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Precise synthesis of poly(N-acryloyl amino acid)
through photoinduced living polymerization†

Guofeng Li,a,b Wenli Feng,a Nathaniel Corrigan,b Cyrille Boyer, b Xing Wang *a

and Jiangtao Xu *b

Amino acid-based polymers possess exceptional physical structures, chemical properties, and biocom-

patibility and have shown great potential in applications, including drug delivery, chiral recognition, and

sensor materials, among others. The precise synthesis of amino acid-based polymers with defined chemi-

cal structure and functionality facilitates the exploration of prospective properties and therefore potential

practical applications. Controlled/“living” radical polymerization techniques are powerful tools for the syn-

thesis of amino acid-based polymers due to their tolerance toward functional groups and versatility of

polymerisable monomer families. In this work, we used photoinduced electron/energy transfer-reversible

addition–fragmentation chain transfer (PET-RAFT) polymerization to polymerize various N-acryloyl amino

acid monomers with diverse chirality and functionality to prepare a library of amino acid-based polymers

with controlled molecular weights and narrow molecular weight distributions (Mw/Mn < 1.20) under mild

conditions. Different solvents, RAFT agents and photocatalysts have been investigated to show the robust-

ness and versatility of this process. Amino acid monomers with unprotected di-carboxylic acid moieties

were directly polymerized in methanol to provide a facile approach to prepare various well-defined

homo- and di-block amino acid-based polymers.

Introduction

Amino acids are the basic building units of proteins, and
dictate protein chemical structures and biological functions
through their remarkably diverse physical and chemical pro-
perties, including hydrophobicity, hydrophilicity, net charge,
stereoregularity and functionality, etc. Therefore, the introduc-
tion of amino acid units into synthetic polymers endows these
materials with outstanding biocompatibility, biodegradability
and stimuli-responsive properties, as well as the ability to form
highly ordered hierarchical structures.1–3 As a result, amino
acid containing synthetic polymers are important candidates
for applications in various areas,4,5 such as drug delivery,6–12

surface antifouling,13,14 chiral recognition,15,16 metal ion
absorption,17 and polyelectrolytes.18–21

The incorporation of amino acid moieties in polymers is
historically performed using two distinct strategies; (1) syn-
thesis of poly(amino acid)s (polypeptide or polypeptoid) as
protein biomimics through polycondensation of various
amino acids, or ring-opening polymerization of
N-carboxyanhydrides,5,22–24 or (2) synthesis of polymers
bearing amino acid side chains through polymerization of the
corresponding amino acid containing monomers, or post-
modification of reactive polymer functional groups with amino
acids functionalities (carboxylic acid, amine, thiol and
hydroxyl, etc.).25–30 The first strategy has focused on polymers
comprising amino acid moieties in the main chain, which are
structurally analogous to naturally occurring polypeptides.
While this strategy produces protein mimics that are structu-
rally equivalent to natural proteins, the production methods
are complex and tedious. The synthetic polymers produced
using the second strategy may not self-assemble into β-sheets
or α-helices, but are still of significant interest for their
capacity to respond to external stimuli such as pH and temp-
erature, to bind to metal ions, and to modulate cell–interface
interactions. From a synthetic standpoint, the second strategy
is advantageous, as various state-of-the-art polymerization
techniques can be employed. These techniques have intrinsi-
cally broad monomer diversity, less stringent reaction con-
ditions, and as such, present greater industrial viability for
manufacturing.
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In the past two decades, controlled/“living” radical polymer-
ization (CRP) techniques, including nitroxide-mediated
polymerization (NMP), atom transfer radical polymerization
(ATRP), and reversible addition–fragmentation chain transfer
(RAFT) polymerization, have been successfully employed for
precise synthesis of polymers bearing amino acid
substituents.2,31–35 A significant benefit of CRP techniques,
particularly RAFT, is the tolerance over monomer functionality
(free primary and secondary amines are challenging for RAFT),
thus readily allowing the controlled polymerization of func-
tional amino acids.31,36,37 Endo and coworkers first reported
the polymerization of methyl ester acrylamide phenylalanine
via the RAFT technique in 2005.38 In the next year, they
extended their work to polymerize unprotected acid derivatives
of phenylalanine.39 More recently, De and coworkers devel-
oped a series of amino acid-based polymers through RAFT
polymerization of C-terminus modified vinyl monomers, and
studied the self-contained behavior of these polymers.2,27,40,41

McCormick and coworkers have also reported that aqueous
RAFT polymerization can be utilized to synthesize well-con-
trolled homo- and block copolymers based on the N-acryloyl-
alanine monomers under optimized conditions.42,43 Although
a great number of efforts have been dedicated to synthesizing
various polymer structures, the synthetic protocols are still
complicated and need to be applied on a case by case basis.
The systematic studies on the polymerization of different types
of amino acid-based vinyl monomers are still limited, and a
universal methodology is quite desirable. Therefore, this con-
tribution is dedicated to the synthesis of N-acryloyl amino acid
monomers with different amino acid substituents, and sub-
sequently, preparation of the corresponding amino acid-based
polymers with well-defined chemical structures, through a
robust and versatile living radical polymerization technique.

Photoinduced electron/energy transfer-reversible addition–
fragmentation chain transfer (PET-RAFT) polymerization is a
highly efficient photoinduced living radical polymerization
technique.44 The unique mechanism of this technique con-
sists of two processes, photoinduced electron/energy transfer
(PET) and the RAFT process. In the PET-RAFT process, a
visible light photoredox catalyst initially absorbs light to
produce an excited state (triplet) photocatalyst. The excited
triplet species then interacts with thiocarbonylthio compounds
(RAFT agents) to produce a radical that initiates the RAFT
process.44,45 This novel polymerization technique presents
great advantages in living polymerization and macromolecular
design. The PET-RAFT process also possesses selective photo-
activation properties which have been exploited for polymeriz-
ation46 and the synthesis of sequence-defined oligomers
through a successive single unit monomer insertion (SUMI)
approach.47 More importantly, the PET-RAFT technique is
strongly tolerant toward molecular oxygen48,49 and various
functional monomers;44 it can be performed in the presence
of air or under mild reaction conditions as well as in ultralow
volume setups.50–53

In this work, the PET-RAFT technique is employed using
various RAFT agents to polymerize a range of N-acryloyl amino

acid monomers with diverse chirality (D- and L-) and different
functionalities, including ester, hydroxyl, mono- and di-car-
boxylic acid moieties. The corresponding homopolymers and
diblock copolymers will be prepared and assessed on mole-
cular weights and molecular weight distributions. This com-
prehensive study will create a library of amino acid-based poly-
mers derived from N-acryloyl amino acid monomers.
Importantly, we have addressed the challenge of well-con-
trolled polymerization of unprotected di-carboxylic acid mono-
mers under mild reaction conditions, which has scarcely been
achieved in previous reports.

Experimental section
Materials

Valine methyl ester (99%), L(D)-valine (99%), L-serine (99%),
D-phenylalanine (99%), L(D)-aspartic acid (99%), L-glutamic
acid (99%), L-di-tert-butyl 2-aminopentanedioate hydrochloride
(97%), acryloyl chloride (97%), 2′,4′,5′,7′-tetrabromofluorescein
(Eosin Y, 99%), 5,10,15,20-tetraphenyl-21H,23H-porphine zinc
(ZnTPP, 98%), tris[2-phenylpyridinato-C2,N]iridium(III)
(Ir(ppy)3, 99%), 2-(dodecylthiocarbonothioylthio)-2-methyl-
propionic acid (DDMAT, 98%), 2-cyano-2-propyl dodecyl
trithiocarbonate (CPTC, 97%), and trimethylsilyldiazomethane
(TMSCHN2, ca. 10% in hexane, 0.6 mol L−1) were all purchased
from Sigma-Aldrich and used as received. Diethyl ether, di-
chloromethane (DCM), tetrahydrofuran (THF), N,N′-dimethyl-
formamide (DMF), dimethyl sulfoxide (DMSO), methanol
(MeOH), 1,4-dioxane (Diox), acetonitrile (MeCN), toluene, HCl
and NaOH were purchased from Ajax Chemical and used as
received. 2-(Dodecylthiocarbonothioylthio) propionic acid
(DTPA) was purchased from Boron Molecular and used as
received. 2-(1-Carboxy-1-methylethylsulfanylthiocarbonylsulfanyl)-
2-methylpropionic acid (CMP) was synthesized according to
the literature.54

Instrumentation

Gel permeation chromatography (GPC) was used to character-
ize synthesized polymers with N,N′-dimethylacetamide (DMAc)
as the eluent. The GPC instrument consists of Shimadzu
modular system with an autoinjector, a Phenomenex 5.0 μM
bead sizeguard column (50 × 7.5 mm) followed by four
Phenomenex 5.0 μM bead size columns (105, 104, 103 and
102 Å), a differential refractive index detector, and a UV detec-
tor (λ = 305 nm). The DMAc system was calibrated based on
low dispersity polymethyl methacrylate (PMMA) standards
with molecular weights of 200 to 106 g mol−1. The measure-
ments were performed at 50 °C, at a flow rate of 1 mL min−1.
Polymers with free carboxylic acid functionality were methyl-
ated by TMSCHN2 prior to GPC measurement.55

Nuclear magnetic resonance (NMR) spectroscopy was
carried out on Bruker Avance III with SampleXpress operating
at 400 MHz for 1H and 100 MHz for 13C NMR using DMSO-d6
and CDCl3 as solvents. Tetramethylsilane (TMS) was used as a
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reference. The data obtained was reported as chemical shift (δ)
measured in ppm downfield from TMS.

UV-vis spectroscopy spectra were recorded using a CARY
300 spectrophotometer (Varian).

On-line Fourier Transform Near-Infrared (FTNIR) spec-
troscopy was used to measure the monomer conversions by
following the decrease of the vinylic C–H stretching overtone
of the monomer at ∼6200 cm−1. A Bruker IFS 66/S Fourier
transform spectrometer equipped with a tungsten halogen
lamp, a CaF2 beam splitter and liquid nitrogen cooled InSb
detector was used. The sample was placed in a FTNIR quartz
cuvette (1 cm × 2 mm) and polymerized under blue LED light
irradiation (λmax = 460 nm). Every 10 min, the sample was put
into holder manually and each spectrum in the spectral region
of 7000–5000 cm−1 was constructed from 32 scans with a
resolution of 4 cm−1. The total collection time per spectrum
was about 15 s. Spectra were analyzed with OPUS software.

Photopolymerization reactions were carried out in the reac-
tion vessel where the reaction mixtures were irradiated by LED
lights (red LED light, λmax = 635 nm, 0.4 mW cm−2; blue LED
light, λmax = 460 nm, 0.7 mW cm−2). LED lights and remote
controller were purchased from RS Components Australia.

General procedure for the synthesis of N-acryloyl amino acid
monomers

Synthesis of the monomers of N-acryloyl-DL-valine methyl ester
(V-OMe), N-acryloyl-L-valine (LV), N-acryloyl-D-valine (DV),
N-acryloyl-L-aspartic acid (LD), N-acryloyl-D-aspartic acid (DD),
N-acryloyl-L-glutamic acid (LE), N-acryloyl-L-serine (LS) and
N-acryloyl-D-phenylalanine (DF).

In a typical procedure (e.g. synthesis of the V-OMe) mono-
mers were synthesized according to the literature21 using a
modified procedure as follows; DL-valine methyl ester (2 g,
15.3 mmol) was dissolved in 10 mL of 1 M NaOH. Acryloyl
chloride (1.66 g, 18.3 mmol) was added dropwise with stirring
at 0 °C within 30 min. The pH of the solution was monitored
using a pH meter and maintained at 10–11 by slow addition of
2 M NaOH. After adding acryloyl chloride, the reaction was
kept at 0 °C for 30 min, and then warmed up to room tempera-
ture for another 4 h. After the solution was acidified to pH 2.0
by addition of 2 M HCl, the monomer was extracted with ethyl
acetate (4 × 40 mL), and the organic phase was dried with
anhydrous sodium sulfate. After filtration and evaporation to
remove most of the solvent, the concentrated solution was left
standing overnight to crystallize. Colorless granular crystals
were obtained with a yield above 80%.

Synthesis of N-acryloyl-L-Glu-OtBu (LE-OtBu)

L-Glu-OtBu (4 g, 15.0 mmol) and triethylamine (3.4 g,
34.0 mmol) was dissolved in 150 mL of DCM. Acryloyl chloride
(1.67 g, 18.0 mmol) was added dropwise with stirring at 0 °C
within 30 min. The reaction was kept at 0 °C for 30 min, and
then at room temperature for another 4 h. The solution was
washed by 1 M HCl (40 mL), saturated NaHCO3 (40 mL), and
saturated NaCl (40 mL), respectively. The organic phase was
dried with anhydrous sodium sulfate. After filtration and

evaporation, the obtained monomer was purified by column
chromatography using a silica gel (70–200 micron) packed
column with DCM as the eluent. White powder was obtained
with a yield above 80%.

General procedure for the synthesis of amino acid polymers by
PET-RAFT polymerization

In typical procedure (e.g. polymerization of V-OMe) a reaction
stock solution consisting of DMSO (0.65 mL), V-OMe (100 mg,
0.54 mmol), DTPA (1.26 mg, 0.0036 mmol) and Ir(ppy)3
(0.0018 mg, 5 ppm relative to molar concentration of
monomer) was prepared in a 4 mL glass vial. The glass vial
was sealed with a rubber septum, and the reaction mixture
was degassed with nitrogen for 20 minutes. The glass vial was
irradiated under blue LED light strips (λmax = 460 nm,
0.7 mW cm−2) at room temperature. Monomer conversion was
determined by 1H NMR spectrum. The conversion was calcu-
lated by the integration of the monomer –CvC–H resonance
at δ 5.6 ppm and comparison with the sum of the –CH–

COOMe (α-H) peak intensities of polymer and monomer at
δ 4.1 ppm. The resulting polymers (#6, Table 1) were purified
by reprecipitation from MeOH in a large excess of diethyl
ether. After three cycles of dissolution and precipitation, the
polymers were dried under vacuum. The purified polymers
were analyzed by UV-vis spectroscopy and 1H NMR measure-
ments to confirm chain end group fidelities and calculate
absolute molecular weights, Mn, NMR.

Mn;NMR ¼ I 4:1 ppm=ðI 1:2 ppm=16Þ �MWV-OMe þMWDTPA

where I4.1 ppm and I1.2 ppm correspond to integration of peak
signals at δ 4.1 ppm and δ 1.2 ppm attributed to α-H (–CH–

COOMe, 1H) of V-OMe and the alkyl chain end-group (16H)
from DTPA.

General procedure for the kinetic study of PET-RAFT
polymerization of N-acryloyl amino acid monomers

In a typical procedure (e.g. polymerization of V-OMe in DMSO)
a reaction stock solution consisting of DMSO (0.6 mL), V-OMe
(70 mg, 0.378 mmol), DTPA (1.3 mg, 0.0037 mmol), and
Ir(ppy)3 (0.0012 mg, 5 ppm relative to molar concentration of
monomer) was dissolved in a 0.9 mL FTNIR quartz cuvette
(1 cm × 2 mm) and sealed with a rubber septum and covered
with aluminum foil while degassing for 20 min with N2. The
cuvette was then irradiated under a blue LED light (λmax =
460 nm, 0.7 mW cm−2) at room temperature. Every 15 min, the
solution was scanned by FTNIR measurements. The monomer
conversions were calculated by the ratio of the integral of the
wavenumber area 6220–6120 cm−1 at different time points to
that at 0 min. Aliquots of the final reaction mixtures were ana-
lyzed by GPC to measure number average molecular weights
(Mn, GPC), and dispersity (Mw/Mn).

The polymerization of the monomer LV in MeOH was inves-
tigated as follows: a reaction stock solution consisting of
MeOH (1 mL), LV (150 mg, 0.876 mmol), DDMAT (2.1 mg,
0.0058 mmol), and Ir(ppy)3 (0.0029 mg, 5 ppm relative to
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molar concentration of monomer) was charged in a 4 mL glass
vial and sealed with a rubber septum and covered with alumi-
num foil while degassing in an ice bath for 20 min with N2.
The vial was then irradiated under a blue LED light (λmax =
460 nm, 0.7 mW cm−2) at room temperature. Every 1 h, ali-
quots of the reaction mixtures were withdrawn and analyzed
by 1H NMR to measure the monomer conversions and GPC to
measure number average molecular weights (Mn, GPC) and dis-
persity (Mw/Mn). Polymers with free carboxylic acid functional-
ity were methylated by TMSCHN2 prior to GPC measurement.
For the methylation of polymer, about 20 μL of reaction solu-
tion was mixed with 0.5 mL of MeOH and 1 mL of THF. After
adding 0.1 mL of TMSCHN2, the solution was stirred at room
temperature for 4 h. After removing the solvent under nitro-
gen, the solid polymer was analyzed by GPC. The final number
average molecular weight (Mn, GPC) of the original polymer
before methylation was calibrated by the following formula:

Mn;GPC ¼ ðMexpt
n;GPC �MWCTAÞ=ðMWM þ 14Þ �MWM þMWCTA

where Mexpt
n;GPC, MWCTA and MWM correspond to the experi-

mental molecular weight of the methylated polymer from GPC
analysis, molar mass of CTA and molar mass of monomer,
respectively.

When the polymerization was conducted in MeOH using
Ir(ppy)3 as photocatalyst, Ir(ppy)3 was first dissolved in DMSO
(1 mg mL−1) and then added in MeOH due to the low solubi-
lity of Ir(ppy)3 in MeOH. The added amount of Ir(ppy)3 was
determined according to the molar ratio of [photocatalyst]/
[monomer].

General procedure for preparation of diblock copolymers by
PET-RAFT polymerization

In a typical experiment (e.g. synthesis of the diblock copolymer
poly(V-OMe)-b-poly(DD) (PV-OMe-b-PDD)), a 4 mL glass vial was
equipped with a rubber septum and charged with DMSO/
MeOH (0.5 mL/0.5 mL), PV-OMe (20 mg, 0.0028 mmol), DD
(77.5 mg, 0.027 mmol) and Ir(ppy)3 (1.77 × 10−4 mg, 10 ppm

relative to molar concentration of monomer). After degassing
with nitrogen for 20 minutes, the glass vial was irradiated
under blue LED light (λmax = 460 nm, 0.7 mW cm−2) at room
temperature. NMR and GPC analysis was performed as out-
lined above.

Results and discussion
PET-RAFT polymerization of N-acryloyl amino acid ester
monomer

Considering the difficulty in synthesizing well-defined poly-
mers with carboxylic acid functionality, the polymerization of
the methylated monomer, N-acryloyl-DL-Val-OMe (V-OMe,
Scheme 1), was first investigated using the PET-RAFT polymer-
ization technique. V-OMe monomer was prepared by an ami-
dation reaction between valine methyl ester and acryloyl chlor-
ide, and verified by 1H and 13C NMR (ESI, Fig. S1 and S2†).
Initially, the polymerization of V-OMe was performed in DMSO
using Ir(ppy)3 (Scheme 3) as photocatalyst, DDMAT (Scheme 2)
as chain transfer agent (CTA) at the molar ratio of [V-OMe]/
[CTA]/[photocatalyst] = 150 : 1 : 7.5 × 10−4 under blue light
(λmax = 460 nm). A monomer conversion of 84% (determined
by 1H NMR) was obtained after 2 h of blue light irradiation.
The obtained polymer, poly(N-acryloyl-DL-Val-OMe) (PV-OMe),
displayed a low dispersity (Mw/Mn = 1.16, #1 in Table 1),
although the molecular weight (Mn, GPC = 17 270 g mol−1) was
lower than theoretically predicted (Mn, th = 23 560 g mol−1),
likely due to the polymethyl methacrylate (PMMA) standards
used for GPC calibration. ZnTPP and Eosin Y (Scheme 3) were
also employed as photocatalysts for PET-RAFT polymerization
of V-OMe (#2 and #3, Table 1). The resulting polymers showed
well-controlled molecular weights and dispersities (Mw/Mn <
1.18). However, a higher catalyst loading (50 ppm versus
5 ppm) and longer reaction times (3 h versus 2 h) were required
for ZnTPP and Eosin Y to achieve comparable monomer con-
versions when compared to Ir(ppy)3 as photocatalyst, which is

Table 1 PET-RAFT polymerization of V-OMe under different reaction conditionsa

# Photocatalyst (PC) CTA [M]/[CTA]/[PC] [PC]/[M] (ppm) Time (h) ab (%) Mn, GPC
c (g mol−1) Mw/Mn

1 Ir(ppy)3 DDMAT 150 : 1 : 7.5 × 10−4 5 2 84 17 270 1.16
2 ZnTPP DDMAT 150 : 1 : 7.5 × 10−3 50 3 88 17 070 1.15
3 Eosin Y DDMAT 150 : 1 : 7.5 × 10−3 50 3 70 14 530 1.18

4 Ir(ppy)3 DTPA 150 : 1 : 7.5 × 10−4 5 2 89 19 940 1.15
5 Ir(ppy)3 DTPA 100 : 1 : 5.0 × 10−4 5 2 81 12 620 1.17
6 Ir(ppy)3 DTPA 50 : 1 : 2.5 × 10−4 5 2 85 7040 1.14

a Reactions were performed at room temperature under blue LED light (λmax = 460 nm, 0.7 mW cm−2) for Ir(ppy)3 and Eosin Y, or red LED light
(λmax = 635 nm, 0.4 mW cm−2) for ZnTPP in DMSO. bMonomer conversion determined by 1H NMR spectroscopy. cMolecular weight and disper-
sity determined by GPC analysis (DMAc used as eluent) using PMMA standard for calibration.
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consistent with our previous studies.45,56 All three photocata-
lysts have previously demonstrated the ability to be efficient
and compatible for the PET-RAFT polymerization of most of

acrylates and acrylamides, and have also shown to be compati-
ble for the amino acid monomers polymerized here.44,45,56

When the polymerization of V-OMe was conducted using
DTPA (Scheme 2) instead of DDMAT as the CTA, similar con-
version and dispersity was obtained under identical conditions
(#4, Table 1), suggesting the varied R groups on the two trithio-
carbonates (DDMAT and DTPA) did not make any difference in
polymerization control. According to the mechanism of
PET-RAFT polymerization, these two trithiocarbonates could
be easily activated to generate carbon radicals by Ir(ppy)3
under blue light irradiation, and subsequently initiate and
mediate polymerization efficiently. Other commonly used
trithiocarbonates with different R groups, CPTC (Scheme 2) for
instance, are also excellent CTAs for mediating the polymeriz-
ation of N-acryloyl amino acid monomers. Subsequently,

Scheme 1 Chemical structure of N-acryloyl amino acid monomers investigated in this study.

Scheme 2 Chemical structure of RAFT and macro-RAFT chain transfer agents (CTAs) employed in this study.

Scheme 3 Chemical structure of photocatalysts employed in this
study.
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different ratios of [V-OMe]0/[DTPA]0 = 100/1 or 50/1 were inves-
tigated using PET-RAFT polymerization (#5 and #6 in Table 1).
Low dispersities (Mw/Mn < 1.20) suggested a robust process for
the polymerization of V-OMe using PET-RAFT technique.

1H NMR spectrum of the purified PV-OMe (#6, Table 1)
measured in DMSO-d6 indicated that the peaks corresponding
to polymer structure were clearly assigned (ESI, Fig. S3†). The
Mn of PV-OMe was calculated by the integration of the peaks of
polymer end group (dodecyl) at δ 1.2–1.3 ppm (16H) and that
of α-H in the repeating monomer units at δ 3.9–4.5 ppm. The
Mn of PV-OMe calculated by 1H NMR spectrum (Mn, NMR =
8610 g mol−1) was in a good agreement with the theoretical
value (Mn, th = 8220 g mol−1). However, the experimental mole-
cular weight measured by GPC (Mn, GPC = 7040 g mol−1) was
lower than Mn, NMR and Mn, th, which is attributed to the
PMMA standards used for calibration. UV-vis spectroscopy of
PV-OMe after purification confirmed the presence of trithio-
carbonate by the signal at the maximum of 305 nm (ESI,
Fig. S4†). These preliminary results suggested that PET-RAFT
polymerization is a facile and robust technique for synthesiz-
ing well-defined functional amino acid-based polymers.

In order to confirm the living radical process, the kinetics
of PET-RAFT polymerization of V-OMe was investigated via
online FTNIR measurement. The polymerization was carried
out in a cuvette using DTPA as the RAFT agent and Ir(ppy)3 as
photocatalyst under blue light irradiation (λmax = 460 nm,
0.7 mW cm−2), at a molar ratio of [V-OMe]/[DTPA]/[Ir(ppy)3] =
100 : 1 : 5 × 10−4 in DMSO. Under blue light irradiation, the
monomer conversions increased with light exposure time
(Fig. 1A). By switching the light source “on” and “off”, the

polymerization was able to be reversibly activated and de-
activated. Monomer consumption was only observed while
light is “on”, suggesting the photocontrol of the polymeriz-
ation (Fig. 1A and B). The induction period of the polymeriz-
ation of V-OMe was 9 min, which is common in PET-RAFT
polymerization and could originate from small amounts of
residual oxygen or other trace impurities.45,50,57 The good
agreement between the experimental and theoretical number-
average molecular weights (Mn and Mn, th) as well as the linear
increase in Mn versus monomer conversion, low dispersity
(Fig. 1C), and symmetrical molecular weight distribution
(Fig. 1D) further verified the living features of the process.
Therefore, a well-controlled polymerization process of
N-acryloyl amino acid ester monomer was confirmed.

PET-RAFT polymerization of N-acryloyl amino acid monomers
with mono-carboxylic acid functionality

In this section, we investigated PET-RAFT polymerizations of
the unprotected monomers with mono-carboxylic acid func-
tionality. Carboxylic acid groups in amino acid-based polymers
can interact with various metal ions, nonionic proton-accept-
ing polymers, and cationic polyelectrolytes.6,39 As such, amino
acid-based polymers with carboxylic acid groups are promising
for producing tailored functional polymers for various appli-
cations. The unprotected monomer, N-acryloyl-L-Val (LV,
Scheme 1, 1H and 13C NMR spectra shown in ESI, Fig. S5 and
S6†) was first chosen to compare with the methylated
monomer, V-OMe. DMSO has been demonstrated to be a good
solvent for traditional PET-RAFT polymerization and V-OMe
polymerization (vide supra) and was initially employed for the

Fig. 1 Kinetic study of the PET-RAFT polymerization of V-OMe with DTPA as the CTA and Ir(ppy)3 as photocatalyst under blue light irradiation
(λmax = 460 nm, 0.7 mW cm−2), using a molar ratio of [V-OMe]/[DTPA]/[Ir(ppy)3] = 100 : 1 : 5 × 10−4 in DMSO. Dependence of (A) monomer
conversion and (B) ln([M]0/[M]t) on the reaction time under blue light irradiation that was switched “on” and “off”. (C) Mn, GPC and Mw/Mn versus
monomer conversion. (D) Molecular weight distributions at different polymerization time intervals. Molecular weight and dispersity determined by
GPC analysis (DMAc used as eluent) using PMMA standards for calibration.
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polymerization of unprotected amino acid-based monomers.
Ir(ppy)3 was employed as photocatalyst due to its strong toler-
ance towards carboxylic acid functionality and widely used in
visible light catalyzed organic transformation58,59 and photo-
polymerization.60,61 As shown in Table 2 (#1 and #2), the poly-
merizations of LV using either DDMAT or DTPA as CTA were
not well controlled with dispersity close to 1.30 for both poly-
mers, which was greater than that of PV-OMe (Mw/Mn < 1.20).
Similarly, the other conventional solvents, including DMF,
THF and Diox were even worse for polymerization control than
DMSO, with dispersities >1.35 (ESI, Table S1†). Previous
studies revealed that alcohols, such as MeOH and MeOH/
toluene mixtures, were effective solvents for the controlled
radical polymerization, particularly thermally induced RAFT
polymerization, of N-acryloyl amino acid monomers with low
dispersities.38,39 Therefore, we employed MeOH in our system
to polymerize the same monomer under identical reaction
conditions (#3, Table 2). Accordingly, the resulting polymer,
poly(N-acryloyl-L-Val) (PLV), presented much lower dispersity
(Mw/Mn = 1.16) and more uniform and symmetrical GPC
curves (ESI, Fig. S7†), compared to those attained in DMSO.
The solvent effect is most likely associated with the intrinsic
strength of hydrogen bonding between monomer and
polymer, or polymer and polymer, through the acid/acid or
acid/amide functionalities in different solvents.62–64 Compared
to MeOH, the stronger hydrogen bonding in DMSO makes the
chain transfer less efficient; increased steric hindrance and
constrained access of chain end radical species to the thiocar-
bonylthio chain ends leads to polymers with higher dispersi-
ties in DMSO. MeOH effectively prevents hydrogen bonding
between both monomer and polymer, and polymer and
polymer, which increases the efficiency of chain transfer and
lowers polymer dispersities as a result.

After purification by precipitation, PLV was submitted for
1H NMR analysis to confirm the chemical structure of the
polymer (ESI, Fig. S8†). The trithiocarbonate end group of PLV

has a characteristic absorption at the maximum of 305 nm in
UV-vis spectrum (ESI, Fig. S9†). Different molar ratios of [M]0/
[CTA]0 = 100/1 and 50/1 were also investigated for the polymer-
ization of LV, indicating good control over molecular weights
and low dispersities (#4 and #5, Table 2). In addition, poly(N-
acryloyl-D-Val) (PDV) with D-configuration was also synthesized.
Comparing the results of LV (#3, Table 2, 85%, Mw/Mn = 1.16)
and DV (#6, Table 2, 83%, Mw/Mn = 1.19) under the same con-
ditions, monomer chirality did not appear to affect the con-
trolled polymerization process.

The polymerization kinetics of the PET-RAFT polymeriz-
ation of LV was investigated in a glass vial using DDMAT as
RAFT agent and Ir(ppy)3 as photocatalyst, at a molar ratio of
[LV]/[DDMAT]/[Ir(ppy)3] = 150 : 1 : 7.5 × 10−4 in MeOH. The
samples were withdrawn at different irradiation time intervals
for determination of monomer conversions by 1H NMR, and
molecular weights and dispersity by GPC. The polymerization
proceeded smoothly, evidenced by the increase of monomer
conversion with the time of blue light irradiation (Fig. 2A). The
plot of ln([M]0/[M]t) increased linearly versus exposure time,
indicating a controlled polymerization process (Fig. 2B). The
plot of Mn, GPC versus monomer conversion also displayed a
linear relationship (Fig. 2C), although the molecular weights
are lower than theoretical ones due to the PMMA standards
used for GPC calibration. The dispersities gradually decreased
with the increase of monomer conversion (Fig. 2C), with
polymer samples showing a clear shift from low to high mole-
cular weights during the polymerization (Fig. 2D). These
results further confirmed the living feature of PET-RAFT
polymerization of LV.

To demonstrate the versatility and robustness of PET-RAFT
polymerization of N-acryloyl amino acid monomers with
mono-carboxylic acid functionality, two other N-acryloyl amino
acid monomers, N-acryloyl-D-Phe, with phenyl moiety (DF,
Scheme 1, 1H and 13C NMR spectra shown in ESI, Fig. S10 and
S11†), and N-acryloyl-L-Ser, with hydroxyl functionality (LS, 1H

Table 2 PET-RAFT polymerization of N-acryloyl amino acid monomers with mono-carboxylic acid functionality using Ir(ppy)3 as photocatalyst
under different reaction conditionsa

# Monomer Solvent CTA [M]/[CTA]/[PC] [I]/[M] (ppm) Time (h) ab (%) Mn, GPC
c (g mol−1) Mw/Mn

1 LV DMSO DDMAT 150 : 1 : 7.5 × 10−4 5 4 94 17 930 1.27
2 LV DMSO DTPA 150 : 1 : 7.5 × 10−4 5 4 92 18 050 1.29

3 LV MeOH DDMAT 150 : 1 : 7.5 × 10−4 5 4 85 15 880 1.16
4 LV MeOH DDMAT 100 : 1 : 5 × 10−4 5 4.5 69 8420 1.17
5 LV MeOH DDMAT 50 : 1 : 2.5 × 10−4 5 4 44 2020 1.16

6 DV MeOH DDMAT 150 : 1 : 7.5 × 10−4 5 4 83 17 440 1.19

7 DF DMSO DTPA 150 : 1 : 7.5 × 10−4 5 2 41 15 480 1.63
8 DF DMSO CPTC 150 : 1 : 7.5 × 10−4 5 4.5 46 15 430 1.53
9 DF DMSO DDMAT 150 : 1 : 1.5 × 10−3 10 4 83 23 680 1.49
10 DF MeOH DDMAT 150 : 1 : 1.5 × 10−3 10 4 65 16 720 1.20
11 LS MeOH DDMAT 150 : 1 : 1.5 × 10−3 10 4 50 11 310 1.17

a The reactions were performed using Ir(ppy)3 as catalyst under blue LED light irradiation (λmax = 460 nm, 0.7 mW cm−2) at room temperature.
bMonomer conversion determined by 1H NMR spectroscopy. cMolecular weight and dispersity determined by GPC analysis (DMAc used as
eluent) using PMMA standard for calibration. The resulting polymer was methylated by TMSCHN2 prior to GPC analysis.

Polymer Chemistry Paper

This journal is © The Royal Society of Chemistry 2018 Polym. Chem., 2018, 9, 2733–2745 | 2739

Pu
bl

is
he

d 
on

 1
9 

A
pr

il 
20

18
. D

ow
nl

oa
de

d 
by

 T
si

ng
hu

a 
U

ni
ve

rs
ity

 o
n 

9/
10

/2
01

8 
9:

30
:5

4 
A

M
. 

View Article Online

http://dx.doi.org/10.1039/c8py00366a


and 13C NMR spectra shown in ESI, Fig. S15 and S16†), were
investigated. When DMSO was used as the solvent, the
obtained poly(N-acryloyl-D-Phe) (PDF) polymers showed broad
dispersities (Mw/Mn > 1.4) regardless of RAFT agents (DTPA,
CPTC and DDMAT) and catalyst loadings (5 and 10 ppm) (#7-
#9, Table 2). However, similar to the polymerization of LV and
DV, the polymerization of DF and LS in MeOH was successful
and afforded PDF with a low dispersity (Mw/Mn = 1.20, #10 in
Table 2). The chemical structure of this resulting polymer and
the presence of RAFT end-group were confirmed by 1H NMR
analysis (ESI, Fig. S12†) and UV-vis spectroscopy (ESI,
Fig. S13†), respectively. The kinetic study of the polymerization
of DF was also performed (ESI, Fig. S14†). The linear plot of ln
([M]0/[M]t) against exposure time and Mn, GPC against
monomer conversion clearly indicated the living process of the
DF polymerization. Previous studies revealed that thermally
initiated RAFT polymerization of N-acryloyl-Phe can control
the molecular weights and dispersities (Mw/Mn > 1.22), though
the polymerization was carried out at elevated temperatures
(>45 °C) and long reaction times (>24 h).39 Compared with the
thermally initiated RAFT polymerization at high temperature,
the PET-RAFT technique is conducted at room temperature.
This mild reaction conditions increases the selectivity of the
radical reactions and minimizes unfavorable side reactions,
such as accelerated radical transfer to solvents and impurities,
gradual decomposition of RAFT agents.39

In the case of LS polymerization, 50% of monomer conver-
sion (determined by 1H NMR) was obtained after 4 h of blue
light irradiation. The Mn, GPC of the poly(N-acryloyl-L-Ser) (PLS,
Mn, GPC = 11 310 g mol−1) was consistent with the theoretical
values (Mn, th = 12 300 g mol−1), and the dispersity of the

polymer was low (Mw/Mn = 1.17, #11 in Table 2). The chemical
structure of this resulting polymer was further confirmed by
1H NMR analysis (ESI, Fig. S17†). As such, these results
demonstrated that the PET-RAFT approach is versatile and
robust for polymerization of N-acryloyl amino acid monomers
with mono-carboxylic acid functionality.

PET-RAFT polymerization of N-acryloyl amino acid monomers
with di-carboxylic acid functionality

PET-RAFT polymerization of N-acryloyl amino acid monomers
with di-carboxylic acid functionality was investigated under
various reaction conditions. The polymerization of N-acryloyl-
D-Asp (DD, Scheme 1, 1H and 13C NMR spectra shown in ESI,
Fig. S18 and S19†) in different solvents, including DMSO and
MeOH, was first studied. Similar trends on the dispersity were
observed on switching solvents, where polymerizations per-
formed in DMSO presented a high dispersity (Mw/Mn = 1.45,
#1 in Table 3), whereas MeOH gave a low dispersity (Mw/Mn =
1.13, #2 in Table 3). The chemical structure of poly(N-acryloyl-
D-Asp) (PDD) was further confirmed by 1H NMR analysis (ESI,
Fig. S20†). UV-vis spectrum (ESI, Fig. S21†) of the polymer
showed the typical UV absorption of the thiocarbonylthio
group at the maximum of 305 nm. For comparison, thermally
initiated RAFT polymerization of DD was investigated using
2,2′-azobisisobutyronitrile (AIBN) as initiator at 60 °C instead
of Ir(ppy)3 as photocatalyst at ambient temperature, under
otherwise identical conditions (ESI, Table S2†). At a molar
ratio of [DD]/[DDMAT]/[AIBN] = 150 : 1 : 1, the monomer conver-
sion reached 93% after 8 h reaction and the dispersity of resul-
tant PDD homopolymer is higher than that in photo system
(Mw/Mn = 1.24 (#1, ESI, Table S2†) vs. 1.13 (#2, Table 3)).

Fig. 2 Kinetics study of the PET-RAFT polymerization of LV with DDMAT as the CTA and Ir(ppy)3 as photocatalyst under blue light irradiation (λmax =
460 nm, 0.7 mW cm−2), using a molar ratio of [LV]/[DDMAT]/[Ir(ppy)3] = 150 : 1 : 7.5 × 10−4 in MeOH. (A) Monomer conversion versus polymerization
time. (B) ln([M]0/[M]t) versus polymerization time. (C) Mn, GPC and Mw/Mn versus monomer conversion. (D) Molecular weight distributions at different
polymerization time intervals. The resulting polymer was methylated by TMSCHN2 prior to GPC analysis.
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Although lower AIBN concentration (molar ratio of [DD]/
[DDMAT]/[AIBN] = 150 : 1 : 0.5) was able to slightly improve the
dispersity (Mw/Mn = 1.20), much longer polymerization time
had been traded off (16 h for 88% monomer conversion).
Therefore, the PET-RAFT process presented to be more advan-
tageous for DD polymerization than thermally initiated RAFT
technique. However, it is not conclusive that PET-RAFT gives
better control than conventional thermal RAFT because it will
depend on case by case.

A kinetic study of the PET-RAFT polymerization of DD in
MeOH was investigated via 1H NMR and GPC measurements.
The monomer conversions continuously increased with blue
light irradiation (Fig. 3A). The linear plot of ln([M]0/[M]t)
versus exposure time (Fig. 3B) indicated that constant concen-
trations of propagating radicals were present during the

polymerization period, and almost no induction period was
observed. The evolution of experimental Mn with monomer
conversion showed a linear plot in excellent agreement with
theoretical molecular weights (Fig. 3C). Monomodal molecular
weight distributions with clear and complete shifts on
increasing polymerization time were also observed (Fig. 3D),
and low dispersity values revealed a good control of the
polymerization.

To demonstrate the versatility of this polymerization tech-
nique, another photocatalyst, the organo-dye Eosin Y
(Scheme 3), was investigated due to its non-toxicity and good
solubility in many common solvents. The catalytic efficiency of
Eosin Y was generally lower than that of Ir(ppy)3 necessitating
16 h light irradiation and 50 ppm catalyst dosage, though the
polymerizations catalyzed by Eosin Y produced polymers with

Table 3 PET-RAFT polymerization of N-acryloyl amino acid monomers with di-carboxylic acid functionality in different reaction conditionsa

# Monomer PC Solvent CTA [M]/[CTA]/[PC] [I]/[M] (ppm) Time (h) ab (%) Mn, GPC
c (g mol−1) Mw/Mn

1 DD Ir(ppy)3 DMSO DDMAT 150 : 1 : 1.5 × 10−3 10 6 96 27 180 1.45

2 DD Ir(ppy)3 MeOH DDMAT 150 : 1 : 1.5 × 10−3 10 4 80 18 530 3
3 DD Eosin Y MeOH DDMAT 150 : 1 : 7.5 × 10−3 50 16 77 17 870 1.11

4 DD Eosin Y H2O CMP 150 : 1 : 7.5 × 10−3 50 5 75 16 600 1.37

5 LE Ir(ppy)3 MeOH DDMAT 100 : 1 : 1.0 × 10−3 10 6 70 13 060 1.13

6 LE-OtBu Ir(ppy)3 DMSO DDMAT 150 : 1 : 1.5 × 10−3 10 2 85 40 320 1.36
7 LE-OtBu Ir(ppy)3 DMSO/MeCNd DDMAT 150 : 1 : 1.5 × 10−3 10 3 50 16 500 1.20

a The reactions were performed under blue LED light irradiation (λmax = 460 nm, 0.7 mW cm−2) at room temperature. bMonomer conversion
determined by 1H NMR spectroscopy. cMolecular weight and dispersity were determined by GPC analysis (DMAc used as eluent) using PMMA
standard for calibration. d The mixed solvent of DMSO/MeCN (1/1, v/v) was used to improve the solubility of the resultant polymer. The resulting
polymers with carboxylic acid functionalities were methylated by TMSCHN2 prior to GPC analysis.

Fig. 3 Kinetic study of the PET-RAFT polymerization of DD with DDMAT as the CTA and Ir(ppy)3 as catalyst under blue light irradiation (λmax =
460 nm, 0.7 mW cm−2), using a molar ratio of [DD]/[DDMAT]/[Ir(ppy)3] = 150 : 1 : 1.5 × 10−3 in MeOH. (A) Monomer conversion versus polymerization
time. (B) ln([M]0/[M]t) versus polymerization time. (C) Mn, GPC and Mw/Mn versus monomer conversion. (D) Molecular weight distributions at different
polymerization time intervals. The resulting polymer was methylated by TMSCHN2 before GPC analysis.
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relatively low dispersities (Mw/Mn = 1.11, #3 in Table 3).
Aqueous PET-RAFT polymerization of PDD was also investi-
gated using Eosin Y as photocatalyst, and CMP as aqueous
RAFT agent (Scheme 2). In order to increase the solubility of
CMP, the pH of the reaction solution was adjusted to 6.0 by
addition of 1 M NaOH. 75% monomer conversion (determined
by 1H NMR) was obtained after 5 h light irradiation; however,
a relatively high dispersity (Mw/Mn = 1.37, #4 in Table 3) was
observed, which may be indicative that pH may impact the
control of the polymerization. The polymerizations of mono-
mers with carboxylic group were usually performed at natural
pH (pKa or isoelectric point).42,43,65,66 Lansalot and D’Agosto
previously reported the RAFT polymerization of methacrylic
acid (MAA) in water, where the polymerization lost the control
when the solution pH was higher than the pKa (4.36) of
MAA.65,66 Under the condition of high pH, the hindrance
effect induced by the electrostatic repulsion of fully ionized
carboxylic acid groups caused a low kp and deteriorated the
addition–fragmentation steps in the RAFT process.65 In our
current system, the relatively high dispersity (Mw/Mn = 1.37)
could be attributed to this effect.

Subsequently, N-acryloyl-L-Glu (LE, Scheme 1, 1H and 13C
NMR spectra shown in ESI, Fig. S22 and S23†), another
monomer with di-carboxylic acid functionality, was investi-
gated in MeOH. 70% monomer conversion of LE (#5, Table 3)
was achieved after 6 h of irradiation. The corresponding
polymer was obtained with an expected molecular weight
(Mn = 13 060 g mol−1, #5 in Table 3) and low dispersity (Mw/Mn =
1.13). The chemical structure of poly(N-acryloyl-L-Glu) (PLE) was
further confirmed by 1H NMR analysis (ESI, Fig. S24†).

Previous studies have shown that protection of reactive
functional groups (–NH2, –COOH) is favorable for synthesizing
well-defined polymers with side-chain amino acid mono-
mers.2,3,32 For comparison, N-acryloyl glutamic acid with di-
tert-butyl dicarbonate (tBu) protection of carboxylic acid
groups, was also investigated. N-Acryloyl-L-Glu-OtBu (LE-OtBu,
Scheme 1) was synthesized by an amidation reaction; the
chemical structure was verified by 1H and 13C NMR spectra
(ESI, Fig. S25 and S26†). LE-OtBu is soluble in MeCN, toluene,
and DMSO, etc., while it is insoluble in alcohol and water.

When the polymerization was conducted in DMSO, 85%
monomer conversion was achieved after 2 h irradiation;
however, the corresponding poly(N-acryloyl-L-Glu-OtBu)
(PLE-OtBu, Fig. S27 in ESI†) did not solubilize well resulting in
precipitation of the polymers at high monomer conversions.
Consequently, the resulting polymer exhibited a high disper-
sity (Mw/Mn = 1.36, #6 in Table 3). Although toluene and MeCN
could improve polymer solubility, the polymerization con-
ducted in either solvent presented negligible monomer conver-
sion. In order to increase solubility while maintaining non-
negligible polymerization rate, a mixed solvent system contain-
ing a mixture of DMSO/MeCN (1/1, v/v) was studied (#7,
Table 3). Improved solubility of the prepared polymer led to
better control over the molecular weight and dispersity
(Mw/Mn = 1.20), however, the polymerization rate was much
lower (50% monomer conversion after 3 h irradiation) com-
pared to the pure DMSO system (85% monomer conversion
after 2 h irradiation). As such, it appears that protecting
reactive functional groups of the LE monomers may not be
beneficial, because more stringent reaction conditions were
required for effective polymerization.

Preparation of diblock copolymers of various N-acryloyl amino
acid monomers

Successful chain extension of polymers formed in controlled/
“living” radical polymerization is an important criterion for
the confirmation of both integrity of the dormant end-group,
and “living” character of the polymers. Thus, chain extensions
of poly(N-acryloyl amino acid) polymers with various N-acryloyl
amino acid monomers were performed. A PV-OMe macro-
RAFT agent (Mn = 7240 g mol−1, Mw/Mn = 1.14, Scheme 2) was
synthesized by PET-RAFT polymerization and purified by pre-
cipitation. The synthesis of block copolymers of PV-OMe-b-
PDD was first conducted in MeOH; however, the obtained
PV-OMe-b-PDD exhibited a high dispersity (Mw/Mn = 3.33, #1 in
Table 4). The GPC traces (#1 in Fig. 4) demonstrated that the
chromatograms of PV-OMe-b-PDD had a broad shoulder in the
low molecular weight region, which represented the unreacted
PV-OMe macro-RAFT agent; this was most likely caused by the
poor solubility of PV-OMe macro-RAFT agent in MeOH. In

Table 4 PET-RAFT polymerization of diblock copolymers under different reaction conditionsa

# Monomer Solvent CTA Time (h) ab (%) Mn,GPC
c (g mol−1) Mw/Mn

1 DD MeOH PV-OMe (Mn = 7240, Mw/Mn = 1.14) 4 69 27 110 3.33
2 DD DMSO PV-OMe (Mn = 16 760, Mw/Mn = 1.16) 6 90 43 770 1.48
3d DD MeOH/DMSO PV-OMe (Mn = 7240, Mw/Mn = 1.14) 4 57 23 050 1.34

4d DD MeOH/DMSO PLV (Mn = 13 100, Mw/Mn = 1.15) 8 60 28 120 1.29
5 DD MeOH PLV (Mn = 10 860, Mw/Mn = 1.13) 6 70 30 510 1.21

6 LV MeOH PLV (Mn = 10 860, Mw/Mn = 1.13) 6 82 31 920 1.14

7 LD MeOH PLV (Mn = 10 860, Mw/Mn = 1.13) 6 84 34 430 1.19
8 LV MeOH PDD (Mn = 17 870, Mw/Mn = 1.11) 6 76 37 390 1.18

a The reactions were performed at room temperature with Ir(ppy)3 as catalyst under blue LED light irradiation (λmax = 460 nm, 0.7 mW cm−2)
using [M]/[CTA]/[photocatalyst] = 150 : 1 : 1.50 × 10−3. bMonomer conversion determined by 1H NMR spectroscopy. cMolecular weight and disper-
sity were determined by GPC analysis (DMAc used as eluent) using PMMA standard for calibration. d The ratio of MeOH/DMSO in the mixed solu-
tion was 1/1 (v/v). The resulting polymers were methylated by TMSCHN2 prior to GPC measurement.
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contrast, the polymerization conducted in DMSO improved the
solubility of PV-OMe and afforded the diblock copolymer with
lower dispersity (Mw/Mn = 1.48, #2, Table 4) with a reduced
shoulder peak in molecular weight distribution (#2, Fig. 4).
Since DMSO improved the solubility of the macro-RAFT agent,
while MeOH improved control over the polymerization of DD,
the polymerization of block copolymers was then conducted in
the mixed solvent of MeOH/DMSO (1/1, v/v). As expected, well-
defined diblock copolymers with relatively low dispersity
(Mw/Mn = 1.34, #3 in Table 4 and Fig. 4) were obtained. 1H NMR
spectrum of PV-OMe-b-PDD in DMSO-d6 clearly showed peaks

corresponding to both blocks (ESI, Fig. S28†). The end-group
(trithiocarbonate) of PV-OMe-b-PDD was also confirmed by UV-
vis spectroscopy (ESI, Fig. S29†).

PLV macro-RAFT agent (Mn = 13 100 g mol−1, Mw/Mn = 1.15,
Scheme 2) with carboxylic acid functionalities was then investi-
gated for chain extension. To compare with the results of
PV-OMe macro-RAFT (#3, Table 4), the polymerization of DD
using PLV as macro-RAFT agent (#4, Table 4) was first per-
formed in mixed MeOH/DMSO (1/1, v/v) as solvent, at the
same ratio of [M]/[CTA]/[photocatalyst]. Although the reaction
time was required to be doubled (8 h) to achieve comparable

Fig. 4 GPC curves of the starting macro-RAFT agents and the diblock copolymers corresponding to Table 4. The resulting polymers with carboxylic
acid functionalities were methylated by TMSCHN2 prior to GPC measurement.
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monomer conversion, the dispersity of the resulting PLV-b-PDD
diblock copolymer was lower (Mw/Mn = 1.29, #4 in Table 4 and
Fig. 4). Pure MeOH was then employed for polymerization
under identical conditions (#5, Table 4), which resulted in an
expected lower dispersity (Mw/Mn = 1.21). Owing to the favor-
able chain extension results in pure MeOH, PLV macro-RAFT
agent was subsequently chain extended with other chiral
monomers, LV and LD, in MeOH (#6 and #7, Table 4). The
diblock copolymers displayed low dispersities (Mw/Mn = 1.14
and 1.19, respectively for chain extension with LV and LD) and
symmetrical GPC curves without any obvious tailing or
shoulders (#6 and #7 in Fig. 4). Similarly, using PDD as macro-
RAFT agent (Mn = 17 870 g mol−1, Mw/Mn = 1.11, Scheme 2),
PDD-b-PLV diblock copolymers with Mn = 37 390 g mol−1 and
Mw/Mn = 1.18 were obtained after successful chain extension
(#8 in Table 4 and Fig. 4). These results clearly demonstrate
that chain extension of the macro-RAFT agent with various
N-acryloyl amino acid monomers is possible, and can be
robustly achieved to provide block copolymers with as-
designed chain structures, regardless of the monomer chirality
and block sequence.

Conclusion

In summary, a series of well-defined amino acid-based poly-
mers with a variety of functional groups has been synthesized
directly from the corresponding N-acryloyl amino acid mono-
mers without protecting groups (carboxylic acid), using a
photoinduced living radical process, namely photoinduced
electron/energy transfer-reversible addition–fragmentation
chain transfer (PET-RAFT). Controlled molecular weights and
low dispersities (Mw/Mn < 1.20) were realized for homopoly-
mers and diblock copolymers with diverse monomer chirality
and block sequence. Various solvents and trithiocarbonate
RAFT agents have shown to be effective for amino acid-based
polymer preparation. Moreover, the three photocatalysts used
in this study were effective for the PET-RAFT polymerization of
amino acid-based monomers, and allow for reaction con-
ditions to be tailored based on required physical and chemical
properties, such as solubility, light absorption and stability. As
such, the PET-RAFT process clearly provides a robust and ver-
satile protocol for the precise synthesis of amino acid-based
polymers. MeOH was certified to be an excellent solvent for
the polymerization of N-acryloyl amino acid monomers with
carboxylic acid functionality, regardless of the category of
amino acid or the number of the carboxylic acid functional-
ities in the monomer structure. This contribution provides a
library of amino acid-based polymers for the application of
new materials design and macromolecular engineering.
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