REVIEWER COMMENTS
Reviewer #1 (Remarks to the Author):

Boyer and co-workers present a mechanism for PET-RAFT that uses oxygen as a catalytic species.
The use of oxygen as a catalytic species allows new catalysts to mediate PET-RAFT as well as
allows some catalysts to achieve higher performance. The role of oxygen in PET-RAFT has received
considerable interest and this insight will be of significance to the field. This work appears to have
been carefully performed and there is sufficient information in the main text and supporting
information to enable reproducibility. This reviewer believes that this manuscript should be
accepted for publication in Nature Communications as is but the authors may consider this advice.
Figure 4 has a lot of information in it that may be difficult for readers to digest. Could this figure
be re-made to be plotted on an energy scale relative to one another and the thermodynamic
considerations?

Reviewer #2 (Remarks to the Author):

In this paper, the authors proposed a new mechanism for radical polymerization via oxygen-
mediated reductive quenching pathway (O-RQP) under near IR irradiation, which is a nice
expansion of the previous works by the same authors. The new plausible mechanism seems very
interesting and, in fact, the authors have succeeded in controlling the polymerization using this
catalyst. However, the reviewer thinks that it is premature to conclude the proposed mechanism,
i.e., the photocatalyst activates an oxygen molecule into singlet oxygen that is further transformed
into oxygen radical anion reacted with TEA and the oxygen radical anion finally causes the electron
transfer to CTA. The process seems too complex and is slightly to the fact that (zinc) porphyrin
induces photo oxidation in the presence of air, sometimes forming radical species, in may
literature. In RAFT polymerization, the presence of a very small amount of radical species makes it
possible to obtain a polymer having a narrow molecular weight distribution, which should not
always be started from the radical cation of CTA.

The reviewer thinks that the authors should try once again to clarify the mechanism including the
reaction between the porphyrin complex and oxygen as well as that between the photo activated
oxidized porphyrin complex with CTA. Overall, the reviewer thinks it is premature to publish this
work in Nat Commun.

Reviewer #3 (Remarks to the Author):

The manuscript by Cyrille and coworkers reported a well performed study on oxygen-mediated
reductive quenching pathway for PET-RAFT. It seems that the study originated from their previous
serendipitous observation that oxygen may play a catalytic role in PET-RAFT system, in sharp
contrast to the common knowledge that oxygen has strong ability of chain transfer in radical
polymerization. The authors screened four porphyrin photocatalysts (PC) in terms of their catalytic
abilities for PET-RAFT in the presence and absence of amine and oxygen. By this screening, the
selectivity of the PCs to three different catalyst pathways, i.e., OQP, RQP, and O-RQP, had been
made clear. On this basis, the authors calculated the change in Gibbs free energy, using density
functional theory (DFT), for each single electron transfer process in their proposed mechanism.
The calculated thermodynamic thresholds agreed with experimental results. More importantly, the
theoretical results indicate that O-RQP is a pathway with the lowest energy barrier. Based on this
new knowledge of the role of oxygen in PET-RAFT and DFT calculation, the scope of PCs was
successfully expanded to phthalocyanines, a family of organic dyes which was previously regarded
to be not effective in PET-RAFT.

In my opinion, this is a remarkable progress, with deep inside mechanistic investigation, in the
field of controlled polymerization which is of great interest for both academic and industry. I
recommend to publish the work by Nature Communication on the basis of the following novelty of
the paper. 1) A new mechanism, namely O-RQP, was proposed for the PET-RAFT in the presence
of amine and oxygen. In this unique mechanism, a catalytic role of oxygen was revealed in photo-
mediated reversible deactivation radical polymerization (photo-RDRP); 2) Technically,



thermodynamics of the electron transfer process was calculated using DFT, and discussed with
respect to the molecular structure of the PC. This is in contrast to the commonly used correlation
between redox potential and molecular structure; Thus the present wok opens a paradigm shift in
the research of photo-initiation; 3) Under the guidance of the proposed mechanism and
thermodynamic study, the scope of PCs was successfully extended to phthalocyanines effective
under longer wavelengths.

I am concerning the possible multiple roles of oxygen in radical polymerization. On one hand,
oxygen builds a bridge between the excited state of PC and the ground state of the electron donor,
TEA, and the RAFT agent, thus facilitating the SET process to generate radicals, as illustrated in
the present work. On the other hand, oxygen is a well known scavenger to carbon-centered
radicals, forming peroxide radical and, as such, retarding the rate of radical polymerization with
very high chain transfer coefficient. The consumption of oxygen in trithiocarbonate mediated RAFT
polymerization in the presence of tertiary amine and without deoxygenation process has been
reported (Fu, Q.; et al Polym. Chem. 2017, 8, 1519). It is not clear how the molecular oxygen
behave as both a catalyst and a retarder to the reaction. If the latter would be considered, the
catalytic ability may turn out to be more effective to compensate the inhibition caused by O2.
Furthermore, it was reported that thiocarbonylthio compounds can be oxidized by the peroxide
radical in the RAFT polymerization system (Li, C.; et al J. Polym. Sci.: Part A. Polym. Chem. 2011,
49, 1351 & Barner-Kowollik, C. Polym. Chem. 2010, 1, 634). Although they claimed that there was
no noticeable side effects observed stemming from the presence of oxygen, the authors are
encouraged to address these two important concerns by conciliating the results of the present
work and those in the literature.

Minor revision: p.8 Fig. 3a: Is this for GS-GS or ES-GS? The indication in the figure is not
consistent with the caption.

Comments made by Prof. Junpo He



Response point-by-point:
Reviewer #1

1. Figure 4 has a lot of information in it that may be difficult for readers to digest. Could this figure be re-
made to be plotted on an energy scale relative to one another and the thermodynamic considerations?

Answer:

Many thanks for the reviewer’s attention on the readability of the figures. According to the reviewer’s
suggestion, we plotted the thermodynamic considerations of the critical processes on an energy scale with a
comparative basis for different photocatalysts. This new part was added for readers’ convenience right below
the original Figure 4, while the original scheme was also kept considering that it is still the most
straightforward and simplest way to show the detailed thermodynamic data of different catalytic processes
against different photocatalysts.

The revised figure is as below and updated in the manuscript:
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Figure R1 | Schematic representation of thermodynamic viability of mechanistic steps. Top: Mechanistic
diagrams with AG of key steps denoted in comparison to corresponding thresholds for PET-RAFT
polymerisation via OQP (first row), RQP (second row) and O-RQP (third row), catalysed by ZnOEP (first
column), ZnTPP (second column), TPP (third column) and ZnTSP (fourth column) respectively. Green is
favourable, orange is less efficient and red indicates inertness. Coloured values are the AG of the corresponding
process in kcal/mol, in conjunction with the threshold in grey (derived in the Methods section). Coloured
percentage values are ®gr gs.gs of the corresponding process. Bottom: Bar charts illustrating AG of the critical
catalytic steps regarding the activation of OQP (OQP-I, left) and RQP (RQP-I, middle and RQP-II, right) for
ZnOEP, ZnTPP, TPP and ZnTSP on a comparative basis, with thermodynamic thresholds in kcal/mol (green
dotted line: activation threshold; red dotted line: activation limit).

Reviewer #2

2. However, the reviewer thinks that it is premature to conclude the proposed mechanism, i.e., the
photocatalyst activates an oxygen molecule into singlet oxygen that is further transformed into oxygen
radical anion reacted with TEA and the oxygen radical anion finally causes the electron transfer to CTA.
The process seems too complex and is slightly to the fact that (zinc) porphyrin induces photo oxidation
in the presence of air, sometimes forming radical species, in many literature. In RAFT polymerization,
the presence of a very small amount of radical species makes it possible to obtain a polymer having a
narrow molecular weight distribution, which should not always be started from the radical cation of
CTA.

Answer:

Firstly, we are very grateful that the reviewer paid much attention to the mechanistic aspect. The reviewer
suggested that the proposed mechanism of O-RQP “seems too complex”. Indeed, in the initial stage of
exploration in this project, we had also considered this mechanism for a long time and had similar concerns.
Although we considered alternative mechanisms, none of them support our experimental evidence and
computational studies in totality, leading to the presented conclusion. It appears that only the proposed O-RQP
scheme can be fully supported in a highly self-consistent way by the experimental data, computational
calculations and literature reports (summarised and discussed in detail below; see Figure R2 below). These
were further confirmed by comparative studies (see Figure R2, bottom row). On the other hand, despite visible-
light photocatalysis is still in its infancy with very limited scope of quenching pathways, similar three-
component catalytic cycles with comparable “complexity” to O-RQP have been reported in multiple researches.
For example, Konig and coworkers reported a “sensitisation-initiated electron transfer” quenching pathway
similar to O-RQP but replacing oxygen with pyrene,' whose mechanism was further revisited and proved by the
same authors® and Moore and coworkers.’

The reviewer asserted that “(zinc) porphyrin induces photo oxidation in the presence of air, sometimes forming
radical species”. The reviewer is absolutely correct in that photoexcited (zinc) porphyrin (i.e. TPP and ZnTPP)
can generate radicals.* > Indeed, for the TPP/ZnTPP systems, the O-RQP mechanism cannot be decoupled from
the OQP and RQP pathways (OQP and/or RQP is highly activated for ZnTPP/TPP under the “O-RQP
condition”). The main point of including TPP/ZnTPP in the manuscript was to demonstrate that O-RQP (ZnTSP
(660 nm) cannot activate either OQP or RQP but can still mediate polymerisation through the O-RQP
mechanism) is a lower energy pathway accessible by existing/well-established photocatalysts and not limited to
exotic examples. Consequently, this study addresses the challenge of mediating photochemistry at longer
wavelengths via the classical OQP/RQP pathways. Noteworthy, it is indeed the drawbacks of ZnTPP/TPP (i.e.,



generating radicals upon photoexcitation) that brings about the initiative/urgency for us to replace ZnTPP and
TPP with more stable photocatalysts. However, in PET-RAFT polymerization, ZnTPP and TPP are still the
mainstream photocatalysts as there is a scarcity of stable alternatives capable of operating through the classical
OQP and RQP with similar efficiency at long wavelengths (> 600 nm). One of the highlights of the O-RQP
mechanism is that it expands the scope of photocatalysts for PET-RAFT polymerisation to other more inert
families such as phthalocyanine derivatives,”’ which has been shown to be inert for PET-RAFT via the OQP or
RQP.® When utilising the proposed O-RQP mechanism, phthalocyanine derivatives were successfully
implemented for PET-RAFT polymerisation, circumventing the instability issues of ZnTPP and TPP.

In Figure R2 below, the four catalytic processes in O-RQP (i.e., photosensitisation, O-RQP-I, O-RQP-II and O-
RQP-III) were all supported by experimental evidence, literature, computational calculations and/or
comparative studies. We added Figure R2 as Supplementary Figure S46 in Supplementary Section 14 of the
supplementary information document. We have also added the following paragraph in the manuscript: “7o
increase the readability of the supportive discussion of the O-RQP mechanism above, which is composed of a
0, photosensitisation process, followed by O-RQP-I (electron transfer reaction between 'O, and TEA), O-
ROQOP-II (activation of RAFT by superoxide O,") and O-RQP-III (deactivation of RAFT) processes. we
summarised the chain of evidence from both experimental and computational studies, supporting literature and
comparative studies as Supplementary Figure S46, Supplementary Section 14.”

Figure R2 also includes a range of comparative studies performed using the chemically inert photocatalyst
ZnPC (which is known to be stable in excited states™’) to once again demonstrate the scientific validity of the
proposed O-RQP mechanism.
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Note 1: Porphyrin and phthalocyanine derivatives are commonly used as 'O, photosensitisers because of their
significant triplet quantum yields; their ability to generate 'O, is well-documented in the literature.”"”

Note 2: The electron transfer reaction between 'O, and a tertiary amine such as TEA producing superoxide O,
is a classic reaction which has been studied and well-documented."*"®

Note 3: The O-RQP-III reaction and similar reactions are commonly seen and well-documented in work

pertaining to PET-RAFT via the RQP and other photoredox catalysed polymerisation techniques via the RQP."
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Reviewer #3

3. I am concerning the possible multiple roles of oxygen in radical polymerization. On one hand, oxygen
builds a bridge between the excited state of PC and the ground state of the electron donor, TEA, and the
RAFT agent, thus facilitating the SET process to generate radicals, as illustrated in the present work.
On the other hand, oxygen is a well-known scavenger to carbon-centred radicals, forming peroxide
radical and, as such, retarding the rate of radical polymerization with very high chain transfer
coefficient.

Answer: We thank the reviewer for their careful thinking. The subject of the dual roles of O, (O, paradox) is
indeed interesting, which has been highlighted in our preceding work.*’

The oxygen tolerance feature of PET-RAFT polymerisation has been substantially reported in our and others’
publications, where O, is rapidly converted to 'O, upon irradiation and further chemically quenched by the
solvent DMSO, forming DMSO0,.2? In an inert solvent like CH;CN (which cannot react with 102), we had
previously observed rapid conversion of vast majority of O, into 'O, as demonstrated by the fast conversion of
dimethylanthracene into the corresponding endoperoxide.”” This photosensitisation process has largely
prevented the side effect of O, on PET-RAFT polymerisation by eliminating ground state O, in the first place.
We have also proved in previous reports that, DMSO, as the solvent most used in PET-RAFT polymerisation,
served as an excellent 'O, scavenger which rapidly eliminates 'O, by forming DMSO,.** ¥’ Indeed, we had
previously discovered that, degradation of dimethylanthrancene was significantly retarded in the presence of
pure DMSO upon exposure to 'O, photosensitisation (due to competitive consumption of 'O, by DMSO).
Indeed, in our previous reports, there is scarcely any difference between the deoxygenated and the non-
deoxygenated polymerisations for PET-RAFT polymerisation with porphyrin-based catalysts.***" According to
our previous reports®'* as well as the MALDI-TOF, NMR and chain extension experiments in this study
(Supplementary Section 4), the obtained polymer from PET-RAFT polymerisation under air were always in
excellent quality comparable to deoxygenated systems because of this oxygen tolerance feature.

Notwithstanding the oxygen tolerance feature of PET-RAFT polymerisation in DMSO, the amount of oxygen
needed for O-RQP is at the catalytic level. In other words, by rapid 'O, photosensitisation and subsequent
solvent/monomer scavenging, the O, content is reduced down to a very low level such that polymerisation is
unaffected; however, the remaining 'O, in trivial amount is still highly active and sufficient for sustaining PET-
RAFT polymerisation via the O-RQP pathway. For example, as shown in Figure R2, bottom row, left figure,
green squares, despite the fact that the oxygen content was exponentially reduced due to rapid 'O,
photosensitisation and solvent/monomer scavenging, the polymerisation rate was remained constant for the first
10 min, slowed down from 10 min to 25 min and completely ceased only after 25 min. Furthermore, as shown
in Figure R2, bottom row, left figure, blue squares (RQP), although we had purged the reaction solution with
pure N, for over 30 min, there is still a small ca. 1-2% jump in monomer conversion within the first 5 min. This
is because that the trivial amount of O, can mediate O-RQP to a small extent, and we were always able to
observe that longer deoxygenation leads to less jump and shorter deoxygenation leads to slightly more obvious
proceeding of polymerisation at the early stage.

Overall, as evidenced by these experiments and literature, the compatibility between the oxygen tolerance
feature and the O-RQP in PET-RAFT polymerisation lies in the level of O, quantity. The oxygen tolerance
feature allows high-quality polymerisation by preventing the existence of O, in large amounts, whereas efficient
O-RQP is allowed due to its requirement for only catalytic amount of O,, able to “breathe” behind 'O,
photosensitisation.



4. The consumption of oxygen in trithiocarbonate mediated RAFT polymerization in the presence of
tertiary amine and without deoxygenation process has been reported (Fu, Q.; et al Polym. Chem. 2017,
8, 1519).

Answer: We thank the reviewer for mentioning this interesting report. However, in this report,” Qiao and
coworkers discussed about photoexcited RAFT agent oxidising TEA forming the RAFT agent anion radical and
then reducing O, into superoxide O,". This proposed mechanism is truly plausible in Qiao’s conditions.
However, there are two critical differences that make Qiao’s mechanism highly unlikely in our system.

5. It is not clear how the molecular oxygen behaves as both a catalyst and a retarder to the reaction. If the
latter would be considered, the catalytic ability may turn out to be more effective to compensate the
inhibition caused by O2. Furthermore, it was reported that thiocarbonylthio compounds can be oxidized
by the peroxide radical in the RAFT polymerization system (Li, C.; et al J. Polym. Sci.: Part A. Polym.
Chem. 2011, 49, 1351 & Barner-Kowollik, C. Polym. Chem. 2010, 1, 634). Although they claimed that
there was no noticeable side effects observed stemming from the presence of oxygen, the authors are
encouraged to address these two important concerns by conciliating the results of the present work and
those in the literature.

Answer: This comment was addressed in the response to reviewer 3’s first question. In short, the compatibility
between the oxygen tolerance feature and the O-RQP in PET-RAFT polymerisation lies in the level of O,
quantity, where the oxygen tolerance feature allows high-quality polymerisation by preventing the existence of
O; in large amount and efficient O-RQP is allowed due to its requirement for only catalytic amount of O,.

6. Minor revision: p.8 Fig. 3a: Is this for GS-GS or ES-GS? The indication in the figure is not consistent
with the caption.

Answer: We thank the reviewer for pointing this out. There is a typo in the caption whereas the figure is correct.
The correct caption for Figure 3a should be “Derivation of the quantum yield of SET between two ground
states”. This typo has been corrected.
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REVIEWERS' COMMENTS
Reviewer #1 (Remarks to the Author):

The authors have done an excellent job at addressing the concerns of the reviewers. This
manuscript is now suitable for publication.

Reviewer #2 (Remarks to the Author):

This paper has been well revised and the additional comment almost convinced me. Although I still
think this is a little bit premature, the new plausible mechanism seems very interesting and, in
fact, the authors have succeeded in controlling the polymerization using this catalyst as I
commented. And the mechanism will became clearer with further investigation in the future.
Therefore, I agree with publication of this article as a communication in Nat Commun.

Reviewer #3 (Remarks to the Author):

Comments on the revised manuscript NCOMMS-20-22632A "Unravelling an Oxygen-mediated..."
by Cyrille Boyer:

The authors give convincing explanation to my concerns about the dual role of oxygen in radical
polymerization by the statement “In short, the compatibility between the oxygen tolerance feature
and the O-RQP RAFT polymerization lies in the level of O2 quantity, ...” I therefore suggest that the
author clarify this point by defining the present RAFT system in terms of oxygen content at least in
the abstract and in the conclusion. Some discussions in the text in comparison with the mentioned
refs.(J. Polym. Sci. Part A: Polym Chem. 2011, 49, 1351 and Polym. Chem (UK) 2010, 1, 634)
would also be helpful for better understanding by the readers.

It seems that the authors give an uncompleted response for the Question 4, i.e. what are the two
critical differences between your system and Qiao’s mechanism ?

I strongly recommend the publication of the manuscript after addressing the above two points.



Response to Reviews (Round 2):
Reviewer #3

1. The authors give convincing explanation to my concerns about the dual role of oxygen in
radical polymerization by the statement "In short, the compatibility between the oxygen
tolerance feature and the O-RQP RAFT polymerization lies in the level of O2 quantity, ...” I
therefore suggest that the author clarify this point by defining the present RAFT system in
terms of oxygen content at least in the abstract and in the conclusion. Some discussions in the
text in comparison with the mentioned refs.(J. Polym. Sci. Part A: Polym Chem. 2011, 49,
1351 and Polym. Chem (UK) 2010, 1, 634) would also be helpful for better understanding by
the readers.

Response: We agree with the reviewer and this point indeed needs to be both clarified in the text
and mentioned in the abstract and the concluding paragraph.

Hence, we added the following paragraph to the main text where appropriate with comparison of
the two mentioned references!? with the present study as below:

“"As suggested by our previous contribution, the dual role of O, as a radical scavenger and a
catalytic species, is a "paradox”.?> Specifically, the propagating carbon radical in a polymerisation is
subject to oxidation by ground state O, leading to the formation of a peroxy radical* and
degradation of the dormant polymer chain may also occur in the presence of ground state O,.?
However, unlike conventional, thermally initiated RAFT polymerisations, the PET-RAFT systems
possesses excellent oxygen tolerance as reported in previous publications, where O, is rapidly
converted to 0, upon irradiation and chemically quenched by the solvent DMSO, forming
DMSO0,.#19 In this context, the interplay between the oxygen tolerance feature and the catalytic
role of O, in the O-RQP mechanism lies in the amount of O,; the oxygen tolerance feature
facilitates high-quality polymerisation by lowering the O, concentration to the catalytic amounts
required for efficient O-RQP."

Also, we added the following sentence in the abstract to reflect this point:

“where the oxygen tolerance of PET-RAFT allows high-quality polymerisation by preventing the
existence of O, in large amounts and efficient O-RQP is permitted due to its requirement for only
catalytic amounts of 0,."”

In the conclusion, we added:

“which eliminates sufficient O, to the point where radical polymerisation proceeds unencumbered
whilst the remaining catalytic amounts of O, serve as a cocatalyst to provide facile polymerisation.”

Response:

2. It seems that the authors give an uncompleted response for the Question 4, i.e. what are the
two critical differences between your system and Qiao’s mechanism?

Response: We apologise for the incomplete response. The “two critical differences between your
(our) system and Qiao’s mechanism" are:

First and foremost, throughout our work, light sources > 590 nm up to 780 nm were implemented;
at these extended wavelengths the RAFT agent cannot be photoexcited (there is no

photoexcitation of the RAFT agent in our mechanism), which makes Qiao’s mechanism irrelevant

to our study (Qiao’s mechanism relies on photoexcitation of the RAFT agent to activate the
photocatalytic system; Qiao’s mechanism is only possible with a photoexcited RAFT agent).
Second, due to the highly efficient photosensitiser present in our systems, O, was rapidly
converted to !0, and is unlikely to react with the RAFT anion radical, which further supports the
unlikelihood of Qiao’s mechanism.
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