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ABSTRACT: Light-mediated radical polymerization has bene-
fited from the rapid development of photoredox catalysts and
offers many exceptional advantages over traditional thermal
polymerizations. Nevertheless, the majority of the work relies
on molecular photoredox catalysts or expensive transition metals.
We exploited the capability of semiconductor quantum dots (QD)
as a new type of catalyst for the radical polymerization that can
harness natural sunlight. Polymerizations of (meth)acrylates,
styrene, and construction of block copolymers were demon-
strated, together with temporal control of the polymerization by
the light source. Photoluminescence experiments revealed that the
reduction of alkyl bromide initiator by photoexcited QD is the key
to this light-mediated radical polymerization.

he design of functional polymers with well-defined
structure and architecture and with the ability to precisely
control the sequence, molecular weight, and molecular weight
distribution has been of significant technological and
fundamental interest. Atom transfer radical polymerization
(ATRP)' ™ has emerged as one of the most powerful
polymerization methods for synthetic polymers with high
precisions of chemical composition, length distribution, and
complex architectures.' ™ Recently, light-mediated ATRP has
gained significant prominence as a strategy in enabling both
spatial and temporal control over reaction kinetics and in
regulating the activation and deactivations steps via external
stimulus.” Furthermore, the ability to harness solar energy for
chemical transformations using visible-light presents unique
opportunities in using mild conditions and toward sustain-
ability.® While initial reports of photomediated ATRP’~'? and
reversible addition—fragmentation chain-transfer (RAFT)
polymerizations™' "> have mostly focused on using precious
transition-metal complexes (i.e., Ru(Il) and Ir(Ill)), metal-free
organic catalysts have also proven to be effective in light-
mediated photopolymerizations.'”~'® However, most of the
photomediated methodologies of polymerizations utilize tradi-
tional and nonfunctional monomers such as styrene and simple
(methyl)acrylate derivatives and require extensive synthetic
efforts and purification steps of the photocatalysts. Thus, in
order to propel light-mediated polymerizations to the forefront,
there is a need to explore varies strategies that are compatible
with wide selections of functional monomers while also
maintain simplicity, rapid synthesis, and purification of the
photocatalysts.
Semiconductor quantum dots (QD), solution-dispersible
nanocrystals, represent a promising class of photocatalysts for
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light-mediated controlled polymerizations. Unlike transition-
metal complexes or organic photocatalysts, QD have strong and
easily tunable absorption in the UV and visible range with large
extinction coefficients (¢ > 10° M~ cm™)," large specific
surface area that allows for binding of multiple substrates and,
thus, may accelerate the rate of charge transfer,”’ and inherently
high photostability compared to organic-based photocata-
lysts.”"** More importantly, QD photocatalysts can easily be
synthesized and purified starting from inexpensive raw
materials, with the ability to easily fine-tune size dimensions,
shape, and ligands with the goal of tuning redox potentials,”’
absorption spectra, or even interactions with synthetic
substrates to allow for wide selections of functional monomers.
Indeed, recent reports by Weiss, Weix, and co-workers have
independently demonstrated QD as excellent photocatalysts in
the synthesis of small molecules, primary in C—C coupling,
amine arylation, and reductive dehalogenation.””** Early efforts
for radical polymerization of (meth)acrylate monomers using
nanocrystalline semiconductors (ZnO and TiO,) as the
photocatalyst were very limited and suffered from poor control
of molecular weight distributions and low monomer con-
version.”” >® Furthermore, photoexcitation of these high
bandgap semiconductors requires shortwave UV irradiation,
which only contributes to a small fraction of solar
irradiation.”” " Subsequent examples of light-initiated poly-
merization of acrylate-based monomers using either CdS or
CdTe were reported.’” ** Detailed mechanistic studies
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suggested that surface modifications of CdS by amines played
an important role in improving the initiation efficiency.”>*
These QD-catalyzed polymerizations were not living-type
polymerizations and could not be classified as ATRP.

Herein, we report controlled photomediated ATRP facili-
tated by QD as the versatile photoredox catalyst (Figure 1). We
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Figure 1. Controlled radical polymerization driven by blue LED light
(10 mW/cm?) at 25 °C in the presence of CdSe QD as the
photocatalyst.

establish a broad scope of functional monomers under
irradiation of visible light sources such as natural sunlight and
household lamps. Our kinetic studies under both continuous
and intermittent light exposure demonstrate control over the
polymerization progress by light. Meanwhile, chain extension
reactions of isolated polymers indicate the “living” nature of the
radical polymerization.

We envisioned that the unique electronic and photophysical
properties of QD would allow for highly responsive photo
controlled living radical polymerization. We anticipated that
upon photoexcitation of QD, the photoexcited QD* would
reduce the alkyl bromide initiator to give the desired alkyl
radical, which would subsequently initiate the polymerization of
acrylate monomers. A key requirement is that the reduction
potential of QD* should be sufficiently reducing to activate
alkyl radical initiators. Among common alkyl bromide initiators
used in ATRP, ethyl a-bromophenylacetate (EBP) is known to
have the highest initiation efficiency,”> and therefore was used
as the initiator in this work. We examined cadmium selenide
(CdSe) QD as a photocatalyst for ATRP. The size and
dimensions of CdSe nanocrystals can easily be varied in order
to tune the exc1t0n1c absorption peak spanning the entire
visible spectrum.>* Given that both the absorption spectra and
reduction potential are influenced by the size of QD
nanocrystals,20 we chose to synthesize medium-size CdSe
nanocrystals with an estimated diameter of 3.3 nm, correlatm%
to an absorption peak of 565 nm (& = 1.35 X 10° M~ em™),’
and a reduction potential of excited CdSe QD* of —1.59 V
versus SCE.” This reduction potential of 3.3 nm CdSe QD* is
sufficiently negative to activate the EBP initiator (EBP/EBP*~
E = —0.74 V vs SCE).*” A molar concentration of 0.4 mM
CdSe QD dispersion was used in all of the reactions
corresponding to a catalyst loading of 0.6 mol % with respect
to the monomer concentration.

We initially examined CdSe QD as the photocatalyst in the
polymerization of methyl methacrylate (MMA), EBP as the
initiator, in the presence of excess N,N-diisopropylethylamine
(DIPEA) in tetrahydrofuran (THF) with a household blue
LED (460—480 nm) light source (Figure 1). The reaction
generated PMMA in 69.5% isolated yield in 16 h with a
number-average molecular weight (M,) of 41.7 kDa, and a
polydispersity (D) of 1.67 (Table 1, entry 1). While an excess
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Table 1. Results of the Living Radical Polymerizations Using
CdSe QD as a Photoredox Catalyst”

@

b
conv

entry monomer [DIPEA]/[mono]  solv. (%) (ana) p?
1 MMA 2 THF 68.5¢ 41.5 1.67
2 MMA 0.05 THF 48.3¢ 40.4 1.68
3 MMA 0.0 DMF 76.3 26.0 1.38
4 MMA 0.05 CH, 928 236 168
s MMA 0.05 CH, 86 383 137
6 BMA 1 neat 82.6 47.7 1.38
7 BA 0.05 CeHg 81.8 333 1.68
8 EEMA 1 neat 99.0 36.1 1.82
9 TFEMA 0.2 neat 76.0 30.3 1.39
10  PFPA 0.05 CH, 682 106 125
11 Styrene 0.2 neat 38.7 9.69 1.62

“Notes: Polymerizations carried out in the deaerated environment at
ambient temperature and were irradiated with a 10 W household blue
LED lamp (460—480 nm) for 16 h. “Monomer conversion
determined by "H NMR spectrum of the reaction liquor. “Number-
average (M,) and weight-average (M,) molecular welghts were
determined by gel permeation chromatography (GPC). “polydisper-
sity index defined as P = M,/M,. “Isolated polymer product by
precipitation in MeOH. “Under natural sunlight for 8 h.

of trialkylamine is often necessary for the photoredox synthesis
of small molecules,””** it can also promote undesired side
reactions that consume the radical species.36 To circumvent
side reactions, we decreased the concentration of amines
(Table 1, entry 2) and found that 0.0S equiv DIPEA (to
monomer) is sufficient to achieve comparable conversion and
polydispersity to that of excess amine. Varies initiators were
examined including diethyl 2-bromo-2-methylmalonate
(DBMM) and ethyl a-bromoisobutyrate (EBiB). Among the
three initiators we studied, EBP resulted in higher MMA
conversion and better controlled polymer chain growth (Table
S1, entries 13, 16, and 17), and it was therefore used in
subsequent polymerizations. To benchmark the polymerization
efficiency facilitated by QD, we carried out the same
polymerization with commercially available dyes such as
perylene and fluorescein (Table S1, entries 13—15).">%" T
similar reaction conditions, QD consistently resulted in a higher
MMA conversion and narrower (or comparable) polydispersity.
The effect of solvent polarity on the polymerization was
further probed (Figure 1). Polar solvents are typically the
primary choice for many reported photoredox associated
ATRP,">"® and are known to stabilize charge-separated
species.”” In general, an increase in the conversion is observed
with less polar solvents, while a decrease in the polydispersity is
observed with high polar solvents. For example, when DMF
was used as a solvent, a conversion of 76.3% of MMA and P of
1.37 was obtained (Table 1, entry 3), compared to a conversion
of 92.8% and D of 1.86 when using benzene as a solvent (Table
1, entry 4). Attempts to use high dielectric solvents (DMSO,
MeOH) were unsuccessful in yielding any polymers and
resulted in significant aggregations of the QD. To minimize
degradation, the QD was capped with a protective layer of
alkylated ligands (oleic acid and trioctylphosphine) which are
incompatible with very polar solvents. Our ongoing research
aims to address this issue by exploring polar ligands.
Interestingly, the use of solar irradiation resulted in a low
polydispersity (Table 1, entry 3) as reported in the literature."”
We systematically then varied the power output of the blue
LED from 2.5, to 5.6 and 10 mW/cm? to probe the observed
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enhanced percent conversion and polydispersity. In general,
higher light intensity resulted in higher MMA conversion and
narrow polydisersity (Table S1, entries 19—21). This suggest
that higher power output results in enhanced rate of initiation.

We sought to evaluate the generality and compatibility of
QD as a photocatalyst with various functional monomers given
their excellent performance with MMA. Polymers of butyl
methacrylate (BMA) and butyl acrylate (BA) were synthesized
using similar conditions to that of MMA. The neat polymer-
ization of BMA resulted in a conversion of 82.6% with a low D
of 137, while polymerization of BA in benzene gave a
conversion of 81.8% and D of 1.68 (Table 1, entries 6 and 7).
Polymers with functional monomers such as 2-ethoxy ethyl
methacrylate (EEMA) are important in biomedical applications
and can be effective for oxygen transport.’® Polymerization of
EEMA resulted in a high conversion of 99% and P 1.82. The
absence of photocatalysts or initiator, reactions did not yield
any polymers (Table S2, entries 18 and 19). This suggest that
the large D is due to high monomer conversion and chain
combination toward the end of polymerization.

An important class of functional polymers includes
fluorinated and semifluorinated polymers due to their low
refractive index and hydrophobic properties that result in
intriguing characteristics and broad applications.””** We
demonstrate highly effective and controlled polymerization of
2,2,2-trifluoroethyl methacrylate (TFEMA) and 2,2,3,3,3-
pentafluoropropyl acrylate (PFPA) with our protocol that
results in fluorinated polymers with high conversion of 76.0%
and 68.2%, and low D of 1.39 and 1.25, respectively (Table 1,
entries 9 and 10). Polymerization of most monomers in neat
conditions is possible and a conversion of up to 75% can be
reached, while still retaining a moderately narrow mass
distribution (P = 1.2—1.8). Polymerization of styrene using
photomediated conditions was previously reported to be a
challenge due to the relatively low reactivity of styrene
monomer compared to most (meth)acrylate monomers." **!
We addressed this problem by carrying out the polymerization
in a solvent-free environment and obtained polystyrene (PS)
with a 35.7% conversion and a P of 1.62 (entry 11).

To elucidate the mechanism of the photoredox catalyzed
polymerization of MMA, we performed a range of control
experiments. The absence of either the QD, DIPEA, or light
irradiation did not result in polymer formation, demonstrating a
photomediated polymerization that is catalyzed by QD. To
further prove the necessity of light irradiation, the progress of
polymerization was probed under continuous and intermittent
light conditions and MMA conversion was monitored at each
time interval (Figure 2a). Irradiation of the monomer, initiator,
and QD mixture with a blue LED for 2 h at room temperature
resulted in 16% monomer conversion. Removal of the light
source for 1 h in the darkness stops the polymerization and
results in no monomer conversion. These turn “on/off” cycles
can be repeated several times, in which the MMA conversion
increases only during the light irradiation cycle and halts
completely in the darkness. A plot of In([M],/[M],) versus
total exposure time follows a linear relationship and a first-order
kinetics (Figure 2b). The data proves that in the absence of
light, the polymerization stops and activation of the chain ends
is not occurring. Analogous to conventional ATRP, the
photoredox process activates the polymer chains as propagating
radicals, which in the dark return to dormant alkyl bromide
species.'” These results demonstrate a high degree of temporal
control and evidence of photocontrolled living radical polymer-
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Figure 2. (a) MMA conversion monitored vs reaction time under
periodic switching blue light irradiation (white regions) and darkness
(shaded regions). (b) First order kinetic profile of monomer
concentration vs time under continuous light irradiation.

ization promoted by QD as a photocatalyst for reversible
activation/deactivation of Br chain end.

A fundamental factor in a successful synthesis of diverse and
functional macromolecules with well-defined architectures
relies on high chain-end fidelity in controlled radical polymer-
izations such as ATRP. To verify the livingness of the resultant
polymers, a series of block copolymers were prepared using
sequential photocontrolled living radical polymerization
(Figures 3 and S2). PS, PMMA and PTFEMA were used as
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Figure 3. (a) Molecular structures of macroinitiators (PS and
PTFEMA), block copolymers (PS-b-PBMA and PTFEMA-b-
PMMA), and their respective M, and D. (b) GPC traces of the
corresponding macroinitiators and the block copolymers.

the macroinitiator in the polymerization of various monomers
including MMA, TFEMA, and BMA to make the correspond-
ing block copolymers (PS-b-PBMA, PS-b-PMMA, PS-b-
PTFEMA, PTFEMA-b-PMMA, and PMMA-b-PTFEMA).
The macroinitiators were first isolated, purified and then
reintroduced to polymerization conditions to make each block
copolymers. Successful chain extension and further polymer-
ization were evidenced by GPC and '"H NMR, providing high
molecular weight and diverse block copolymers. GPC analysis
showed a decrease in the retention time of chain extension
products compared to that of the original macroinitiator
(Figures 3b and S2), correlating to a substantial increase in the
M,,. Furthermore, '"H NMR analysis confirmed the degree of
control in the macromolecular composition and incorporation
of the monomers that formed the new block copolymers
(Figures S6—S10). For example, in the case of PS-b-PTFEMA
where the resonance peaks at 6.3—7.2 ppm correspond to the
phenyl rings in PS, several new peaks appeared including the
4.31 ppm of the methylene group (—CH,CF;) that correspond
to protons resonance in PTFEMA. According to peak
integrations, a molar ratio of styrene/TFEMA of 1:0.25 was
determined with an estimated M, of 8.80 kDa and P = 1.31 of
the final block copolymers, which is in good agreement with the
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GPC analysis (9.40 kDa; Table S2). In general, the PMMA and
PTFEMA are more efficient in chain extension with a
significant increase in M, (17—21 kDa) than the PS
macroinitiator (<10 kDa). These results suggest that the
isolated polymer consists of Br-terminated polymer chain which
was able to reinitiate the polymerization. It is likely caused by
the reversible chain termination, an important feature in ATRP
process, and such polymer chain with alkyl bromide terminal
can be considered a “living” chain. It is possible that some
homopolymer chains may not have the desired Br terminal due
to radical chain combination or disproportionation, as we
observed moderate overlap in GPC traces of macroinitiators
and copolymers.'®

To further probe the mechanism and redox processes in this
living radical polymerization, we considered two possible and
similar mechanisms and examined the role of the DIPEA
(Figure S4). Both mechanisms start with the photoexcitation of
the QD to generate the excited state QD* which subsequently
reduce the dormant alkyl bromide chain to a radical, and a
reversible termination of the propagating radical chain. A major
difference between the two proposed mechanisms is the
quenching pathway of QD*. The QD* can play a role as a
strong oxidant or a reductant. In the oxidative pathway (Figure
4b), a single electron transfer (SET) takes place as QD*
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Figure 4. (a) Stern—Volmer plot of QD fluorescence (4., = 460 nm)
effectively quenched by EBP but not by DIPEA. (b) Proposed
mechanisms of a photoinitiated polymerization catalyzed by CdSe QD.
Each intersection between arrows indicates a single electron transfer
(SET) event.

donates an electron to the alkyl bromide and forms a radical
cation (QD**). On the other hand, QD* can also accept an
electron from the trialkylamine (NR;) and become a QD
radical anion (QD*") in the reductive pathway (Figure S4).'
Through SET process with QD*, the alkyl bromide (P,—Br) or
the trialkylamine (NR;) is a potential QD* fluorescence
quencher in each pathway. While most ATRP photoredox
catalysts proceed through an oxidative pathway without an
electron donor,"*~"* amines often act as an important sacrificial
electron donor in catalytic photoredox reactions.”’ However, in
this polymerization method, DIPEA as little as 0.05 equiv of
MMA proved to be sufficient to produce conversion of >90%.
To identify the dominant SET pathway in this polymerization,
we used the Stern—Volmer relationship to evaluate the change
in the QD* photoluminescence (PL) at various concentrations
of EBP or DIPEA (Figure 4a). The Stern—Volmer plot shows a
linear relationship in the ratio of I,/I' PL intensity (I, = PL
intensity in the absence of quencher, and I' = PL intensity with
a given concentration of a quencher) as an increase in EBP
concentration, indicative of CdSe fluorescence quenching by
EBP. In contrast, DIPEA was far less effective in quenching
CdSe fluorescence (Figure S3), contrary to previous reports
that showed strong quenching effect by trialkylamine.”® These
results and the redox potentials (Figure SS) suggest that the
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excited state of CdSe is more likely undergoing a redox process
with EBP and not with the DIPEA, and therefore, an oxidative
quenching pathway could be the major contribution in this
radical polymerization. We note that the polymerization
proceeds in the absence of the EBP as previously reported.”>**
In that case, there are other possible mechanisms, either a
ligand exchange with amines facilitates radical generation on
the QD surface, followed by direct radical transfer to MMA
monomer, as suggested previously,32 or DIPEA radical cation,
formed as result of electron transfer to QD, initiates the radical
polymerization. We think the later mechanism is unlikely based
on fluorescence studies (Figures 4a and S3) and redox
potentials (Figure SS). In both cases, the polymerization is
better classified as photoinitiated rather than photocontrolled
polymerization.

In conclusion, we have demonstrated that semiconductor
CdSe QD are effective photoredox catalysts for photo-
controlled living radical polymerization. Light-mediated
ATRP facilitated by QD achieved similar or superior perform-
ance in a scope of a wide variety of functional acrylate
monomers and controlled polymerization with high conversion
and narrow polydispersity to that of organic or metal complex
photocatalysts. Through studies of macroinitiator chain
extension and reaction progress under intermittent light
exposure, the photomediated ATRP exhibited spatial and
temporal control of the polymer architectures. We envision that
advantages such as facile synthetic and purification preparation,
low catalyst loading combined with the ability to easily tune
redox and electronic properties will result in a broader
application of QD as a photocatalyst for various types of
polymerization. Future work will focus on variations of QD
surface chemistry, ligand exchange and elemental compositions
to achieve higher initiation efficiency and further control of
molecular weights and distributions.
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