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ABSTRACT: The huge chemical space potential of synthetic
polymers means that in many studies only a small parameter
range can be realistically synthesized in a short time and hence
the “best” formulations may not be optimum. Throughput is
traditionally limited by the need for deoxygenation in radical
polymerizations, but advances in photopolymerization now
provide opportunities for “in-air” polymerizations. Here, we
have developed a protocol using liquid handling robots (or
multichannel pipettes) with blue light photolysis of reversible
addition fragmentation chain transfer agents and tertiary
amine deoxygenation to enable the synthesis of polymer
libraries in industry-standard 96-well plates with no
specialized infrastructure and no degassing step. The roles of solvents and amine deoxygenators are explored to optimize
the polymerization, particularly to look at alternatives to dimethyl sulfoxide (DMSO) for hydrophobic monomer
(co)polymerization. DMSO is shown to aid the degassing process but is not easy to remove and hence prevents isolation of
pure polymers. In contrast, using dioxane in-plate evaporation or precipitation of the tertiary amine allowed isolation of
polymers in-plate. This removed all reaction components yielding pure polymers, which is not easily achieved with systems
using metal catalysts and secondary reductants, such as ascorbic acid. As an example of the throughput, in just under 40 h, 392
polymers were synthesized and subsequently analyzed direct from plates by a 96-well plate sampling size exclusion
chromatography system to demonstrate reproducibility. Due to less efficient degassing in dioxane (compared to DMSO), the
molecular weight and dispersity control were limited in some cases (with acrylates giving the lowest dispersities), but the key
aim of this system is to access hundreds of polymers quickly and in a format needed to enable testing. This method enables easy
exploration of chemical space and development of screening libraries to identify hits for further study using precision
polymerization methods.

■ INTRODUCTION

To match the complex function and structures of biomacro-
molecules (proteins, nucleic acids, polysaccharides, and
polyketides) using synthetic materials, it is essential to
incorporate increased diversity of monomer components to
generate copolymers of increasing complexity.1−4 For example,
recent advances in sequence-controlled5,6 and multiblock7,8

copolymers have led to emergent biological and biomimetic
functions, and there is a need to explore polymer formulation
space for many pharmaceutical applications.9 However, there is
a major challenge in the huge chemical space to be explored,
which scales dramatically when comonomers are used. As a
result of this, high-throughput methods are required for
material discovery and to elucidate structure−activity relation-
ships between materials and their properties.10−13 Despite the
ease and convenience of modern controlled radical polymer-
ization (CRP) methods (i.e., reversible addition fragmentation
chain transfer (RAFT) and atom transfer radical polymer-
ization (ATRP)), reagent addition, degassing and crucially the
isolation, and purification and transfer of the polymers into

assay-ready formats are still bottlenecks for translation to truly
high-throughput systems. Polymer investigations typically use
panels of tens of polymers, which represents a very small
proportion of the investigable chemical space. This means that
specific formulations with emergent properties are often
missed, and the sample size is very small when compared to
commercially available standard libraries, for example, drug
discovery or biological screening.
Schubert and co-workers reported protocols for the high-

throughput synthesis of multiblock copolymers using RAFT
polymerization, initiated thermally by an azo initiator. The
system required the synthesizer to be placed in an inert
environment and that all reagents should be kept under a
constant flow of nitrogen.14 Destarac reported the use of a
parallel synthesizer to prepare various acrylate copolymers via a
MADIX process.15 However, these systems require infra-
structures to enable closed-to-air preparations that are not
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always available. Inert high-throughput techniques have also
been applied using a variety of controlled radical techniques
including ATRP and cationic ring opening polymerization
(CROP).16,17 These strategies using robotic methods in inert
atmospheres have also been reviewed by Schubert.18 Alexander
and co-workers have exploited robotics to print diverse
libraries of cross-linked copolymers onto surfaces to discover
new materials to resist bacterial fouling19 or for stem cell
expansion.11 Langer and co-workers have used step-growth
polymerization methods to explore large (140 polymers)
chemical space to identify gene transfection vectors. The
advantage of this method is that only the solvent needs to be
removed at the end of the reaction. A high-throughput screen
was successful in identifying copolymers for solubilization of
low-solubility pharmaceuticals, which could not have been
easily achieved by rational design alone.20

When screening polymers for biological applications, it is
essential that the polymers can be easily transferred into the
format needed for testing, especially multiwell plates used in
most biological testing. Otherwise, manual handling and
weighing of hundreds of polymers create a process bottleneck.
Ideally, in the prototype stage, reactions should be conducted
in the multiwell plate format enabling direct transfer from the
synthetic medium to the testing.21,22 There has been
considerable recent interest in the development of oxygen-
tolerant or intrinsically oxygen-depleting polymerization
methods. One example employed enzymatic degassing; glucose
oxidase (GOx) was used to remove oxygen in the polymer-
ization of hydroxyethyl acrylate, generating narrow dispersity
polymers in methanol/PBS solutions.23 These materials
reached conversions of >90% in 3 h and when paired with a
liquid handling robot allowed controlled, high-throughput
synthesis of polymers from a variety of water soluble
monomers24 and in complex solvent mixtures.25 This GOx
strategy has also been exploited by Matyjaszewski to enable
oxygen-tolerant ATRP.26 However, separating the enzyme
from the product polymers is nontrivial, and it does not work
in organic solvents, which are essential if hydrophobic (co)
monomers are to be used. An early report of using light to
initiate a controlled living radical polymerization was reported
by Hawker and co-workers in 2012. Using an iridium catalyst,
excellent control over the polymerization of methyl meth-
acrylate was achieved, demonstrating that propagation occurs
only when the light is switched on, and the chain remains
dormant without this external stimulus.27 Boyer and co-
workers expanded the scope of potential monomers compat-
ible with oxygen tolerant polymerization through the develop-
ment of PET-RAFT (photoinduced electron transfer, rever-
sible addition fragmentation chain transfer), which allows the
polymerization of a wide variety of hydrophobic and
hydrophilic monomers.28−30 This process involves the use of
a photocatalyst to reduce the chain transfer agent, generating a
radical species that can then initiate the polymerization. This
technique was applied by Boyer et al. for the high-throughput
synthesis of a range of functionalized linear polymers as well as
more complex three-arm and four-arm star polymers.29 The
polymerization of less activated monomers has been
demonstrated via this technique, with the iridium-catalyzed
polymerization of vinyl acetate shown to proceed equally well
in both degassed and oxygen-rich conditions.31 Boyer et al.
also pioneered the development of an oxygen-tolerant,
enzyme-free technique for the synthesis of complex polymer
architectures in aqueous media using eosin Y and ascorbic acid.

The applicability of this technique with high-throughput
polymerization was also demonstrated, carrying out reactions
in 96-well plates at a range of ultralow volumes for the
synthesis of arm-first star polymers,30 and has been reviewed in
detail.32 Photopolymerization is also emerging as a tool to
enable hybrid materials containing proteins (that could be
sensitive to traditional thermal polymerization).33−35 The
multifunctional nature of these photocatalysts allows a variety
of mechanisms to be exploited. Sumerlin et al. investigated the
possible reaction mechanisms involved in aqueous PET-RAFT
polymerizations using eosin Y by varying the intensity and
color of the light source used to initiate the polymerization, as
well as in the presence and absence of a tertiary amine. Under
different irradiation conditions, the photocatalyst could be
either oxidized or reduced, leading to different initiation and
reversible termination steps. When no photocatalyst was
present, the trithiocarbonate initiates via direct photolysis to
generate an initiating species that could then also act as the
chain transfer agent.36−38

One alternative to these PET-RAFT strategies was
introduced by Qiao and co-workers. It involves the use of a
sacrificial tertiary amine to reduce a photoirradiated RAFT
agent, which in turn converts dissolved oxygen to superoxide.
The formed superoxide is hypothesized to be irreversibly
trapped by reacting with DMSO in the system.39 This system
is appealing due to its simplicity and there being no need for
additional photocatalysts or enzymes. Crucially, it should be
possible to remove all non-polymer attached components of
this system under vacuum, unlike with metal catalysts where
purification is a challenge. Boyer et al. have also used tertiary
amines in their photoirradiated systems, noting a significant
increase in rate of propagation when present.28 Qiao’s method
was then adapted for the screening of cationic polymers and
their derivatives as antimicrobials.40 One downside to this
strategy is the need for DMSO in the reaction mixture. DMSO
has a high boiling point (189 °C), and hence, polymers need to
be either precipitated, which is not always easy in high-
throughput polymerization and may require several different
solvent systems or prepared sufficiently concentrated for
dilution at the point of assaying for function.41,42 Hemocom-
patibility (blood toxicity) assays, for example, require a final
DMSO concentration typically below 1%43 to avoid false
negatives, and hence, alternatives to DMSO as the screening
solvent are desirable.
Considering this, we wanted to explore the limits and scope

of the tertiary amine degassing method for high-throughput
combinatorial polymer synthesis as it is conceptually simple
and crucially does not involve the addition of photoactive
components (other than the RAFT agent, which is
incorporated into polymer) that may interfere with down-
stream assays.
This manuscript reports a DMSO-free photopolymerization

system that when paired with a liquid handling system enables
the generation of polymer libraries in multiwell plates.
Crucially, by adapting the solvent conditions, we enable in-
plate parallel purification and easy vacuum removal of solvent.
To demonstrate the utility of this technique, a library of almost
400 polymers was synthesized in <40 h within microplates
using liquid handling systems. This system allows access to a
wide variety of polymers with little processing and high
recoveries (∼10 g per plate). This does not allow for full
control over molecular weight or dispersity but enables an easy
route to obtain large compositional diversity with no specific
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infrastructure required to generate new lead materials for
further study. We discuss the limitations of this technique in
respect to monomer selectivity and polymer characteristics.

■ EXPERIMENTAL SECTION

Materials. N-Hydroxyethyl acrylamide (97%), methyl methacry-
late (99%), methyl acrylate (99%), N-isopropyl acrylamide (97%), N-
isopropylmethacrylamide (97%), and 2-(dimethylamino) ethyl
methacrylate were purchased from Sigma-Aldrich and filtered through
a plug of basic alumina to remove inhibitors prior to use.
Triethanolamine (TEOA) (98%), triethylamine (TEA) (>99.5%),
2-cyano-2-propyl dodecyl trithiocarbonate, and all solvents were
purchased from Sigma-Aldrich and used without further purification.
Physical and Analytical Methods. 1H NMR spectra were

recorded on Bruker DPX-300 and DPX-400 spectrometers using
deuterated solvents purchased from Sigma-Aldrich. Chemical shifts
are reported relative to residual nondeuterated solvents. Infrared data
was recorded on a Bruker Vector 22 GI003097.
Size exclusion chromatography (SEC) was carried out in

dimethylformamide (DMF) and run on an Agilent 1260 Infinity II
MDS instrument equipped with differential refractive index (DRI),
viscometry (VS), light scattering (LS), and variable wavelength UV
detectors. The system was equipped with 2× PLgel Mixed D columns
(300 × 7.5 mm) and a PLgel 5 μm guard column. The eluent is DMF
with 5 mM NH4BF4 additive. Samples were run at 1 mL min−1 at 50
°C. Poly(methyl methacrylate) (Agilent EasiVial) was used to create a
third-order calibration between 500−900,000 Da for calibration.
Analyte samples were filtered through a nylon filter with 0.22 μm pore
size before injection. Experimental molar mass (Mn,SEC) and dispersity
(Đ) values of synthesized polymers were determined by conventional
calibration using Agilent GPC/SEC software. High-throughput SEC
was carried out on a PL SEC 50 Plus with a differential refractive
index (DRI) detector. The system was equipped with either PL
Rapide M (7.5 × 150 mm), PL Rapide F (10 × 100 mm) columns or
2× PL Rapide M (7.5 × 150 mm) columns. The eluent is DMF with
1% LiBr as the additive. Samples were run at 50 °C at either 2 or 1
mL min−1 based on a column set. Poly(methyl methacrylate)
standards (Agilent EasiVial) were used for calibration to create a
third-order calibration between 500−1,000,000 Da. Experimental
molar mass (Mn,SEC) and dispersity (Đ) values of synthesized
polymers were determined by conventional calibration using Agilent
GPC/SEC software. Polymers were prepared using a Gilson Pipette
Max 268, with 200 and 20 μL pipette heads.
In-Plate Photopolymerization. Full details of reagents added/

removed and the procedures for distributing them are detailed in the
Supporting Information. An example library synthesis is explained
below. Note that the procedure for liquid monomers is slightly
different from that for solid monomers.
As a representative example, to the first column of a four-column

reservoir in a liquid handling robot was added 2-(dimethylamino)-
ethyl methacrylate (50 mL). To the second column of the reservoir
were added 2-cyano-2-propyl dodecyltrithiocarbonate (144 μL),
TEOA (9.47 g), and methanol (8.83 mL). To the third column of
the reservoir were added 2-cyano-2-propyl dodecyltrithiocarbonate
(103 μL), TEOA (8.91 g), and dioxane (12.96 mL). 2-
(Dimethylamino)ethyl methacrylate (210 μL) was pipetted via
robot to wells A1:H6, 150 μL to wells A7:H12 of a 96 well plate,

followed by 290 μL of the methanol solution to wells A1:H6 and 350
μL of the dioxane solution to each of wells A7:H12 Table 1. The plate
was then covered with a TiterTop and wrapped in blue LED lights.
The reaction was allowed to proceed for 24 h, after which the lights
were removed and the plate was dried under vacuum for 24 h to
remove the solvent. The plate was then placed back into the liquid
handling robot, and 1 mL DMF was added to each well. This plate
was then agitated for 6 h, followed by the transfer of 200 μL of this
solution to each well of an empty polypropylene 96-well plate. These
samples were then analyzed by high-throughput SEC, and the Mp of
each peak was picked out and plotted, as shown in Figure 3B.

Polymerization of NIPMAM (Solid Monomer). Into a 250 mL
conical flask were added 15.6 g of N-isopropylmethacrylamide, 18.27
g of triethanolamine, 27.90 mL of methanol, and 237 μL of 2-cyano-2-
propyl dodecyltrithiocarbonate. This solution was mixed until it
becomes homogeneous and then added to the first column of a four-
column reservoir. Five hundred microliters of this solution was added
into each well of a 96-well deep-well plate. The plate was then covered
with a TiterTop and wrapped in blue LED lights. The reaction was
allowed to proceed for 24 h after which the lights were removed and
the plate was dried under vacuum for 24 h to remove dioxane. The
plate was then placed back into the liquid handling robot, and 1 mL of
DMF was added to each well. This plate was then agitated for 6 h,
followed by the addition of 200 μL of this solution to each well of an
empty polypropylene 96-well plate. These samples were then analyzed
by high-throughput SEC, and the Mp of each peak was picked out and
plotted in Figure 3B.

Conversion Experiments. As a representative example, to a 20
mL vial were added MMA (1.01 g), TEOA (1.50 g), dioxane (2.57
mL), cellulose triacetate (CTA, 19.5 μL), and DMF (50 μL) and
mixed until homogeneous. Five hundred microliters of this solution
was pipetted into wells B2:B7 of a deep-well 96-well plate. A small
sample of this stock solution was analyzed by 1H NMR spectroscopy
as a t = 0 sample. The plate was then covered with a TiterTop and
wrapped in blue LED lights. At indicated time points, the plate was
uncovered and the content of one well was removed, followed by
analysis by 1H NMR spectroscopy and SEC. After 28 h, the reaction
was stopped. Conversion was determined by integration of the vinyl
peaks against the DMF standard. Conversion was plotted against
molecular weight, and reaction time was plotted against ln[Mo/Mn] to
investigate the kinetics of the reaction (Figure 5).

■ RESULTS AND DISCUSSION

The key goal of this study was to explore the use and limits of
tertiary amine additives to enable intrinsic oxygen degassing,
using trithiocarbonates as iniferter/RAFT agents. Compared to
current catalytic systems, this method is an easy-to-use system
for high-throughput “in-air” polymer discovery that is
achievable without expensive infrastructure, which is compat-
ible with high-throughput purification to obtain polymer free
of catalysts or solvents with no chromatography required. The
aim is not to make the polymers with the lowest dispersities
nor the “most controlled” but to have a method to speed up
the synthesis, purification, and discovery processes using
multiwell plates without needing specialized infrastructure
that can be easily translated to a traditional RAFT polymer-

Table 1. Composition of each Stock Solution Used in the Polymerizations Carried Out to Determine Monomer and Solvent
Versatility

monomer reservoir solvent reservoir

monomer solvent monomer (mL) volume added (μL) TEOA (g) solvent (mL) CTA (μL) volume added (μL)

DMAEMA MeOH 25 210 9.47 8.83 144 290

dioxane 25 150 8.91 12.96 103 350

MA MeOH 25 146 9.44 12.61 188 354

dioxane 25 94 9.34 15.92 121 406

HEAm MeOH/Tol 50 108 18.63 30.21 242 392
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ization to further probe “hits” emerging from screening. The
96-well plates used are industry standard and compatible with
liquid handling systems, multichannel pipettes, and high-
throughput biological screening and are hence useful vessels
for conducting polymerizations in.21,22,30 Conventional radical
polymerization requires degassing, but there is no practical
method to degas many plates at once. In addition, the
degassing of the stock solutions and then inert atmosphere
transfer, while possible, requires a glovebox or similar and
hence presents a barrier to accessibility. To enable a simpler
high-throughput method, poly(propylene) deep-well 96-well
(2 mL/well) plates were chosen as the reaction vessels with
blue light (LED) irradiation and tertiary amines, adapted from
Qiao and co-workers.39,40 In all cases, no degassing of any
components was employed. Pleasingly, an initial test showed
the formation of polymer, proving that the system could work
when open to air, but could suffer from solvent evaporation
due to the heat generated by the LED lights. Therefore,
reaction vessels were covered with TiterTops (a solvent-
resistant, adhesive plastic cover) to protect the LED lights from
damage caused by solvent evaporation; these are not air-tight,
and the deep-well plates had significant headspace in each well.
For initial tests, N-hydroxyethylacrylamide (HEA) was used as
the monomer in dioxane with 2-cyano-2-propyl dodecyltri-
thiocarbonate (CPDTC) and triethanolamine (TEOA) as the
tertiary amine oxygen scavengers (Figure 1 for proposed
mechanisms).39 These initial conditions were chosen carefully:
tertiary amine-containing monomers (e.g., dimethylaminoe-
thylmethacrylmide) have been employed in this method,39,40

but for this work, it was important to ensure that only the
additive (TEOA) could contribute to the degassing and not
the monomer itself, which would increase the effective tertiary

amine concentration. Dioxane was chosen as the solvent, rather
than DMSO, as for library syntheses, dioxane is far easier to
remove under vacuum than DMSO, vide infra. Aqueous
solutions were not suitable as that would exclude hydrophobic
monomers, which are important in several screening situations,
such as antimicrobial materials.40

Initial polymerizations were conducted with total volumes of
0.5, 1, or 1.5 mL to enable the headspace effects to be probed
as this has been found to be crucial in degassing ATRP/SET
by reducing the rate of reoxygenation.44 Using the same stock
solution for each volume, with a [M]/[CTA] ratio of 100:1
with [M] = 2 M, we saw no appreciable differences in the
polymers produced (Figure S1). This suggests that total
volume was not crucial and that this factor was dependent on
diffusion barriers to oxygen, as has been reported by Johnson
and co-workers.45 Following this, the TEOA concentration was
systematically varied. The TEOA is hypothesized by Qiao to
be consumed in the oxygen scavenging mechanism by enabling
electron transfer to the irradiated trithiocarbonate anion,
forming the oxidized species. The radical trithiocarbonate
anion is then in turn oxidized through a reaction with dissolved
oxygen, regenerating the trithiocarbonate and reducing the
oxygen to superoxide, which is inactive and cannot terminate
the polymerization, as has been shown by Boyer and
others.39,45,46 Figure 1B summarizes the reactions hypothe-
sized to occur when the trithiocarbonate is irradiated with blue
light in the presence of TEOA. It can be assumed that the
reductive deoxygenation pathway is favored when oxygen is
present as this has been widely seen in radical polymerizations
in the presence of residual oxygen and is commonly referred to
as the inhibition time, that is, the time taken for any radicals
generated in the system to react with oxygen after which

Figure 1. (A) Reaction scheme for HEA polymerizations to determine appropriate reaction volumes and TEOA concentrations. (B) Proposed
mechanism for the tertiary amine-promoted deoxygenation and propagation of the reaction. Reductive deoxygenation as proposed by Qiao et al.39

and reductive photoelectron transfer as proposed by Boyer et al.36 Intense blue light may also promote photolysis of the photodegradable RAFT
agent (dashed red lines) leading to an iniferter polymerization mechanism.
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propagation can occur. When the oxygen concentration is
sufficiently reduced, the system will then favor the reductive
photoelectron transfer pathway, leading to propagation of the
polymerization in a controlled manner. In addition, it is
possible that a fraction of the photodegradable RAFT agent
undergoes direct photolysis, forming two radical species that
would then propagate the polymerization. In a perfectly
degassed system this would lead to a well-controlled polymer,
but in an open system with residual oxygen, the polymerization
could become uncontrolled. We hypothesize that this may be
the reason for the limited molecular weight control and
dispersity seen in this system (vide infra).
HEA was polymerized in a 0.5 mL total volume, with [M]/

[CTA] = 100:1 and the resulting polymers being characterized
by SEC (Figure 2). Increasing the TEOA concentration from

0.22 to 4.43 M led to a reduction in molecular weight from
13,000 to 6000 g mol−1. Figure 1B shows that an increased
TEOA concentration would increase the concentration of both
the radical anion form of the RAFT agent and the radical
cation amine. This radical cation reduces propagation by
promoting conversion of the active degenerative chain transfer
species to the inert form. Polymer dispersity also reduces with
the addition of more TEOA (from 2.03 to 1.45M), suggesting
that the polymerization more closely follows the RAFT
propagation/degradative chain transfer mechanism with
increasing concentration of degassing agent. When no amine
was present in the reaction, a small amount of very high
molecular weight polymer was formed (DP > 900) likely due
to an incredibly fast free-radical reaction before the diffusion of
oxygen into the system caused termination and no further
polymerization. This agrees with the findings of Sumerlin and
co-workers, who investigated the photopolymerization mech-
anisms followed by trithiocarbonates under various wave-
lengths of irradiation, demonstrating that in a fully degassed
ideal system, trithiocarbonates follow a photoiniferter mech-
anism under blue light.36 One hypothesis for the observation
that lower dispersities are obtained with DMSO is that the
superoxide irreversibly reacts with DMSO forming dimethyl-
sulfone and would be unable to reoxidize back into triplet

oxygen, which could then terminate the polymerization. In this
system, more TEOA is needed to continually remove oxygen
as there is no DMSO to scavenge this oxygen.39 Control
experiments using 10% (v/v in final monomer, dioxane, CTA,
and TEOA mixture) DMSO produced polymers with slightly
lower dispersity (Đ = 1.86) than the DMSO-free polymer-
izations (Đ = 2.12) but not as low as the degassed control (Đ =
1.50), suggesting DMSO provides more efficient degassing
than the amine alone. However, conducting this work without
DMSO is crucial to facilitate a true high-throughput approach
where polymer can be easily isolated. Even higher TEOA
concentrations could not be explored due to high viscosities
incompatible with the liquid handling robot.
The data above confirms that pHEA can obtained in dioxane

BP = 101 °C) which is easier to remove than DMSO. The
dispersity values are relatively high, but it is important to
highlight that this is the development of a screening tool to
enable quick access to hundreds of polymers for initial
screening after which conventional RAFT (or other CRP
methods) can be used to study the molecular weight-
dependent properties of the leads in detail. To explore the
library-orientated approach further, 96-well plate photo-
polymerizations (no degassing step) were explored using a
liquid handling robot system to distribute the components. For
this, the following monomers were used: dimethylaminoethyl
acrylamide (DMAEMA), hydroxyethyl acrylamide (HEA),
methyl acrylate (MA), and N-isopropyl acrylamide (NIPAM)
with at least 48 repeats of each to determine uniformity and
reproducibility of the product; it is crucial to highlight the
power of this method, enabling a vast number of individual
polymerization to be rapidly conducted in parallel. A TEOA
concentration of 2 M and [M]/[CTA] ratio of 100:1 were
used, using CPDTC as the iniferter with blue light irradiation
for 24 h in the indicated solvents. To enable analysis of such a
large number of samples, an SEC instrument was modified in-
house to enable sampling directly from the 96-well plates,
alongside rapid SEC columns. To facilitate data analysis and
reproducibility, Mp (the molecular weight at the maximum of
the peak) was extracted as this could be automatically
determined by a simple spreadsheet code, whereas Mn requires
more extensive fitting. All SEC traces are in the Supporting
Information. The results are shown in Figure 3 as both average
as well as each individual polymer data points (this set alone
contains 392 polymers), which is larger than most soluble
polymer libraries.14,23 The solvent used had little difference on
the observed molecular weights, suggesting that these are not
involved in the oxygen scavenging (unlike DMSO) and that
the system is not a free-radical process, where solvent has a
major effect on molecular weight. To enable detailed
characterization, five random samples from each monomer/
solvent combination were selected and analyzed by conven-
tional SEC (Table S7). This confirmed that there was little
variation from sample to sample. In the case of methyl acrylate,
lower dispersities (Đ < 1.2) were observed than in the other
polymers (Đ > 1.5) most likely due to the higher rate of
polymerization typical of acrylates, indicating that there was
less termination due to reaction with reformed oxygen, and
hence, this method might be particularly useful for acrylates. As
all previous reactions had been carried out at a single [M]/
[CTA] ratio (100:1), the ability of this technique to target
varying molecular weights was investigated. A range of other
monomers covering the most common types were explored
(methacrylate, acrylate, acrylamide, and methacrylamide);

Figure 2. Polymerization of HEA at 20 wt % monomer using CPDTC
as the iniferter and dioxane as the solvent. A [M]/[CTA] ratio of
100:1 was used. TEOA concentration was varied, and the resulting
(A) dispersity and (B) molecular weight of the polymers produced are
shown.
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methyl methacrylate (MMA), MA, NIPAM, and NIPMAM
were selected. Polymers were prepared using a 20 wt %
monomer, in a 0.5 mL total volume, and dioxane as the
solvent, with [M]/[CTA] ratios of 100:1 and 50:1 and a final
TEOA concentration of 2 M. After 24 h irradiation, polymers
were analyzed using high-throughput SEC (Figure 3C). One
sample of each was selected for further analysis on a standard
SEC system (Table S8).
Across the four monomers selected, there was no difference

between the molecular weights of the polymers resulting from
each [M]/[CTA] ratio tested. This lack of molecular weight
control required further investigation. One method by which
control could be introduced is by reducing the initiator
concentration, (which in this case is also the RAFT agent)
decreasing the rate of termination and therefore providing
better control over the products of the reaction. However, if
trithiocarbonate concentration is reduced too much, irrever-
sible deactivation of the chain transfer agent can occur.47

Methyl methacrylate was polymerized at varying monomer
concentrations from 20 to 2.5 wt %, covering a range of
initiator concentrations from 0.04 to 0.001 M. While slightly
lower dispersities were observed in samples made at lower
monomer concentrations, again, little molecular weight control
was observed (Figure 4A and Table S9). To ensure that the
initiation was not due to side reactions of another species,
therefore altering the [M]/[I] ratio and hence the molecular
weight of the polymer, a control experiment with no CTA was
carried out, and this afforded no polymer after 24 h irradiation.
These findings are complimentary to Qiao’s and Boyer’s work,
that only the efficient and irreversible removal of dissolved

oxygen can enable a truly controlled/living polymerization and
that a dynamic system that allows triplet oxygen to reform will
always suffer from termination events.
To investigate the effects of radical concentration further,

reactions with the same total radical concentration (i.e., CTA
concentration) were carried out, varying the monomer
concentration to target different molecular weights. This
should allow for identical rates of radical generation across
all targeted [M]/[CTA] values. Again, little control over the
polymerization was observed, with polymers from all three
reaction conditions generating materials of similar molecular
weight and dispersity (see the Supporting Information).
Previous photoiniferter polymerizations of acrylates have
found that using a constant radical concentration and variable
monomer concentrations allowed multiple molecular weights
to be accessed. These polymerizations demonstrated an initial
linear character; however, deviation from this behavior was
observed at higher conversions due to unidentified side
reactions leading to termination.48 Photoiniferter polymer-
izations using NIPAM and MA have also demonstrated this
two-stage kinetic process, with an initially living character up to
∼60% conversion after which termination reactions dominate
and significantly slow down the observed molecular weight
increase.49,50 These side reactions may lead to the lack of
molecular weight control observed here, and therefore, the
kinetics of the polymerization was investigated further.
Polymers were prepared as before, with the addition of a

small amount of DMF as an internal NMR standard. Using
methyl methacrylate at 20 wt % in dioxane at two [M]/[CTA]
ratios (100 and 50), it was found that within 24 h, conversion
had reached 90%, with 99% being reached after 28 h. This
ensures that there is little monomer remaining, which is
important for the polymerization of high-boiling-point

Figure 3. (A) Preparation and sampling procedure for high-
throughput SEC. (B) Mp of polymers obtained using indicated
solvents and monomers. (C) Obtained DP vs targeted DP (from feed
ratio) for a range of monomers; Mr is the molecular weight of the
monomer. All error bars represent SD from a minimum of five
repeats. Dots represent individual data points.

Figure 4. (A) Obtained degree of polymerization for PMMA samples
made with varying monomer contents, using indicated [M]/[CTA]
ratios. Polymers were made in deep-well plates with a final TEOA
concentration of 2 M, with dioxane as the solvent. (B) Obtained
degree of polymerization for polymers made with a constant radical
concentration. All reactions had a final CTA concentration of 0.02 M,
and the monomer content was varied accordingly to target three
different [M]/[CTA] ratios. All error bars represent SD from a
minimum of three repeats.
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materials as the monomer may have adverse effects on assays
using material directly sampled from the plates. Kinetic plots
are shown in Figure 5 and display a sharp initial increase in

molecular weight at low conversion, which suggests slow
initiation (i.e., the majority of irradiated RAFT agent is initially
employed converting oxygen to superoxide), and a nonlinear
increase in molecular weight with conversion infers that the
polymerization is not controlled. The eventual slowing of
ln[Mo/Mt] suggests an increase in the rate of termination after
5 h possibly due to superoxide reverting back to the triplet
state and interfering with the reaction or perhaps the loss of
control associated with high conversion iniferter polymer-
izations discussed above. The latter is consistent with other
reports of iniferter reactions in which side reactions dominate
later time points, even in fully degassed systems. It is important
to again note that for combinatorial approaches, full
conversion (ensuring no residual monomer) is more important
than stopping the reaction during the linear phase but having
to then add a purification step.
The above results show that the photo-RAFT method can

be used for high-throughput polymerizations of a range of
monomer types without the need for DMSO, assuming that
control of molecular weight by variation of [monomer]/
[RAFT agent] is not essential, which is true for many screening
applications but this point must be taken into account when
using this protocol. However, a key reason for moving from
DMSO was to facilitate simple, in-plate, isolation of the
polymers as the dialysis of hundreds of polymers is not
straightforward. There is also the need to remove TEOA for
most applications (although not always essential depending on
the concentration required for subsequent testing40) to enable
isolation of pure polymer. Addition of HCl in organic solvent
precipitates the TEOA as a salt, and the 96-well plate can be
centrifuged for simple isolation. Figure 6 shows 1H NMR
spectra of precipitated TEOA and supernatant polymer,

showing essentially quantitative removal in a single step,
which is again compatible with our approach of using only
liquid handing at each step.
As an alternative to TEOA, triethylamine (TEA) was

explored as the tertiary amine scavenger with a lower boiling
point. In a trial experiment after 24 h, MMA polymerizations in
2 M TEA reached 80% conversion. TEA has a much lower
boiling point (89 vs 335 °C for TEOA) and can be easily
removed by drying the polymer plates under vacuum. It is
important to note that due to heat generated by the lights,
additional cooling may be required during this reaction to
prevent evaporation of amine during the reaction. We have
successfully conducted these polymerizations in a laboratory
fridge or by cooling under the plate, but this is an important
consideration to ensure successful polymerization. Another
advantage of this process is that it also removes any solvent
from the reaction allowing isolation of polymer in a single step.

■ CONCLUSIONS

Here, we demonstrate a useful yet easily accessible method to
enable the synthesis of large polymer libraries within multiwell
plates by simply using blue light and tertiary amines as intrinsic
deoxygenators. Using this method, ∼400 polymers were made
in <40 h and are easily scalable to larger libraries. The role of
the tertiary amine was investigated, and it was shown that high
concentrations provided polymers with a narrower molecular
weight distribution. While this method uses “RAFT” agents, it
is clear that this reaction has the hallmarks of an iniferter
mechanism, with high degrees of termination at higher degrees
of conversion. The possibility of the reaction to proceed in
tandem via a reductive photoelectron transfer (PET-RAFT)
mechanism further complicates any attempt at confirming a
mechanism and optimizing the system to deliver predictable
molecular weight distributions. Hence, control over the system
in terms of predictable molecular weight from [monomer]/
[RAFT] ratios is limited, but for certain monomer classes (i.e.,
acrylates), low dispersity can be achieved. We therefore
propose that this technique is a starting point for the synthesis
of a library of polymers with varying (co)monomer
compositions that do not require any complex purification
for rapid screening. Once the monomer composition leads
have been identified, standard living/CRP techniques can be
used to investigate the effect of molecular weight on the lead
(co)polymers. This approach would require far fewer polymers
to be made to screen a reasonable molecular weight range and
would be suitable for many biological screening applications
where monomer composition of the polymer usually is the
primary differentiator of function. The reproducibility of the
method was tested by running >40 repeats of each monomer/
solvent combination. Using a modified plate-sampling SEC
system, the variance was shown to be small, and the position of
the reaction in the 96-well plate had no effect on its outcome,
which is crucial for screening. Dioxane was found to be a
suitable solvent, with the advantage that it is easy to remove by
simple evaporation at the end of the reaction. It was also
shown how the tertiary amines (triethanolamine and triethyl-
amine) can be removed from the product using a single-step
purification in-plate enabling isolation of pure polymers, which
is not easily achieved by other in-plate methods. The power of
this method lies in its simplicity, rapidity, and scalability to
enable libraries of differently functional polymers to emerge to
screen for function.

Figure 5. Kinetic plots for the polymerization of MMA at 20 wt %
monomer in dioxane, using CPDTC as the iniferter and a final TEOA
concentration of 2 M. (A) First-order kinetic plot. (B) Evolution of
Mn vs conversion. Mn was determined by SEC.
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