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Abstract

The application of photoredox catalysis to atom-transfer radical polymerization (ATRP) has 

resulted in the development of strongly reducing organic photoredox catalysts (PCs) that are some 

of the most reducing catalysts known. The objectives of this review are to highlight these PCs with 

regard to their development and applications in polymer and organic synthesis, as well illuminate 

aspects of these PCs that remain to be studied further.
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1. Introduction

Photoredox catalysis has gained increasing attention because it provides chemists with the 

ability to perform challenging transformations by harnessing the reactivity of excited state 

photoredox catalysts (PCs) under mild reaction conditions. This ability is particularly 

important in synthetic organic chemistry, where photoinduced electron transfer (PET), 

between a PC and either a donor (reductive quenching) or acceptor (oxidative quenching), 

and energy transfer have facilitated previously challenging reactions and enabled a myriad of 

novel transformations.1-7 Among the best known PCs are those containing precious metals 

such as ruthenium and iridium.2,4 However, these PCs present an issue with regards to 

sustainability,8 as Ru and Ir are among the rarest metals on earth. To this end, several 

organic PC families have been reported as alternatives—including anthracenes,9-11 

benzophenones,12-14 acridiniums,15-17 xanthene dyes,18-20 perylene diimides,21 and many 

more3—that are capable of mediating various synthetic transformations. However, most 

organic PCs operate through a reductive quenching pathway, and strongly reducing organic 

PCs are less common.

Given the wide range of transformations to which photoredox catalysis has been applied, it 

is not surprising that it has also found use in polymer synthesis.22 For example, in the free 
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radical polymerization of methacrylates reported in 2011, Ru(bpy)3
2+ operated as a PC 

through a reductive quenching mechanism requiring the use of a sacrificial electron donor.23 

Notably, the controlled radical polymerization of methyl methacrylate (MMA) in the 

presence of fac-[Ir(ppy)3] (1) under visible light irradiation was reported a year later.24 

Operating by an atom-transfer radical polymerization (ATRP) mechanism, control in this 

class of reactions is achieved by reversible deactivation, most commonly with a bromide 

chain end group, which can be iteratively removed and reinstalled on the polymer chain via 

reduction and oxidation, respectively. As this process minimizes the number of reactive 

radicals in solution at any given time, it reduces bimolecular radical termination processes,25 

thus enabling control over the polymerization as evidenced by (1) linear first-order kinetics, 

(2) linear growth of polymer molecular weight (MW) as a function of monomer conversion, 

(3) relatively low- to low-molecular-weight dispersity (Ð < 1.2 and Ð < 1.1, respectively), 

and (4) achievement of initiator efficiency (I* = Mn[theoretical]/Mn[experimentai]; Mn = number 

average molecular weight) near 100%. Notably, this system efficiently polymerized MMA 

employing low catalyst loadings (as little as 50 ppm of 1) while maintaining good control 

over the polymerization, something that has been challenging even in the traditional ATRP.26 

Moreover, temporal control over the polymerization was demonstrated by cycling the light 

source on and off, showing that the polymerization could be started and stopped without loss 

of the bromide end-group functionality.24

Despite these achievements, concerns regarding the sustainability of this PC remained, 

motivating the development of an ATRP method employing organic PCs, or organocatalyzed 

ATRP (O-ATRP), instead. Furthermore, the purification of polymers presents challenges, 

and trace contamination by metal residues could impede application of these materials in 

biomedical devices, electronic applications, and multistep syntheses.27 Thus, shortly after 

the seminal paper by Fors and Hawker,24 O-ATRP was demonstrated in two concurrent 

reports, polymerizing MMA using perylene (2)28 or 10-phenylphenothiazine (3).29 Of these 

two catalysts, the superior capability of 3 to mediate a controlled polymerization was 

evidenced in its ability to synthesize polymers with lower dispersity (Ð) compared to 2. This 

difference was attributed to 3’s significantly stronger excited state reduction potential 

[E0(2PC•+/3PC*) = −0.6 V for 2,30 E0(2PC•+/1PC*) = −2.1 V for 3,29 both vs SCE]. 

However, 2 could operate using visible light irradiation, whereas 3 required the use of UV 

light, raising concerns for potential side reactions that might result from UV absorption by 

the organic molecules in solution.4 Thus, the development of strongly reducing and visible-

light-absorbing organic PCs has been pursued, yielding a variety of PCs based on the 

phenothiazine (PhenS), dihydrophenazine (PhenN), and phenoxazine (PhenO) scaffolds 

(Figures 1 and 2).

To date, a number of reviews have been published detailing the applications of photoredox 

catalysis in organic and polymer synthesis.1-4,22,31,32 However, due to their relatively recent 

development, reviews of PCs based on PhenS, PhenN, and PhenO are relatively few.3,30,33 

Therefore, this review will focus on these PCs, highlighting their development, reactions, 

and mechanisms in hope of demonstrating their broad utility in synthetic organic and 

polymer chemistry. Moreover, this review will discuss future research directions regarding 
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these PCs in the hope of accelerating their development, improvement, and utilization in the 

coming years.

2. Development of Strongly Reducing Organic Photoredox Catalysts

While their application scope has since grown, the original motivation for using PhenS, 

PhenN, and PhenO as strongly reducing organic PCs came from O-ATRP. Inspired by the 

seminal report on photoredox catalyzed ATRP using 1,24 this method was developed as a 

metal-free variant of ATRP to eliminate metal contamination of polymer products for metal-

sensitive applications. Originally, it made use of either 228 or 329 to polymerize 

methacrylates in a controlled fashion, but differences between these two organic PCs as well 

as the drawbacks of each soon became apparent, prompting the development of strongly 

reducing organic PCs that are capable of establishing a high degree of control over 

polymerizations by using a visible light source so as to avoid possible side reactions caused 

by UV light.34

In the proposed mechanism, the PC operates through oxidative quenching (Scheme 1),28,29 

in which the photoexcited PC reduces an electron acceptor to generate the PC radical cation 

(2PC•+), followed by oxidation of an electron donor by 2PC•+ to regenerate the ground state 

catalyst. In the case of O-ATRP, the acceptor is typically an alkyl bromide initiator or a 

bromide-capped polymer chain-end, whereas the donor is the propagating radical formed by 

activation of the C─Br bond. With this mechanism in mind, several desirable characteristics 

were targeted in the search for new O-ATRP catalysts:34 (i) Strong visible-light absorption 

(high molar absorptivity); (ii) long-lived excited state; (iii) sufficiently negative excited state 

reduction potential [E0(2PC•+/PC*), singlet or triplet excited state] for the reduction of 

common alkyl bromide ATRP initiators [E0(C─Br/C─Br•−) = −0.6 to −0.8 V vs SCE35]; 

(iv) sufficiently oxidizing 2PC•+ [E0ox = E0(2PC•+/1PC)] for oxidation of the propagating 

radical [E0(C─Br/C─Br•−) = −0.6 to −0.8 V vs SCE]; (v) redox reversibility, i.e., a stable 
2PC•+ that does not partake in degradative side reactions; (vi) low reorganization energy for 

the transition from PC* to 2PC•+ to JPC; and (vii) photoinduced charge-transfer excited 

states resulting from spatially separated singly occupied molecular orbitals (SOMOs).

Following these design principles and with guidance from computational methods, two new 

families of PCs with favorable properties for O-ATRP were discovered: N,N-

diaryldihydrophenazines (PhenN’s) (e.g., 5 and 6)34 and N-arylphenoxazines (PhenO’s) 

(e.g., 7 and 8).36 PhenN’s improved upon previous generations of PCs by accessing more 

reducing triplet excited states [computationally predicted E0(2PC•+/3PC*) < −2.0 V vs SCE] 

while maintaining visible light absorption.34 In turn, polymerizations with PhenN’s 

produced polymers with dispersities (Ð) as low as 1.10 (for PC 5), although with 

consistently moderate initiator efficiencies, presumably due to side reactions of the PCs with 

propagating radicals. A major conclusion in this report was that PhenN PCs bearing 

electron-withdrawing groups (EWGs) or an extended π system on the N-aryl substituents 

appeared to consistently outperform other PCs, prompting an investigation into the cause of 

these observed differences.
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As all of the PCs investigated in this study were sufficiently reducing (as PC*) and oxidizing 

(as 2PC•+) to mediate O-ATRP, density functional theory (DFT) calculations were used to 

elucidate the differences in their electronic structure that might influence PC performance.34 

These calculations revealed that all of the PC triplet excited states studied featured low-lying 

SOMOs localized on the PhenN core, whereas the nature of the high-lying SOMOs was 

dependent on the functionality on the N-aryl substituents. Specifically, PCs bearing 

electronically neutral or donating groups exhibited population of high-lying SOMOs on the 

PhenN core. In contrast, PCs bearing EWGs or extended π systems on the N-aryl 

substituents showed high-lying SOMOs localized onto the N-aryl group, suggesting 

photoinduced intramolecular charge transfer (CT). With these properties in mind, PC 6 was 

computationally predicted to contain spatially separated SOMOs and, experimentally, 6 
exhibited enhanced performance in O-ATRP, producing polymers with Ð as low as 1.03.

More recently, 10-phenylphenoxazine (7) was also predicted and demonstrated to have 

favorable properties for use as an O-ATRP catalyst.36 While 3 and 7 differ only by their 

chalcogenide, the difference in size between O and S was hypothesized to have significant 

impacts on the comparative performance of these PCs, as the ground state structure of 3 is 

noticeably bent while the ground state structure of 7 is more planar, and computations 

predict that the radical cation of both compounds is nearly planar. As such, owing to the 

smaller size of O and more planar core structure, DFT calculations predicted PhenO’s would 

have lower reorganization energies than PhenS when transitioning from the triplet excited 

state to the radical cation and back to the ground state. As these PCs have been proposed to 

operate via an outer-sphere electron-transfer mechanism, this lower penalty for structural 

reorganization was hypothesized to result in enhanced PC performance due to more 

favorable electron-transfer processes.

To investigate whether photoinduced intramolecular CT might also be accessible in 

PhenO’s, derivatives possessing different N-aryl substituents were synthesized and 

investigated in O-ATRP.36 Computations predicted that PhenO’s possessing either a 1- or 2-

naphthyl substitution at the N-aryl position could access photoinduced CT excited states, 

and experimentally these PCs were observed to produce, under UV irradiation, polymers 

with Ð < 1.3. While these studies were useful in determining structural influences on PC 

properties, and these PCs were successful in O-ATRP, neither 7 nor the N-

naphthylphenoxazines absorb light in the visible spectrum. Therefore, structural 

modifications of 1-naphthylphenoxazine were undertaken to red-shift its absorption while 

maintaining a strong excited state reduction potential as well as CT character. Thus, 8 was 

introduced, bearing biphenyl core-substituents that effectively red-shifted the absorption into 

the visible range as well as increased the molar extinction coefficient to 26,600 M−1cm−1 

(Table 1).35,36 It should be noted that although the wavelength of maximum absorption of 8 
is still in the UV range (λmax = 388 nm), its absorption tails significantly into the visible 

range, resulting nonetheless in strong visible light absorption. Gratifyingly, the use of 8 in 

the polymerization of MMA under white light irradiation resulted in polymers possessing 

relatively low Ð’s (Ð = 1.13) and achieving nearly quantitative I*. With regards to PhenS’s, 

similar efforts have been made to red-shift their absorption. For example, N-

phenylbenzo[b]phenothiazine (9) has been reported, which featured a nearly 50 nm red-
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shifted absorption relative to 3, allowing it to absorb in the visible region.37 Additionally, 

methods to synthesize visible-light-absorbing PhenS derivatives by substitution of the PhenS 

core with 4-n-butylphenyl groups (PCs 10 and 11) have been reported.38,39

The tunability of PhenO-based PCs has also been demonstrated,35 as synthetic variations 

have been systematically made to tune PC absorption, CT in the excited state, and redox 

properties. While the former two have already been discussed in the context of various PCs, 

of more interest is the latter, which expanded on previous findings34 and yielded a library of 

PhenO PCs with DFT-predicted E0(2PC•+/3PC*) values spanning −1.42 V (for PC 12) to 

−2.11 V (for PC 7) and E0(2PC•+/1PC) spanning 0.30 V to 0.62 V (all vs SCE, Table 1).35,36 

Additionally, some work has also been reported on synthetically tuning the PhenN34,40-42 

and PhenS38,39,43-45 core structures. In particular, Matyjaszewski and co-workers 

investigated the influence of a number of N-aryl substituents on PC properties and reactivity 

in O-ATRP for a variety of PhenS-based PCs, such as 4.43

Finally, in an effort to improve PC recyclability, which remains one of the limitations of 

these PCs, a variant of 3 attached to a polymer support was developed that could be 

repeatedly added and removed from reaction mixtures simply with a set of tweezers.46 As a 

result, the PC could be used in multiple polymerizations (up to 6 times) without any 

observable loss in performance, thus providing a means of catalyst recycling.

3. Applications in Polymerization Reactions

3.1. O-ATRP

Broadly speaking, O-ATRP occurs by a mechanism similar to that of traditional ATRP, in 

that a catalyst mediates an equilibrium between “active” (Pn•) and “dormant” (PnBr) 

polymer chains, repeatedly activating and deactivating polymers by reversible removal and 

addition of a halide end group, often a bromide (Scheme 2). Key to this process is that 

deactivation is favored over activation and propagation, thus maintaining a low concentration 

of reactive radicals in solution to minimize bimolecular coupling and other termination 

reactions.25 In thermally driven ATRP, activation occurs via an inner sphere electron-transfer 

(ISET) mechanism, in which the halide is transferred from the polymer chain-end (or alkyl 

halide initiator) to the catalyst species at the same time as electron transfer. By contrast, 

activation in O-ATRP occurs through an outer sphere electron-transfer (OSET) mechanism, 

where an excited state PC (PC*) directly reduces an alkyl bromide (either an initiator or a 

polymer chain-end) to generate Br−, 2PC•+, and an active, propagating radical. 2PC•+ may 

subsequently associate with Br− to form the ion pair 2PC•+Br−.40 Upon deactivation, 
2PC•+Br− oxidizes the radical chain-end and reinstalls the bromide to reform the dormant 

polymer species and regenerate the ground state PC. While specific mechanistic details are 

still under investigation and may vary between individual PCs, the current understanding of 

this mechanism will be discussed in greater detail in a later section (see Section 5).

In initial reports on O-ATRP using either 228 or 329 in the presence of the initiator ethyl α-

bromophenylacetate (EBP), the viability of the method was demonstrated through 

polymerization of MMA (eq 1).28,29 With the potential of this method established, the 

homo-polymerizations of several methacrylates were demonstrated, including benzyl 
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methacrylate,29,34,36 tert-butyl methacrylate,29 isobutyl methacrylate,36 isodecyl 

methacrylate,36 trimethylsilylhydroxyethyl methacrylate,34 2,2,2-trifluoroethyl 

methacrylate,34 and di(ethylene glycol) methacrylate (Figure 3).34 Notably, the 

polymerization of 2-(dimethylamino)ethyl methacrylate to produce polymers with relatively 

low Ð’s was unsuccessful using 1, but was realized with PhenS catalysts.29 In subsequent 

reports, the monomer scope of these PCs was expanded to methacrylates bearing long alkyl 

chains,37,47 extended aromatic groups,45 and heterocyclic functionalities.45

In addition to these more traditional monomers, the polymerizations of biomass-derived 

methacrylate monomers using PC 3 have also been reported, demonstrating that both homo- 

and co-polymers of these monomers could be achieved via O-ATRP.48 The polymerization 

of acrylonitrile by O-ATRP using 3 and other PhenS catalysts, albeit with relatively high Ð 
(Ð = 1.42) compared to traditional ATRP (Ð = 1.04), has also been reported.49,50 While 

methacrylic acid has been polymerized using 3,51 control over this polymerization was not 

evaluated, necessitating further future studies. Very interestingly, the polymerization of 

methacrylates with pendant furan-protected maleimides using 5 has also been reported.52 

This report not only provides a strategy for post-polymerization modification, but also 

demonstrates that these PCs tolerate a wide array of functionalities. However, despite 

various efforts, the monomer scope of O-ATRP beyond methacrylates remains largely 

unestablished and, as such, an important future direction of O-ATRP is to define the 

monomer scope and capabilities of this polymerization platform.

In all ATRP methods, the choice of initiator can also play an influential role in controlling a 

given polymerization. Thus, various initiators have been investigated for use with all three 

PC families (see eq 1), especially traditional alkyl bromides such as EBP,29,34,36,49 diethyl 2-

bromo-2-methyl malonate (DBMM),36 methyl α-bromoisobutyrate (MBiB),34,36,43 ethyl α-

bromoisobutyrate (EBiB),29 methyl 2-bromopropionate (MBP),34,36 and 2-

bromopropionitrile (BPN).34,49 In addition, several alkyl chloride initiators have been 

investigated with PhenS catalysts, though with less success.43 Although these PCs are 

capable of activating alkyl chlorides due to their strong excited state reduction potentials, 

they seem to be inefficient at deactivating the propagating radicals in conjunction with 

chloride initiators, resulting in less control during polymerizations. Perhaps the most 

interesting development in O-ATRP initiators thus far has been the introduction of aromatic 

sulfonyl halides by Chen and co-workers.39 In their report, nearly 20 sulfonyl bromides were 

investigated in polymerizations mediated by 11, achieving Ð’s as low as 1.21 in the 

polymerization of MMA, and in polymerizations of several other methacrylates and 

acrylates with varying levels of control. Of particular note is that this new initiating system 

allows for the post-polymerization modification of polystyrene (PS) via O-ATRP, as sulfonyl 

chlorides can be installed on the aromatic rings of PS to initiate an O-ATRP for grafting-
from brush synthesis (see Section 3.3).
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eq 1

(Ref. 28,29,34,36,39,43,49)

One drawback of general photoredox catalysis is the difficulty of scaling photochemical 

reactions,53,54 as reactions in batch reactors must be performed on a small scale to ensure 

uniform irradiation throughout the reaction vessel. To overcome this obstacle, flow reactors 

have been implemented, in which a reaction mixture is pumped through a transparent, 

narrow tube wrapped around a light source to achieve both uniform irradiation as well as 

facile scalability.53 In an effort to extend these benefits to O-ATRP, the polymerizations of 

various methacrylates using PCs 5, 6, and 8 were undertaken in a flow setup, resulting in the 

ability to synthesize the polymers on a gram scale while maintaining relatively low Ð.48 

Moreover, due to the improved irradiation conditions offered by continuous flow, enhanced 

PC performance was observed, allowing for a tenfold reduction in catalyst loading without 

significant loss of performance.

3.2. PET-RAFT

Although the primary application of PhenS, PhenN, and PhenO catalysts has been in O-

ATRP, some applications of these PCs to PET-RAFT (photo-induced electron/energy 

transfer-reversible addition fragmentation chain-transfer) polymerizations have been 

reported.55-59 Much like traditional RAFT, PET-RAFT makes use of a chain-transfer agent 

(CTA), often a thiocarbonylthio compound, to mediate a controlled radical polymerization 

(Scheme 3).55-58 However, where traditional RAFT commonly utilizes thermal initiators, 

PET-RAFT makes use of a PC to mediate this process,55-58 minimizing the formation of 

dead chains from the reaction of initiator radicals with active polymers.59 Similar to what is 

seen in O-ATRP, PC* activates a dormant polymer-CTA bond, generating a radical that can 

engage in polymerization (Pn
•), 2PC•+, and the respective thiocarbonylthiolate (in the case of 

a thiocarbonylthio CTA). The active Pn
• radical can either propagate or undergo reversible 

deactivation by one of two pathways: in the first, the radical reacts with 2PC•+ to undergo 

oxidation and reinstallation of the CTA end group. In the second, the active radical can 

undergo chain-transfer with another CTA-capped polymer, resulting in the deactivation of 

one chain and the activation of another chain (Scheme 3).

Corbin et al. Page 7

Aldrichimica Acta. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Although originally reported using iridium PC 1,60 PET-RAFT was later expanded to PhenS, 

when 3 was employed to polymerize N-isopropylacrylamide, N,N-dimethylacrylamide, tert-
butyl acrylate, and ethylene glycol methyl ether acrylate (Figure 4) with relatively low to 

low Ð’s and temporal control.59 This monomer scope was recently extended to various other 

acrylates and methacrylates while also introducing a method for catalyst recycling by using 

a polymer-supported PC that is based on 3.46 Finally, the ability of PhenS catalysts to 

polymerize partially fluorinated monomers has also been demonstrated, producing a variety 

of partially fluorinated polymers with generally low Ð’s.38

To demonstrate the utility of PET-RAFT in materials manufacturing, existing polymer-based 

gels were homogeneously modified in an example of living additive manufacturing.61 Since 

the gels consisted of polymer networks with trithiocarbonate iniferters embedded in the 

polymer backbone, chain extensions could be achieved upon irradiation by infiltrating the 

gels with N-isopropylacrylamide and 3. Importantly, since this method involved 

modification of the existing polymer network, the resulting material was homogeneous in 

nature in contrast to the heterogeneous materials obtained by simply growing one material 

on another using previous methods.

Moreover, as these PCs have displayed the ability to mediate polymerizations both via O-

ATRP and PET-RAFT, some work has combined these two reaction manifolds into a 

stepwise synthesis of copolymers of acrylates and methacrylates using 5.62 Capitalizing on 

the strengths (and weaknesses) of both methods, a multifunctional initiator bearing a 

trithiocarbonate moiety and an alkyl bromide moiety was synthesized, in which the former 

functional group would only react during PET-RAFT and the latter during O-ATRP. Thus, 

the polymerization of methyl acrylate was achieved via PET-RAFT, followed by the 

polymerization of methyl methacrylate via O-ATRP, resulting in a block copolymer that 

otherwise would have been challenging to prepare by either method alone.

3.3. Complex Polymer Architectures

One of the hallmarks of a controlled polymerization is the ability to synthesize complex 

polymer architectures.63-65 For the methods described above, this ability has been 

demonstrated at various levels, through the synthesis of linear block-copolymers,
29,34,36,45,62,66 brushes,39,67 and even star68 polymers (Figure 5). For example, all three 

original reports on O-ATRP mediated by PhenS, PhenN, and PhenO catalysts showed that 

PMMA synthesized with these PCs could be isolated and used as a macroinitiator for the 

synthesis of various block copolymers.29,34,36 Moreover, a report by Xu et al. made use of 5 
to synthesize block copolymers of N-isopropylacrylamide and tert-butyl methacrylate, albeit 

with poor control over Ð.69 Notably, in addition to chain-extending polymers synthesized 

via O-ATRP, polymers synthesized by other methods can be synthetically modified for use 

as O-ATRP macroinitiators. Thus, block copolymers containing poly(3-hexylthiophene)45 

and poly(ethylene glycol)66 have also been realized, demonstrating the ability of these PCs 

to tolerate a wide range of functional groups.

Expanding on this notion of modifying existing polymers, several methods have been 

reported for synthesizing brush polymers from existing linear homopolymers. One approach 

that has already been discussed to some extent is that in which sulfonyl halides were 
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installed on the phenyl groups of polystyrene to enable grafting of poly(methyl acrylate) 

chains.39 Furthermore, fluorinated polymers with chloride-functionalized backbones have 

been modified using PC 3 to synthesize macromolecules with interesting dielectric 

properties for electronics applications (eq 2).67,70 Capitalizing on the presence of a chloride 

moiety in poly(vinylidene fluoride-co-chlorotrifluoroethylene) [P(VDF-co-CTFE)],71 

grafting of various acrylates and methacrylates onto P(VDF-co-CTFE) was achieved while 

also avoiding metal contamination that occurs in traditional ATRP methods.70 The impact of 

this reduced metal contamination was also evaluated and will be discussed further in a later 

section (see Section 3.4).67 Finally, the ability of these PCs to synthesize star polymers in 

the presence of multifunctional initiators was investigated, yielding a range of complex star 

architectures with up to 8 arms that are composed of either homo- or block-copolymers.68

Thus, a variety of polymeric architectures have become accessible by using PhenS, PhenN, 

and PhenO photoredox catalysts. In particular, something that should be emphasized is the 

number of methods using these PCs to modify existing polymer structures and yield 

increasingly complex architectures. While a single method to polymerize any monomer is 

ideal, the reality is that most methods have associated strengths and weaknesses. However, 

the ability of PhenS, PhenN, and PhenO photoredox catalysts to tolerate various functional 

groups allows methods with complementary strengths to be combined, whether it be in a 

one-pot synthesis62 or in a multiple-step synthetic sequence, giving rise to polymer 

architectures that might not be possible by any of these methods alone.

3.4. Avoiding Metal Contamination for Sensitive Applications

Often cited as one of the major advantages of O-ATRP,28,29,34,36 is the use of PhenS’s, 

PhenN’s, and PhenO’s for the synthesis of polymers without the metal contamination 

associated with traditional ATRP. Although significant advances have been made toward 

reducing catalyst loadings72-74 and purifying polymers synthesized by traditional ATRP,75-78 

even trace metal contamination remains problematic in polymers for electronics 

applications.67,70,71 In particular, grafting insulators, such as PMMA, to poly(vinylidene 

fluoride)-based polymers (PVDF) has shown promise to yield materials suitable for high-

pulse capacitors, whereas residual metal ions from traditional ATRP can result in significant 

dielectric loss.79 As this loss has been attributed to ion migration under an applied electric 

field, using an organic PC to mediate the grafting process can eliminate this issue, since any 

catalyst remaining in the polymer should be in the ground state and would thus not be 

influenced by an applied field.

In this regard, the method developed for the modification of P(VDF-co-CTFE) using 3 (see 

eq 2) was shown to be capable of activating the C─Cl bond toward hydrogenation71 as well 

as O-ATRP.70 In a later report, the impact of employing an organic PC versus a traditional 

copper catalyst was evaluated, demonstrating that polymers prepared via O-ATRP exhibited 

a far reduced ion mobility compared to polymers prepared using traditional ATRP.67 

Moreover, when comparing the materials properties of these two samples, the former 

exhibited both enhanced discharge energy density and discharge efficiency over a range of 

applied electric fields, suggesting that 3 can yield these desirable materials with reduced 

impact on their performance.
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In addition to electronics applications, biological applications of polymers have also been 

cited as potentially metal-sensitive to warrant the investigation of PhenS’s,66 PhenN’s,34 and 

PhenO’s.36 To this end, the ability of 3 to synthesize amphiphilic diblock copolymers was 

investigated,66 as these materials have attracted attention for drug and gene delivery.80,81 By 

modifying poly(ethylene glycol) for use as an ATRP macroinitiator, copolymers of ethylene 

glycol and glycidyl methacrylate could be obtained, albeit with Ð values well above 1.5. It 

should be noted, however, that organic PCs for biologically relevant polymers may be 

unnecessary, as copper is vital to human life and copper dietary supplements have even been 

used to mediate traditional ATRP.82 Moreover, while these PCs have been shown to be 

biologically active molecules,83-90 their toxicity in humans has not been investigated and 

should warrant further study.

eq 2

(Ref. 67,70)

3.5. Surface Modifications

Surface-initiated polymerizations represent a versatile approach for the production of hybrid 

organic–inorganic materials with interesting surface properties.91 In particular, surface-

initiated ATRP (SI-ATRP) has emerged as an important technique capable of yielding such 

materials with precisely controlled architectures.92 However, until recently, the production 

of patterned surfaces by SI-ATRP remained a challenge, requiring the use of advanced 

lithographic and printing methods. To overcome this challenge, a method was developed that 

capitalizes on the spatiotemporal control achieved in O-ATRP and allows the use of binary 

photomasks to produce patterned polymer coatings on functionalized silicon surfaces in a 

single step (eq 3).92 Notably, features at even the micron scale could be produced reliably, 

demonstrating the high level of precision obtainable by this method.

In addition to the modification of flat surfaces, SI-ATRP photocatalyzed by 3 has also been 

reported using functionalized silica nanoparticles, which were simultaneously used to 

investigate parameters influencing PC control in the grafting process.93,94 For example, the 

effects of various initiating moieties were investigated for both small (16 nm) and large (120 

nm) silica nanoparticles, revealing that 2-bromo-2-phenylacetate based tetherable initiators 

exhibited superior performance to those with 2-bromoisobutyrate moieties.93 Moreover, this 

work was extended to determine the impact of the tetherable initiator spacer length on the 

grafted polymer properties. Thus, it was determined that for O-ATRP, increasing the initiator 
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spacer length results in both lower Ð polymer chains and higher grafting density (number of 

chains per unit of area).93

eq 3

(Ref. 92)

Other work in this area has focused on surfaces of other materials, including iron(III) oxide 

nanoparticles95 and europiumdoped hydroxyapatite,96 capitalizing on the ability of these 

PCs to yield controlled polymer grafts without introduction of unwanted metal ions. 

Moreover, surface grafting of methacrylic acid onto a silicon wafer has also been achieved,51 

demonstrating compatibility between this monomer and 3. As controlling the polymerization 

of methacrylic acid has historically been challenging for ATRP,97 future work should 

undoubtedly include investigation of the ability of PhenS’s, PhenN’s, and PhenO’s to yield 

well-defined poly(methacrylic acid).

3.6. Post-Polymerization Modifications

In addition to the ability to synthesize well-defined polymers for various applications, the 

ability to alter polymers post-polymerization is also desirable. One such example that has 

already been discussed is the one in which polystyrene was modified to enable grafting of 

methyl acrylate chains from the aromatic pendants.39 In another example, researchers 

reported on the ability of 3 to remove chloride, bromide, and trithiocarbonate end-groups 

from various polymers, enhancing their long-term stability by removing these reactive 

functionalities.98 Moreover, this method was extended to dehalogenate tethered initiators on 

functionalized silicon surfaces, allowing for patterns to be prepared on functionalized 

surfaces prior to use in SI-ATRP. Thus, the utility of these PCs has been demonstrated in a 

diverse range of polymer-based applications, including polymer synthesis and modification.

4. Applications in Small-Molecule Transformations

Although the primary application thus far of these strongly reducing organic PCs has been in 

polymer synthesis, several reports have emerged on their application in small-molecule 

transformations, demonstrating their broader utility as catalysts for diverse chemical 

reactions.
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4.1. Carbon-Carbon Bond Formations

PhenS catalysts have been reported as PCs in the dehalogenation of various organic 

molecules (eq 4).44 Much like the activation of alkyl halides in O-ATRP, the dehalogenation 

of organic halides—including aromatic iodides, aromatic and alkyl bromides, and aromatic 

chlorides—was demonstrated using PC 3.99 While these reactions were originally limited to 

dehalogenations followed by hydrogenations, the ability of 3 to mediate a radical cyclization 

provided evidence for a radical mechanism. Thus, this reactivity was later exploited to form 

C─C bonds with several substrates using PCs 3 and 14.44 In addition, by tuning PC 

reduction potentials [E0(2PC•+/1PC*) = −2.1 V and −1.5 V vs SCE for 3 and 14, 

respectively], selectivity for certain halides over others was achieved. For example, using PC 

14, iodo functionalities in multi-halide substrates could be targeted. In contrast, and as PC 3 
is more reducing, both iodo and bromo functionalities could be targeted while leaving chloro 

and fluoro groups intact.

Interestingly, the ability of PhenS catalysts to activate carbon-halogen bonds was also 

extended to fluorides. Using PC 3 and cyclohexanethiol (CySH) as co-catalyst, C─F bonds 

in various trifluoromethylarenes were activated for reaction with unactivated alkenes, 

allowing for the alkylation of several substrates under mild conditions (eq 5).100 Although 

this activation approaches the thermodynamic limit of PC 3’s reducing ability [−2.07 V vs 

SCE for 1,3-bis(trifluoromethyl)-benzene; E0(2PC•+/1PC*) = −2.1 V vs SCE for 3], 

quenching of PC* by 1,3-bis(trifluoromethyl)benzene was demonstrated using Stern–Volmer 

analysis. Thus, it was proposed that such substrates could be activated to form a radical 

species capable of mesolytic cleavage of a C─F bond, which would then lead to reaction 

with alkenes to effect the desired transformations.

Finally, the trifluoromethylation of several aromatic and olefinic compounds has been 

reported using PC 6 under visible light irradiation of F3C─I (eq 6),101 as PC 6’s excited 

state is sufficiently reducing to directly reduce CF3I and generate CF3
• for the 

trifluoromethylation reaction. While such transformations were previously accessible by 

photoredox catalysis, they required the use of polypyridyl Ru and Ir PCs such as fac-

[Ir(ppy)3] (1),102-106 as few PCs possess the excited state reduction potentials necessary to 

mediate these reactions. However, due to the strongly reducing excited states accessible by 

PhenS’s, PhenN’s, and PhenO’s, transformations such as these have become accessible 

without the need for these precious metal PCs,101 demonstrating the potential of these 

organic PCs as sustainable alternatives to precious metal catalysts.

4.2. Other Coupling Reactions

In addition to the C─C bond formations described above, methodologies for C─N and 

C─S cross-couplings have also been reported using these strongly reducing organic PCs. 

For example, through the use of a dual photoredox/nickel catalytic system, the coupling of 

various primary and secondary amines with aryl bromides was achieved in the presence of 

PCs 6 or 8 (eq 7).101 Furthermore, using PC 8 at 10 times less catalyst loading than the Ir PC 

used in the seminal report by Oderinde, Johannes, and co-workers,107 a similar approach 

was employed to couple thiols to aryl bromides, yielding a range of products in moderate-to-

high yields (eq 8).101 It should be noted that, while similar C─S coupling reactions were 

Corbin et al. Page 12

Aldrichimica Acta. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reported using aryl iodides with an Ir PC,107 aryl bromide coupling partners were ineffective 

in this system. Thus, this reaction (eq 8) represents an example in which these organic PCs 

have enabled transformations previously inaccessible using precious metals.

eq 4

(Ref. 44)

eq 5

(Ref. 100)

eq 6
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(Ref. 101)

eq 7

(Ref. 101)

4.3. Selective Decarboxylative Olefinations

In another example of reactivity enabled by these strongly reducing PCs, PhenN’s were 

employed in visible-light-mediated decarboxylative olefinations to yield terminal alkenes 

(eq 9).108 The use of 5 in conjunction with a copper catalyst enabled these transformations 

to be performed with high selectivity (as preventing isomerization to an internal alkene had 

previously been challenging), under mild conditions and without the use of precious-metal 

catalysts. Furthermore, this method was demonstrated for a range of activated aliphatic 

acids, including some derived from biomass feedstocks—showing that the reaction tolerates 

a variety of functional groups within the substrates.

4.4. Photocatalytic Phosgene Generation for Organic Synthesis

PC 8 can generate fluorophosgene photocatalytically in situ for the synthesis of carbonates, 

carbamates, and urea derivatives (Scheme 4).109 While the ability of phosgene derivatives to 

perform such transformations was previously understood, such syntheses required special 

equipment for handling phosgene due to its severe toxicity.110,111 Alternatives to this class 

of reagents do exist, but they tend to be far less effective,111 requiring one to choose between 

an effective synthesis and the safety of the associated reagents. As such, the ability of this 

method to generate a phosgene derivative in situ using photocatalysis is highly attractive, 

since the phosgene reacts quickly once generated, minimizing the risk of exposure and thus 

the safety concerns surrounding this reagent.

eq 8
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(Ref. 101)

eq 9

(Ref. 108)

5. Mechanistic Insights Guiding Catalyst Development

Since PCs based on PhenS, PhenN, and PhenO were originally developed for use in O-

ATRP, mechanistic work surrounding these PCs has primarily focused on their function in 

O-ATRP. Thus, mechanistic discussions in this section will be made in the context of this 

method, although the implications of these discoveries likely extend beyond O-ATRP.

5.1. Photoexcitation, Activation, and Deactivation in O-ATRP

As with any photoredox-catalyzed reaction, the absorption of light is the first important step 

to the operation of the PC. In the context of O-ATRP, visible-light absorption is preferred 

over absorption of UV light, as the latter has the potential to initiate undesirable side 

reactions. To achieve this property, synthetic modifications have been reported for various 

catalyst families, allowing for the design of strongly reducing but also visible-light 

absorbing PCs (see Section 2). Since the intensity of a light source can often be tuned with 

ease, this external stimulus can also be manipulated to influence light absorption by the PC 

(and thereby the reaction it mediates). This principle was demonstrated by polymerizing 

MMA in the presence of 8 under various irradiation conditions, where the emission intensity 

of the light source was modulated.111,112 As a result of decreasing light intensity, molecular-

weight growth during polymerization became less controlled and Ð increased, indicating a 

loss of control over the polymerization. This result is consistent with a decrease in 

deactivation efficiency, as decreased light intensity yields less PC* and thereby less PC•+Br− 

to deactivate reactive radicals in solution. Significantly, the performance of 8 appeared to be 

influenced to a lesser extent than that of 2, suggesting that tolerance to varying reaction 

conditions can be designed into these PCs.

Once a PC is photoexcited, the lifetime of the desired excited state must be long enough to 

allow energy or electron transfer to occur with the substrate.5-7 In the case of PhenO’s and 

PhenN’s, activation has been proposed to occur from 3PC*. As such, the lifetime of 3PC* 

has been measured for some of the PCs in these families, including 6 (4.3 ± 0.5 μs) and 8 
(480 ± 50 μs).101 Interestingly, these lifetimes are competitive with, or even exceed, those of 
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traditional precious-metal-containing PCs (e.g., 1.9 μs for 1),113,114 although only 8 has a 

comparable quantum yield for the triplet excited state (Φt = 2% for 6 and Φt = 90% for 8).
101

However, whether these PCs operate predominately via the 1PC* or 3PC* excited state 

remains to be determined. Recently, an investigation of electron transfer between 

photoexcited PhenN’s and methyl 2-bromopropionate (MBP) was presented, suggesting 
1PC* may be the most important excited state in regards to catalysis for this family of PCs.
115 Similarly, mechanistic investigations related to the dehalogenation of aryl halides have 

suggested that 3 can operate efficiently from 1pc*.99 on the other hand, others have argued 

that these PCs likely operate predominately from 3PC* in O-ATRP, as these states tend to be 

much longer-lived than 1PC*.116 Thus, further studies are required regarding which excited 

state species of the PC is most pertinent to catalysis, something that may prove to be case-

specific.

Regardless of the nature of the excited state, the importance of photoexcitation has been 

demonstrated with 3.43 For example, upon irradiation, 3 activates methyl 2-

bromoisobutyrate (MBiB) with a rate constant kact = 5.8 × 108 M−1 S−1, whereas in the 

absence of irradiation kact = 1.0 × 10−14 M−1 S−1, demonstrating that ground state 3 is 

essentially incapable of performing the necessary reduction for activation. Moreover, a 

comparison of the activation of various initiators suggests similar trends are observable as in 

traditional ATRP, such as ethyl α-bromophenylacetate (EBP) (kact = 2.0 × 1010 M−1 S−1) 

being a faster acting initiator than MBiB, while MCiB (the chloride analogue of MBiB) is a 

slower acting initiator (kact = 1.5 × 106 M−1 S−1) than MBiB.

With regard to deactivation, initial reports proposed this step may occur via bimolecular 

reaction between 2PC•+Br− and the propagating radical, requiring 2PC•+ to pre-associate 

with Br prior to deactivation.38,39,34,36,43 Alternatively, other work has suggested that this 

process may in fact proceed via a termolecular mechanism.43 Using derived activation 

parameters, the rates of various deactivation pathways were calculated according to Marcus 

theory and compared to the rate of termination for evaluation of their viability. Based on 

these calculations, a termolecular deactivation was predicted to be more viable than other 

pathways involving ISET, OSET, and dissociative ET. However, these calculations did not 

explicitly account for the entropic penalty associated with a three-body collision, which 

makes termolecular reactions unfavorable,117 especially considering the species involved are 

at very low concentrations in O-ATRP. Alternatively, the influence of ion pairing on 

deactivation in O-ATRP has been reported, supporting a bimolecular mechanism in which 

PC•+ and Br− form an ion pair prior to deactivation.40

5.2. Intramolecular Charge Transfer in the Excited State

During early investigations of PhenN’s, it was observed that PCs bearing N-aryl substituents 

with EWGs or extended π systems exhibited noticeably better performance in O-ATRP 

(especially in regards to producing polymers possessing lower Ð’s) than those bearing 

electron-donating or electron-neutral N-aryl substituents.34 Through the aid of 

computational chemistry, it was discovered that the electronic properties of these 

substituents could influence electron density distribution in the 3PC* excited state, giving 
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rise to intramolecular charge transfer (CT) from the PhenN core to the N-aryl substituent 

containing EWGs or extended conjugation. Computationally, this property can be observed 

by the presence of spatially separated SOMOs in 3PC* (Figure 6), as well as by visualizing 

the shift in electron density upon photoexcitation using electrostatic-potential-mapped 

electron density diagrams (Scheme 5, Part (a)).40 Experimentally, the effects of CT can be 

observed (i) visually through the solvatochromism of these PCs, (Scheme 5, Part (b)) and (ii) 

by using fluorescence spectroscopy for quantitative analysis.35,40 Notably, this 

intramolecular CT is analogous to the metal-to-ligand CT,30 which is observed in many 

successful metal-based PCs.118

After the correlation of these CT properties and their influence on the performance of the 

PC, several studies have been reported on ways to manipulate CT in favor of improving 

polymerization control in O-ATRP. For example, following the discovery that PCs with CT 

character could operate in a range of solvents (whereas non-CT PCs could not), solvent 

optimization was performed under O-ATRP conditions for a wide range of PCs, including 5 
and 6.41 As result, it was discovered that switching the solvent from N,N-dimethylacetamide 

(DMA) to ethyl acetate (EtOAc) can yield improved control over the polymerization of 

MMA, as observed through more linear growth of polymer molecular weight and lower Ð 
(1.08 in EtOAc vs 1.17 in DMA for PC 5). In addition, a recent investigation into the 

photophysical properties of PCs with and without CT character has suggested that a CT 

excited state with perpendicular geometry and appropriate energy (e.g., PC 8) can aid 

intersystem crossing (ISC) to the 3PC*,119 allowing for PCs with favorable photophysical 

properties to be targeted synthetically. Notably, these findings can be used to explain the 

observed differences in performance between CT and non-CT PCs, as improved ISC would 

yield a larger concentration of the active catalytic species in O-ATRP (assuming the PC 

operates via the 3PC* excited state and not the 1PC*).

5.3. Excimer Formation and Reactivity

The possibility of these PCs forming excimers has also been investigated as a means of 

understanding their reactivity in thermodynamically challenging reductions.109 In an attempt 

to prepare carbonates, carbamates, and urea derivatives, it was observed that PC 8 was 

capable of reducing 4-(trifluoromethoxy)-benzonitrile (15), which was surprising given that 

this PC should not be thermodynamically capable of reducing this substrate [E*red(2PC•+/
3PC*) = −1.7 V whereas E0

red(15/15−) = −2.1 V, both vs SCE]. To explain this observation, 

it was proposed that PC 8 might form excimers under reaction relevant concentrations, 

leading to the formation of a PC radical anion and radical cation upon photoexcitation. In 

the absence of an electron donor, these species likely undergo a comproportionation reaction 

to generate two ground state PC molecules. However, upon addition of an electron donor 

such as an amine, it was proposed that the PC radical cation could be quenched, resulting in 

a longer-lived radical anion capable of reducing a substrate. Supporting these hypotheses, 

quenching of the radical cation upon addition of an amine was observed using transient 

absorption spectroscopy, and the E0
red(1PC/2PC•−) of the radical anion of 8 was measured to 

be about −2.5 V vs SCE, which is sufficient to reduce 15.109 Thus, excimers of these PCs 

may offer a means of enhancing their reducing power to access more challenging 

transformations in the future.
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6. Conclusion and Outlook

Until recently, few PCs with strongly reducing excited states existed, especially organic PCs. 

Thus, PhenS’s, PhenN’s, and PhenO’s represent a unique subset of molecules that are 

capable of performing challenging reductions catalytically without the use of precious 

metals. Capitalizing on their strong excited state reduction potentials, these PC families have 

been widely applied to the synthesis of polymers with controlled molecular weights, low 

dispersities, and complex architectures. Furthermore, their ability to operate via several 

mechanisms (e.g., O-ATRP and PET-RAFT) has also been demonstrated. Moreover, the 

ability of these PC families to mediate a variety of small-molecule transformations has been 

reported, the scope of which will undoubtedly expand in coming years. To promote this 

expansion, future investigations focusing on the mechanisms of these PCs in a range of 

applications will be crucial, allowing for their design principles to be refined to target 

desired, selective transformations. Moreover, these PCs have a unique potential to increase 

the long-term sustainability of transformations currently mediated by precious metal 

catalysts. However, the sustainability of these PCs is currently hindered by the fact that all of 

the PCs discussed herein to date are synthesized via palladium-catalyzed transformations. 

Thus, future efforts should also include the development of more sustainable PC syntheses 

that are not dependent on precious metals.
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Figure 1. 
Examples Highlighting the Evolution of Strongly Reducing Organic PCs Based on PhenS, 

PhenN, and PhenO.
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Figure 2. 
Further Examples Highlighting the Evolution of Strongly Reducing Organic PCs Based on 

PhenS, PhenN, and PhenO.
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Figure 3. 
Monomers Successfully Polymerized via O-ATRP by Using PhenS, PhenN, and PhenO 

Photoredox Catalysts. (Ref. 29,34,36,45,47-49,51)
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Figure 4. 
Monomers Polymerized via PET-RAFT by Using PhenN and PhenS Catalysts. (Ref. 
38,46,59)
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Figure 5. 
Polymer Architectures Synthesized Using PhenS, PhenN, and PhenO Photoredox Catalysts.
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Figure 6. 
PhenN’s Computed to Have Spatially Separated SOMOs (Right) Were Observed to Perform 

Better as O-ATRP Catalysts than Those That Possessed Localized SOMOs. (Ref. 40)
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Scheme 1. 
A General, Oxidative Quenching Mechanism by Which Strongly Reducing PCs Operate. 

First, an Electron Is Donated by the Excited State PC (PC*) to an Acceptor (A), Followed by 

Extraction of an Electron from an Electron Donor (D) to Regenerate the Ground State PC. 

(Ref. 28,29)
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Scheme 2. 
Proposed O-ATRP Mechanism. (Ref. 40)
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Scheme 3. 
Xu and Boyer’s Proposed Mechanism of PET-RAFT. (Ref. 55-58)
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Scheme 4. 
Photocatalytic Generation of Fluorophosgene in Situ for the Synthesis of Carbonates, 

Carbamates, and Urea Derivatives. (Ref. 109)
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Scheme 5. 
Comparison of PhenN’s without (Top) and with (Bottom) CT Excited States. (A) Computed 

Electrostatic-Potential-Mapped Electron- Density Diagrams Portraying the Distribution of 

Electron Density within PCs upon Photoexcitation to an Excited State, with Red Signifying 

Larger Populations of Electron Density. (B) Charge Transfer PCs Exhibit Large 

Solvatochromic Shifts in Their Emissions in Solvents of Different Polarity, While Non-CT 

PCs Do Not. Solvents of Increasing Polarity from Left to Right: 1-Hexene, Benzene, 

Dioxane, THF, Pyridine, and DMF. (Ref. 35,40)
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Table 1

Tunable Properties of PhenO’s through Facile Synthetic Modifications of the Core Structure (Ref. 35,36)

PC 7 8 12

E0(2PC•+/3PC*)
a

−2.11 (−2.48)
d

−1.70 (−1.80)
d

−1.42 (−1.75)
d

E0(2PC•+/1PC)
a

0.58 (0.68)
e

0.42 (0.65)
e

0.62 (0.69)
e

λmax,abs
b 324 nm 388 nm 411 nm

εmax,absc 7,700 M−1cm−1 26,600 M−1cm−1 22,300 M−1cm−1

a
DFT-predicted redox potentials reported in V vs SCE.

b
Maximum absorption wavelengths.

c
Molar absorptivities at λmax.

d
Values in parentheses are experimental E0(2PC•+/1PC*) values (V vs SCE), where the lowest excited singlet energies were estimated from the 

maximum wavelength of emission.

e
Values in parentheses are experimental E1/2 values (V vs SCE) determined using cyclic voltammetry.
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