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Abstract: Photoregulated polymerizations are typically con-
ducted using high-energy (UV and blue) light, which may lead
to undesired side reactions. Furthermore, as the penetration of
visible light is rather limited, the range of applications with
such wavelengths is likewise limited. We herein report the first
living radical polymerization that can be activated and
deactivated by irradiation with near-infrared (NIR) and far-
red light. Bacteriochlorophyll a (Bachl a) was employed as
a photoredox catalyst for photoinduced electron transfer/
reversible addition–fragmentation chain transfer (PET-RAFT)
polymerization. Well-defined polymers were thus synthesized
within a few hours under NIR (l = 850 nm) and far-red (l =

780 nm) irradiation with excellent control over the molecular
weight (Mn/Mw< 1.25). Taking advantage of the good pene-
tration of NIR light, we showed that the polymerization also
proceeded smoothly when a translucent barrier was placed
between light source and reaction vessel.

One of the central events that led to the development of life
on earth was the advent of oxygen-evolving photosynthesis.[1]

Oxygenic photosynthesis uses chlorophylls and visible light
(blue to red wavelengths) to oxidize water to molecular
oxygen and to produce carbohydrates, which sustain life.
Until 1977, it was the only known mechanism capable of
sustaining life. The discovery of phototrophic bacteria in
hydrothermal vents resulted in a total change in this notion.
These bacteria utilize another type of photosynthesis, which
does not produce oxygen, and uses sulfide, elemental sulfur,
or hydrogen instead of water as an electron donor. Hydro-
thermal vents, such as black smokers, are inhabited by such
phototrophic bacteria that thrive in sun-starved conditions by
carrying out anoxygenic (bacteriochlorophyll) photosynthe-
sis.[2] Photosynthetic life in dark deep-sea vents resembles the
environment in which life evolved, with the survival of these
organisms relying on their ability to harvest geothermal light
emitted by erupting superheated waters.[2a, 3]

This form of photosynthesis (anoxygenic photosynthesis)
utilizes light in the longer visible and near-infrared range, with
the wavelength specificity being highly dependent on the type
of bacterium. Bacteriochlorophylls (bacteriochlorophyll b)

present in purple bacteria absorb at 900 or > 1000 nm,
whereas other bacteriochlorophylls absorb around 750 and
800 nm.[3] The photosynthetic potential in these ecosystems is
rather low for most species. Bacteria possessing light-harvest-
ing bacteriochlorophyll (BChl) that absorbs in the near-
infrared region are able to harvest meager portions of the
geothermal light generated by hydrothermal vents to oxidize
sulfur compounds (H2S and others) to reduce carbon dioxide
to organic carbon.[2a,4]

Taking a step back and looking at the evolution of
photosynthesis provides a novel avenue for polymer science
that has remained unexplored thus far, especially for con-
trolled/living radical polymerization (CLRP).[5] Current prog-
ress in CLRP has been centered on using visible light as an
external regulator to initiate photopolymerization.[6] Most of
these polymerization techniques use high-energy wavelengths
(i.e., UV light (l� 350 nm) and blue light (l� 460 nm)) that
could result in unwanted side reactions.[7] As a result, very
limited attempts[8] have been made in expanding current work
on visible-light polymerization to include more wavelengths
of the solar spectrum, especially the near-infrared (NIR)
region. Although visible-light-activated/deactivated polymer-
ization provides numerous advantages in terms of spatial and
temporal control,[9] it suffers from a lack of penetration depth.
Herein, we present the first example of a green approach for
NIR light mediated CLRP by using bacteriochlorophyll a
(BChl a) as a biocatalyst to initiate the polymerization.[10] We
successfully implemented, for the first time, the use of BChl a
to mediate a photoinduced electron transfer/reversible addi-
tion–fragmentation chain transfer (PET-RAFT) polymeri-
zation.[11] Furthermore, we took advantage of the deep
penetration of NIR light by performing the first CLRP in
a vessel screened by a standard A4 white paper barrier as
a model study.

BChl a plays a critical role during the initial stages of
bacterial photosynthesis as a pigment for light harvesting,
energy migration, and electron transport reactions.[12] Unlike
chlorophylls found in plants, bacteriochlorophylls have
absorption spectra that are principally centered in the near-
infrared region of the light spectrum.[3] Drawing inspiration
from NIR-based photosynthesis, we attempted to mimic
nature by synthesizing advanced polymers with a NIR light
source and BChl a through our established PET-RAFT
process. BChl a displays remarkable photophysical properties
owing to a high intersystem crossing rate (kISC) with low
fluorescence (kF) and internal conversion rates (kIC ; see the
Supporting Information, Table S1)[13] and a low reduction
potential (ca. ¢1.1 V vs. SCE),[14] which deems this molecule
an ideal photoredox catalyst. Furthermore, the high quantum
yield of intersystem crossing from the singlet excited state (S1)
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to the lowest triplet state (T1), often referred to as the triplet
yield, increases the probability for photoinduced electron
transfer (PET) to take place from excited p-conjugated
BChl a to RAFT agents. Moreover, control experiments have
shown that only the activation of CPADB (cyanopentanoic
acid dithiobenzoate) in the presence of BChl a (Table S2,
entries 3 and 6) led to efficient polymerization of methyl
methacrylate (MMA) in both the far-red and NIR regions. In
the absence of CPADB, negligible monomer conversion
(< 5%) was observed owing to direct activation from
BChl a (Table S2, entries 1 and 4) for both wavelengths for
an irradiation period of 24 hours. More importantly, in the
absence of BChl a, no polymerization was observed even
after irradiation for 24 hours at both wavelengths (Table S2,
entries 2 and 5), which demonstrates that the absence of
polymerization is due to photolysis of the RAFT agent as well
as monomer activation, as previously observed under blue-
light irradiation, and potential monomer degradation.[15]

Furthermore, the efficiency of BChl a in promoting polymer-
ization was compared with that of a RAFT agent with a much
higher reduction potential; the polymerization of methyl
acrylate (MA) in the presence of 2-(n-butyltrithiocarbona-
te)propionic acid (BTPA; Table S2, entry 10) proceeded
much more slowly than with other PET-RAFT systems.
Whereas the reduction potentials of CPADB and BTPA are
much higher than that of BChl a, CPADB has a much higher
reduction potential than BTPA (¢0.4 V vs. ¢0.6 V, respec-
tively), which makes the former more susceptible to reduc-
tion.[11] The reduction of RAFT agents in the presence of
BChl a can lead to the generation of radicals that participate
in RAFT polymerization (Scheme 1).[16] The radicals can be
deactivated by excited-state cationic bacteriochlorophyll a,
BChl a+C, leading to the regeneration of ground-state BChl a
and the RAFT agent, which can restart the cycle.

The absorption spectrum of BChl a (Figure 1, black line)
shows strong absorption from the visible to the NIR region of
the solar spectrum. One of the advantages of BChl a in PET-
RAFT stems from the fact that a higher efficiency of
polymerization can be achieved with wavelengths of lower
energy, particularly with far-red and NIR light. This is due to
reduced interference, which arises from the higher molar

absorption coefficients in the far-red and NIR region than in
other regions of the visible spectrum and the absence of an
absorption overlap between the RAFT agent and BChl a
(Table S3). Initial polymerizations of MMA and CPADB with
BChl a were carried out under NIR (lmax = 850 nm), far-red
(lmax = 780 nm), red (lmax = 635 nm), green (lmax = 530 nm),
and blue (lmax = 460 nm) LED irradiation. As BChl a has an
intense absorption in the far-red region, the polymerization of
MMA (Table S2, entry 6 and Table S3) was fastest at this
wavelength with high monomer conversion (> 70%), fol-
lowed by polymerization in the NIR (Table S2, entry 3) and
red region (Table S2, entry 7). It is interesting to note that
polymerization under blue (Table S2, entry 9) and green
(Table S2, entry 8) irradiation was quite slow, mainly owing to
the low absorption of BChl a in these regions (Table S3) and
also because of competitive absorption of CPADB and
BChl a as shown in the overlay of the UV/Vis absorption
spectra of BChl a and CPADB (Figure 1). Compared with
BChl a, the molar absorption coefficient of CPADB is much
lower in the blue and green region, with negligible absorption
in the red, far-red, and NIR regions (Table S3). The com-
petitive absorption in the blue and green regions may
contribute to undesired quenching of the photoredox catalyst,
resulting in its lower efficiency to promote polymerization at
these wavelengths.[16d] The implementation of far-red and
NIR absorbing biocatalysts such as BChl a in PET-RAFT can
prevent this problem and ensure efficient polymerization.

As this is the first report on living radical polymerization
under far-red and NIR irradiation, we investigated the
polymerization kinetics by online Fourier transform near-
infrared (FT-NIR) spectroscopy under far-red and near-
infrared irradiation. We carried out the polymerization of
MMA with different concentrations of BChl a (60 ppm and
15 ppm relative to the monomer concentration) to understand
the effect of catalyst concentration on the kinetics of the
polymerization for both light sources. As expected, the
polymerization rate of MMA for both catalyst concentrations
was faster under far-red than under NIR irradiation owing to
the higher absorption of BChl a in the former region (Fig-
ure 1A and Figure S3A). At 15 ppm catalyst concentration
(Figure 2A), we observed a linear increase in Ln([M]0/[M]t)

Scheme 1. Proposed mechanism for PET-RAFT polymerization using
BChl a as the photocatalyst.

Figure 1. Overlay of the absorption wavelengths of CPADB, BChl a,
and a mixture of BChl a/CPADB determined with LED lamps with
different wavelength ranges. NIR (lmax =850 nm), far-red
(lmax =780 nm), red (lmax = 635 nm), green (lmax = 530 nm), and blue
(lmax =460 nm) LED light sources were employed in this study.
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with exposure time, suggesting a constant concentration of
propagating radicals throughout the polymerization, with
a higher propagation rate constant under far-red than under
NIR irradiation (kp

app
(far-red) = 7.17 × 10¢2 h¢1 vs. kp

app
(NIR) =

3.34 × 10¢2 h¢1). Furthermore, no inhibition period was
observed in the far-red-mediated polymerization in contrast
to a 45 min inhibition period for NIR polymerization, which
can be related to the higher activation rate of CPADB by the
photocatalyst under far-red irradiation. A similar trend was
also observed at a catalyst concentration of 60 ppm, where
a similar inhibition period (tfar-red, inh. = 0 h and tNIR, inh. =

45 min) and a higher concentration of propagating radicals
were observed under far-red than under NIR irradiation
(Figure S3 A; kp

app
(far-red) = 1.03 × 10¢1 h¢1 vs. kp

app
(NIR) = 6.84 ×

10¢2 h¢1).
Furthermore, we were able to reversibly activate and

deactivate the polymerization process by switching the light
source on and off. Upon irradiation with far-red and NIR light
sources for catalyst concentrations of 15 and 60 ppm (Fig-
ure 2B and Figure S3 B), the polymerization of MMA was
activated whereas the absence of irradiation completely
suppressed polymerization. Moreover, a plot of Mn and the
polydispersity against monomer conversion revealed charac-
teristics of a living radical polymerization: a linear increase in
Mn, close agreement of the theoretical and experimental
molecular weights, and a decrease in polydispersity with
increasing monomer conversion (Figure 2C and Figure S3C).
Finally, molecular weight distributions determined by gel-
permeation chromatography (GPC) showed a symmetric shift

from low to high molecular weights during
the polymerization (Figure 2D and Figur-
es S3 D and S4).

High end-group fidelity (> 95 %) was
observed by NMR spectroscopy for poly-
merization under both far-red and NIR
irradiation (Figures S5 and S6). Further-
more, chain-extension experiments with
MMA and tert-butyl methacrylate
(tBuMA) were also carried out with the
PMMA macroinitiator (Figures S7 and S8)
to demonstrate the living character of this
polymerization and the integrity of the end
groups. The synthesis of the PMMA mac-
roinitiator was performed under far-red
and NIR illumination in DMSO at a cata-
lyst concentration of 15 ppm (Mn, GPC =

11730 gmol¢1, Mw/Mn = 1.11, and 47%
monomer conversion for far-red and
Mn, GPC = 10700 gmol¢1, Mw/Mn = 1.10, and
54% monomer conversion for NIR irradi-
ation). After purification of the macro-
initiator through precipitation, successful
chain extensions were investigated with
MMA and tBuMA with a molar ratio of
monomer/macroinitiator/BChl a of
500:1:7.5 × 10¢3. Under far-red irradiation
(Figure S7), a complete shift in the molec-
ular weight of the PMMA macroinitiator
was observed, which was accompanied by

the synthesis of diblock copolymers with narrow molecular
weight distributions (Mn,GPC = 17 570 gmol¢1, Mw/Mn = 1.09,
and 12 % monomer conversion for PMMA-b-PtBuMA and
Mn, GPC = 15000 gmol¢1, Mw/Mn = 1.08, and 7% monomer
conversion for PMMA-b-PMMA in 2 h). Under NIR irradi-
ation (Figure S8), a similar complete shift in the molecular
weight of the PMMA macroinitiators and the synthesis of
diblock copolymers with narrow molecular weight distribu-
tions were observed (Mn, GPC = 27950 gmol¢1, Mw/Mn = 1.08,
and 26 % monomer conversion for PMMA-b-PtBuMA and
Mn, GPC = 15500 gmol¢1, Mw/Mn = 1.08, and 10% monomer
conversion for PMMA-b-PMMA in 12 h). To demonstrate
the versatility of this polymerization and the robustness of the
catalyst, various functional monomers, including glycidyl
methacrylate (GMA), 2-dimethylaminoethyl methacrylate
(DMAEMA), and oligo(ethylene glycol) methyl ether meth-
acrylate (OEGMA, Mn = 300 gmol¢1), were investigated. All
of these monomers were successfully polymerized with good
control over the molecular weight and the molecular weight
distributions (Mw/Mn< 1.3; Table S4).

One of the remarkable features of NIR light between 700
and 900 nm is its minimal absorption and scattering, which
enables its use for a wide range of applications in medicine for
both diagnosis and treatment.[17] Encouraged by these proper-
ties, we decided to exploit the penetration properties of such
wavelengths by carrying out the polymerization in a vessel
screened by a translucent barrier, namely a sheet of paper
with a thickness of roughly 0.05 mm. Successful polymeri-
zation of MMA with NIR and far-red LED light sources

Figure 2. Online FT-NIR measurements to determine the kinetics of the PET-RAFT polymer-
ization of MMA with BChl a as the photoredox biocatalyst and CPADB as the chain transfer
agent under far-red (lmax = 780 nm, 104.9 mWcm¢2) and NIR (lmax =850 nm,
40.00 mWcm¢2) irradiation, using a molar ratio of MMA/CPADB/BChl a =209:1:3 Ö 10¢3 in
DMSO. A) Dependence of Ln([M]0/[M]t) on exposure time under NIR (red circles) and far
red (blue squares) irradiation. B) Dependence of Ln([M]0/[M]t) on the exposure time under
NIR (red circles) and far-red (blue squares) irradiation that was switched on and off.
C) Dependence of Mn on the conversion under NIR and far-red irradiation. D) Molecular
weight distributions after exposure to NIR irradiation for different periods of time.
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screened by a single sheet of paper as a barrier (Scheme 2,
left) was performed with BChl a as the photocatalyst for
20 hours. At a catalyst concentration of 60 ppm (Figure 3A),
we observed a linear increase in Ln[M]0/[M]t with exposure
time for both far-red and NIR polymerization, with both
polymerizations having an inhibition period of up to 2 hours.
Furthermore, the propagation rate constant for the polymer-
ization with the NIR light source was greater than the
apparent propagation rate constant for the far-red light source
(kp

app
(NIR) = 5.21 × 10¢2 h¢1 vs. kp

app
(far-red) = 3.16 × 10¢2 h¢1).

Surprisingly, in contrast to the polymerizations without the
screen, the polymerization rate with a NIR source was faster
than that with the far-red one despite the absorption of the
photocatalyst being much lower under the former than under
the latter conditions. These expected results can be attributed

to the higher transmittance of NIR light compared to far-red
light through the paper barrier. Indeed, in the presence of
a paper screen, we observed a larger decrease in intensity for
far-red light (from 104.9 to 19.74 mW cm¢2) than for NIR light
(from 40.00 to 23.75 mW cm¢2). Furthermore, we were able to
retain the reversible activation/deactivation of the near-
infrared polymerization by switching the light source on and
off even in the presence of a barrier (Figure 3B and Fig-
ure S9). A plot of Mn and the polydispersity against monomer
conversion also revealed characteristics of a living radical
polymerization, with close agreement between the theoretical
and experimental molecular weights and a decrease in
polydispersity with increasing monomer conversion (Fig-
ure 3C). Finally, a symmetric shift from low to high molecular
weights was observed during the polymerization, as revealed
by the molecular weight distributions determined by GPC
(Figure 3D and Figure S10). As we were able to carry out the
polymerization of MMA through a single sheet of paper (ca.
0.05 mm thick), we attempted to push the boundaries of NIR
polymerization by increasing the thickness of the paper to 0.1
and 0.2 mm. As the intensity of the NIR light decreases with
increasing paper thickness (23.75 mWcm¢2 for 0.05 mm,
13.75 mWcm¢2 for 0.1 mm, and 5.017 mW cm¢2 for 0.2 mm),
a drop in monomer conversion was observed for similar
polymerization times (Scheme 2, left). Nevertheless, we were
able to perform CLRP (Table S5) with good control over the
molecular weights and the molecular weight distributions and
theoretical molecular weights in good agreement with the

experimental ones.
In summary, far-red and near-infrared

light has been successfully employed for
the activation of PET-RAFT polymeri-
zation with a biocatalyst (bacteriochloro-
phyll a). These polymerizations were
extremely efficient as only a low light
intensity was required to activate the
polymerization. At the same time, the
ability of near-infrared light to penetrate
through a translucent barrier was utilized
to perform the first CLRP in the presence
of paper barriers with various thicknesses.
This report suggests a range of potential
biomedical and industrial applications for
PET-RAFT polymerization, especially for
applications requiring deep penetration.

Acknowledgements

We thank the University of New South
Wales for funding and the Australian
Research Council (ARC-FT).

Keywords: bacteriochlorophyll ·
controlled radical polymerization ·
photocatalysis ·
photoinduced electron transfer ·
RAFT polymerization

Scheme 2. PET-RAFT polymerization of MMA in the presence of
a paper barrier (left) and the dependence of monomer conversion after
NIR irradiation for 20 hours on the thickness of the paper (right).

Figure 3. FT-NIR measurements to determine the kinetics of the PET-RAFT polymerization
of MMA with BChl a and CPADB in the presence of a paper barrier under far-red
(lmax =780 nm, 19.74 mWcm¢2) and NIR (lmax = 850 nm, 23.75 mWcm¢2) irradiation, for
a molar ratio of MMA/CPADB/BChl a =209:1:1.2 Ö 10¢2 in DMSO. A) Dependence of
Ln([M]0/[M]t) on the exposure time under NIR (red circles) and far-red (blue squares)
irradiation. B) Dependence of Ln([M]0/[M]t) on the exposure time under NIR (red circles)
and far-red (blue squares) irradiation that was switched on and off. C) Dependence of Mn

on the conversion under NIR and far-red irradiation. D) Molecular weight distributions after
exposure to NIR irradiation for different periods of time.
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