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Abstract

Organocatalyzed atom transfer radical polymerization (O-ATRP) was performed under air using 

core modified N-aryl phenoxazines as photoredox catalysts (PCs) to synthesize poly(methyl 

methacrylate) in a controlled fashion with initiator efficiency (I* = Mn,theo/Mn × 100) ranging 

from 84 to 99% and dispersity being ∼1.2–1.3. Reduction of the reaction vial headspace was key 

for enabling the polymerization to proceed in a controlled fashion, as has been observed in Cu 

catalyzed controlled radical polymerizations. The ability to synthesize block copolymers and turn 

the polymerization on and off via manipulation of the light source was demonstrated. Six core 

modified N-aryl phenoxazines were able to catalyze O-ATRP under air, albeit with most PCs 

achieving I*s ∼ 5% lower under air compared to when the reaction was performed under nitrogen.

Grapgical Absrtact

Controlled radical polymerization (CRP) methods mediated by photoredox catalysis have 

enabled the synthesis of polymeric materials with complex functionality and architecture 

under mild conditions that can be controlled through the manipulation of a light source.1,2 

The ability to control the polymerization spatially and temporally using a light source 
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enables the application of these methods for photolithography and 3D-printing.3,4 One 

barrier hindering the potential of photoredox catalyzed CRPs is the inability to perform these 

reactions under air. This challenge arises because oxygen (∼20% of air) can quench 

propagating radical species5 and is a triplet in the ground state which can engage in triplet–

triplet annihilation with other triplet species, in particular photoredox catalysts (PCs) that 

operate from a triplet excited state.6

Significant advances have been made in the development of oxygen tolerant photoredox 

catalyzed CRPs, but the majority of this work has focused on derivatives of reversible 

addition– fragmentation chain transfer polymerization.7 Less attention has been paid to 

photoredox catalyzed variants of atom transfer radical polymerization (ATRP). Our interest 

in photoredox catalyzed variants of ATRP originated from our work on the development of 

organocatalyzed atom transfer radical polymerization (O-ATRP). Our group has investigated 

visible-light driven O-ATRP systems using organic dyes including perylene,8 N,N-diaryl 

dihydrophenazines,9–12 and N-aryl phenoxazines13–15 as PCs. Despite the progress of our 

group and others16–24 developing O-ATRP systems,25,26 little progress has been made 

developing oxygen tolerant variants.

In copper catalyzed ATRP, oxygen tolerance has been achieved through a variety of methods 

which often involve regeneration of the activating Cu(I)/Cu(0) catalyst after it has been 

oxidized to form Cu(II)/Cu(I) by oxygen.7 More recently, it has been suggested that the 

initiator also plays a role in oxygen consumption.27 In addition to regenerating the catalyst 

through addition of exogenous reagents or the use of external stimuli, the volume of air 

available to the reaction mixture has also been identified as a key parameter. For example, 

increasing the volume of headspace of air in the reaction vessel for Cu-catalyzed ATRP 

slowed the polymerization such that performing the reaction in a flask open to air inhibited 

the reaction.28 Similarly, in Cu-catalyzed reversible deactivation radical polymerizations 

performed under air, decreasing the reaction vessel headspace increased the rate of 

polymerization while retaining controlled characteristics such that elimination of vial 

headspace led to the most rapid controlled polymerization.27 The decrease in polymerization 

kinetics with increasing headspace volume was attributed to the increased amount of oxygen 

available to oxidize the activating species.

In our previous work we observed that the O-ATRP of methyl methacrylate (MMA) 

catalyzed by perylene, N,N-diaryldihydrophenazines, N-aryl phenoxazines, or core modified 

N-aryl phenoxazines (such as PC 1, Table 1) performed under air resulted in an uncontrolled 

polymerization or no polymerization.8,9,13 However, these reactions were performed in 20 

mL scintillation vials with ∼18 mL of headspace of air. Inspired by previous ATRP reports 

demonstrating the beneficial effects of reducing the volume of reaction vial headspace for 

polymerizations performed under air,27,28 we sought to determine if this would have a 

similar effect on O-ATRP systems. To study the effect of air on O-ATRP, the O-ATRP of 

MMA catalyzed by 1 was chosen as a model system since PC 1 was previously shown to 

catalyze O-ATRP under a variety of conditions13,29,30 for the synthesis of polymers with 

complex composition31 and architecture.32 Minimal reagent purification was performed to 

enable saturation of air in the reaction mixtures (see Supporting Information for more 

details).
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Performing the O-ATRP of MMA under air in a 20 mL scintillation vial (18.2 mL of 

headspace) led to only 36% monomer conversion after 24 h (Table 1, run 1). In accordance 

with our previous results,13 the poly(methyl methacrylate) (PMMA) synthesized exhibited 

high dispersity, Đ, (Đ = 1.90) a number-average molecular weight (Mn) which deviated 

appreciably from the theoretical value as indicated by a low initiator efficiency, I*, (I* = 

Mn,theo/Mn × 100) of 50%, and a broad and asymmetric gel-permeation chromatography 

(GPC) trace (Figure S11), demonstrating that the polymerization was uncontrolled. 

Reducing the volume of air in the reaction vial had a drastic effect on the polymerization 

(Table 1, runs 1 and 2). The O-ATRP performed with reduced vial headspace (5.55 mL 

instead of 18.2 mL) proceeded more rapidly, reaching 69% conversion in 24 h (run 2) rather 

than 36% conversion (run 1), and exhibited characteristics of a controlled polymerization, 

producing PMMA with Đ = 1.25 and I* = 75%. Further reduction of the reaction vial 

headspace continued to increase the rate of polymerization and the O-ATRP performed in a 

vial with no headspace reached 68% conversion in 8 h (run 5). All polymerizations 

performed exposed to 5.55 mL of headspace or less (runs 2–5) led to the synthesis of 

PMMA with moderate (Đ ∼ 1.2) and I* ranging from 75–87%, with the reaction performed 

in a vial with no headspace (run 5) exhibiting the best overall combination of low Đ (Đ = 

1.22) and high I* (I* = 87%). Moreover, by performing the polymerization in a vial with no 

headspace for 26 h high monomer conversion was achieved (95%) while exhibiting 

controlled characteristics (PMMA Đ = 1.18 and I* = 87%). Omission of PC (run 7), light 

(run 8), or initiator (run 9) led to no polymerization or an uncontrolled polymerization.

To further explore the effect of air on the O-ATRP of MMA, polymerizations were 

performed with no vial headspace under air or under nitrogen for comparison and monitored 

over time (Figure 1). Given that 0.5 dram vials allowed for the reactions to be performed on 

a reasonable scale (8.60 mmol) with no vial headspace, a modified photoreactor was 

employed, which allowed for efficient stirring of these vials while employing the same light 

source used to investigate the effect of vial headspace on the reaction (see Supporting 

Information for more details). For the O-ATRP of MMA performed under air, pseudo first 

order kinetics were observed for monomer consumption over time (Figure 1A, left) and 

analysis of the of PMMA synthesized revealed linear growth of polymer molecular weight 

as a function of monomer conversion with measured Mn values in agreement with 

theoretical values (Figure 1A, right) and polymer Đ ∼ 1.2–1.3.

Conducting the O-ATRP of MMA under nitrogen using PC 1 and reagents which were 

purified rigorously to exclude air yielded similar results to the O-ATRP performed under air 

(Figure 1B). In particular, the polymerization performed under nitrogen proceeded with a 

similar rate (O-ATRP under air reached 77% conversion in 8 h while the reaction under 

nitrogen reached 74% conversion) and synthesized PMMA exhibiting similar Đ (Đ ∼ 1.2). 

However, performing the reaction under nitrogen led to better control over polymer Mn, as 

evidenced by a higher I* of 94% (compared to the reaction performed under air which 

exhibited I* = 88%). Proton NMR analysis of precipitated PMMA synthesized under air or 

under nitrogen revealed no significant differences in polymer structure (Figures S7 and S8).

Temporal control was investigated for the O-ATRP of MMA performed under air using a 

pulsed irradiation experiment over the course of several days (Figure 2). Monomer 
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conversion was only observed during irradiation periods (Figure 2A) accompanied by a 

linear increase in polymer Mn as a function of conversion with polymer Đ remaining ∼1.2 

(Figures 2B, C). Removal of the light source halted the polymerization (for up to 22 h) with 

no further monomer conversion (Figure 2A), growth of polymer Mn (Figure 2B), or shift in 

the retention times of polymer GPC traces (Figure 2C). Comparison of polymer Mn, Đ, and 

GPC traces before and after dark periods revealed marginal differences in these data, 

indicating that air had no deleterious effects on the ability of PC 1 to (re)activate polymer 

chains in the presence of light (Figures 2A,B). Moreover, PC 1 was able to resume the 

polymerization after removing the light source for an extended period of time (16 h), 

suggesting that the PC exhibits some stability in the presence of air, albeit in the absence of 

light.

The reversible deactivation equilibrium established in O-ATRP enables the synthesis of 

polymers with high chain end group fidelity which can initiate subsequent polymerizations 

allowing for the synthesis of polymers with complex composition and architecture. To 

explore this feature in O-ATRP systems performed under air, matrix-assisted laser 

desorption/ ionization time-of-flight (MALDI–TOF) analysis (Figure S22) was performed 

on a PMMA macroinitiator synthesized under air (Table S3). Peaks in the MALDI–TOF 

spectrum were assigned to polymer with a DBMM-derived α-end group and either a 

bromide or hydrogen ω-end group. Presence of the bromide end group supports the 

reversible-deactivation mechanism, while presence of the polymers with hydrogen terminal 

groups indicates the occurrence of termination events involving hydrogen abstraction. To 

gain insight into the proportion of polymer chains bearing alkyl bromide chain end groups, 

the PMMA macroinitiator was introduced to either additional MMA or benzyl methacrylate 

(BnMA) using O-ATRP conditions (Figure 3A). Shorter retention times were observed for 

the GPC trace of the chain-extended PMMA compared to the PMMA macroinitiator (Figure 

3B) accompanied by a higher measured Mn value (Mn = 8.2 kDa for the macroinitiator and 

Mn = 20.6 kDa after chain extension with MMA) and high I* (I* = 89%), indicating good 

bromide chain end group fidelity of the macroinitiator. Addition of BnMA to the PMMA 

macroinitiator using O-ATRP conditions under air allowed for the synthesis of a 

poly(MMA-b-BnMA) copolymer with high I* (I* = 89%), and Đ = 1.50, demonstrating 

control over the polymerization even at high conversion (94% conversion).

To gain further insight into the catalytic performance of core modified N-aryl phenoxazines 

in O-ATRP performed under air, five additional PCs (Table 2, PCs 2–6) exhibiting a range of 

photophysical and redox properties (Tables S1 and S2) were investigated. In accordance 

with our previous results,13 performing the O-ATRP of MMA under nitrogen using the 

modified photoreactor revealed that the PCs that exhibit stronger visible light absorption and 

more strongly reducing excited states (PCs 1–4) synthesized PMMA with lower Đ and 

higher I* than the other PCs explored (Table 2, runs 9–16, odd numbered runs). The 

evaluation of success for this trend is based on the linearity of growth of polymer Mn as a 

function of conversion and the ability of each PC to synthesize polymer with low Đ and high 

I* throughout the polymerization. PCs 1–6 were able to mediate the O-ATRP of MMA 

under air in a controlled fashion as demonstrated by the linear growth of polymer Mn as a 

function of monomer conversion (Figures S12, S14, S16, S18, and S20) and the synthesis of 
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PMMA with high I* = 84–88% and Đ ∼ 1.2–1.3 (runs 9–20, even numbered runs). However, 

I* was lower for the polymerizations performed under air compared to those performed 

under nitrogen for all PCs except 5 (on average I* was ∼5% lower for the O-ATRP 

performed under air and catalyzed by 1–4 and 6), suggesting the presence of side reactions 

during the polymerizations performed under air.

In conclusion, O-ATRP performed under air and catalyzed by core modified N-aryl 

phenoxazines was found to proceed in a controlled fashion despite the potential deleterious 

effects of oxygen. Control over the polymerization using PC 1 was demonstrated by a linear 

growth of polymer Mn as a function of monomer conversion, the synthesis of PMMA with 

high I* (I* = 88% after 8 h) and Đ ∼ 1.2, and the synthesis of block copolymers. Temporal 

control over O-ATRP performed under air was demonstrated using a pulsed-irradiation 

experiment carried out over the course of multiple days. In accordance with reports on the 

effects of air on Cu catalyzed ATRP systems, reduction of the volume of air in the reaction 

vial headspace was critical to the success of this procedure such that elimination of vial 

headspace led to the synthesis of polymeric material with the highest I*. Investigation of five 

other PCs (2–6) in O-ATRP performed under air revealed that control over the 

polymerization under these conditions is not exclusive to PC 1. In particular, all PCs 

explored were able to synthesize PMMA with Đ ∼ 1.2–1.3 and I* = 84–99%. Trends in PC 

performance for O-ATRP performed under air followed those for the polymerizations 

performed under nitrogen with PC 1 exhibiting the best overall performance. In the O-ATRP 

reactions performed under air, I* was consistently lower than the reactions performed under 

nitrogen for most of the PCs (1–4 and 6), suggesting the presence of additional side 

reactions in the presence of air. Future work is aimed at understanding the mechanisms 

enabling these O-ATRP reactions to proceed in a controlled fashion under air without the 

addition of exogenous reagents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Plots of the natural log of monomer consumption as a function of time (left) for the O-ATRP 

of MMA mediated by 1 under air (A) or under nitrogen (B) with a [1000]:[10]:[1] ratio of 

MMA:DBMM:PC 1. Plots of growth of the experimentally measured Mn as a function of 

monomer conversion (right, black squares) with theoretical values (gray, dashed line). 

Dispersity of the PMMA at each Mn is shown (blue squares).
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Figure 2. 
Plot of growth of the natural log of monomer consumption as a function of time for a pulsed 

irradiation experiment conducted under air (A). Plot of growth of the experimentally 

measured Mn as a function of monomer conversion with theoretical Mn values (B, filled, 

blue squares are Mn values directly after irradiation while open markers are data directly 

after dark periods; blue dashed line shows theoretical Mn values). Dispersity of the PMMA 

at each Mn are shown (filled, orange squares are data directly after irradiation while open 

markers are data directly after dark periods). Gel permeation chromatography traces of 

PMMA synthesized during the pulsed irradiation experiment (C, traces with dotted lines are 

after each irradiation period and traces with bold lines are after dark periods).
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Figure 3. 
Chain extension polymerizations with MMA (A, top) or BnMA (A, bottom) performed 

under air from a PMMA macroinitiator synthesized via O-ATRP under air. GPC traces of the 

PMMA macroinitiator synthesized under air before (B, black trace) and after addition of 

MMA (B, blue trace) or BnMA (B, orange trace).
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