M, gpc = 23 020 g/mol; M, /M, = 1.18) as the macroinitiator. [MA]/
[P(MMA-r-BTPEMA)]/[PheoA]/[ZnTPP] = 2100:1:0.0004:0.02
(10 ppm ZnTPP relative to monomer concentration); [MA],
1.2 mol/L; conversion = 43.9%; M, cpc = 86 260 g/mol; M, /M, = 1.25.

purified final graft co-polymer clearly showed dithiobenzoate
and trithiocarbonate end groups.

B CONCLUSIONS

In summary, visible-light-mediated selective photoactivation of
RAFT agents provides a general strategy for the construction of
precise (macro)molecular architectures. The selectivity and
efficiency of PheoA to mediate a PET process were illustrated
by a simple organic transformation (single unit monomer
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insertion) and for the synthesis of complex macromolecular
structures (graft co-polymers). Single unit monomer insertion
into dithiobenzoate was successfully performed using PheoA
with a high yield and in the absence of side reactions and
byproducts for three monomer families. A novel route to
polymer architectures (graft co-polymers) through selective
photoactivation was developed based on the highly orthogonal
selectivity of two photoredox catalysts, PheoA and ZnTPP, and
their specific activation wavelength. PheoA displayed specificity
toward the activation of CPADB for the polymerization of
methacrylates under red light, and ZnTPP was utilized for the
selective activation of trithiocarbonate for the polymerization
of acrylate side chains under green light. Thereby, a graft co-
polymer comprising a polymethacrylate backbone and poly-
acrylate graft chains was successfully prepared in one pot by
switching the wavelength of the light (red to green). This
approach provides new avenues for the development of
advanced architectures' """’ ~'%” requiring higher degrees of
control.
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