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Abstract

Photoinduced organocatalyzed atom-transfer radical polymerization (O-ATRP) is a
controlled radical polymerization technique that can be driven using low-energy, visible light and
makes use of organic photocatalysts. Limitations of O-ATRP have traditionally included the
need for high catalyst loadings (1000 ppm) and the narrow scope of monomers that can be
controllably polymerized. Recent advances have shown that N,N-diaryl dihydrophenazine (DHP)
organic photoredox catalysts (PCs) are capable of controlling the polymerizations at PC
loadings as low as 10 ppm. In this work we synthesized five new DHP PCs and examined their
efficacy in controlling O-ATRP at low ppm catalyst loadings. We found that we were able to
polymerize methyl methacrylate at PC loadings as low as 10 ppm (relative to monomer) while
producing polymers with dispersities as low as © = 1.33 and achieving initiator efficiencies (/)
near unity (102%). In addition to applying these PCs in O-ATRP, we carried out a thorough
investigation into the structure-property relationships of the new DHP PCs reported herein as
well as report new photophysical characterization data for previously reported DHPs. The
insight into the DHP structure-property relationships that we discuss herein will aid in the
elucidation of their ability to catalyze O-ATRP at low catalyst loadings and sheds light on how
structural modifications affect certain properties so that we may better understand how to tune
PC structures to overcome limitations in O-ATRP such as the controlled polymerization of
challenging monomers.

Introduction

The development of organic photoredox catalysts (PCs) has revolutionized the way that
chemists can approach both small molecule and macromolecular syntheses.!?345 Establishing
structure-property relationships of organic PCs is essential for guiding the development of new
PCs with targeted properties and to increase their use and application in new chemical
transformations. One specific application that knowledge of structure-property relationships in
PCs has been leveraged for is organocatalyzed-atom transfer radical polymerization (O-ATRP).
O-ATRP is a reversible-deactivation radical polymerization (RDRP) technique that employs the
energy of visible light to synthesize polymers with controlled molecular weights and
architectures (Figure 1). In RDRPs, successful control over the polymerization is typically
assessed by the ability to produce polymers with low dispersity (D) (P < 1.5), targeted molecular
weights, and retention of the polymer chain end group. O-ATRP was developed as an
alternative to traditional metal catalyzed atom transfer radical polymerization (ATRP), one of the
most widely used RDRP techniques. O-ATRP offers certain advantages over traditional metal
catalyzed ATRP in that it enables the synthesis of polymers free of metal contaminants. Without
metal contamination, polymers synthesized via O-ATRP can more readily be used for metal
sensitive applications such as in electronics or biomedical technologies.® From a sustainability
perspective, O-ATRP utilizes a readily abundant source of energy (light) to drive a useful
chemical reaction. Although non-organic catalysts have also been developed for visible light-
driven ATRP,487 they necessitate the use metals such as copper, ruthenium, or iridium which
limits the potential applications of the polymers, as highlighted above. Furthermore, concerns
about the sustainability of using precious metals such as iridium motivate use of organic PCs.8
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Figure 1: Proposed mechanism for O-ATRP.

Our research group has worked in the development of different families of highly
reducing PCs originally tailored for O-ATRP, including N-aryl phenoxazines,®'®'" N,N-diaryl
dihydrophenazines (DHPs),'213.14151617 = N-aryl phenothiazines,'”® and N-aryl dimethyl
dihydroacridines'® all of which are comprised solely of atoms with high natural abundance,
further bolstering their prowess as sustainable catalysts.

Significant advances have been made toward increasing our understanding of the
impact of certain PC properties on specific steps of the proposed O-ATRP
mechanism.20.21222324 Simultaneously, with the advancements in the understanding of relevant
PC properties has been growth in the understanding of intricacies in the proposed O-ATRP
mechanism.?* Here, we discuss a distilled version of the proposed mechanism for O-ATRP
(Figure 1). In the first step of O-ATRP, a PC is photoexcited via irradiation. The excited state PC
("PC*) reduces either the alkyl halide initiator via a single electron transfer reaction to initiate
polymerization or, once the polymerization has been initiated, reduces the halide-capped

polymer  chain end to re-activate
polymerization. The rate of activation is
defined as k.. Reduction of the
initiator/halide-capped polymer chain end
yields a carbon-centered radical on the
initiator/polymer  chain end which can
propagate through a reaction with monomer
leading to polymerization. The rate of
polymerization is defined as k,. Reduction of
the alkyl halide initiator or halide-capped
polymer chain end also generates the
oxidized PC species (*PC*) and a halide
anion (X)) which we propose to form an ion
pair.?5 This ion pair (PC*X) is proposed to
deactivate the carbon centered radical on the
chain end group of the growing polymer
through reinstallation of the halide; the rate of
deactivation is described as k,. Deactivation
yields both the halide-capped polymer and
ground state PC. Key to the success of ATRP
and O-ATRP is that ky is faster than k,. Rapid
deactivation of the radical on the end group of
the growing polymer chain helps minimize
bimolecular radical termination reactions,
which are counterproductive to the synthesis
of polymers with controlled molecular weights.
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Figure 2: Jablonski diagrams representing PCs that form
excited states with either local excitation (LE) character
(left) or charge transfer (CT) character (right) in their
lowest photoexcited states. Solid yellow arrow indicates
photoexcitation from Sy to S, to form photocatalyst in the
singlet excited state ('PC*). Purple and blue dashed
arrows represent radiative decay from the lowest energy
singlet excited state (S1) and the lowest energy triplet
excited state (T4), or fluorescence and
phosphorescence, respectively. Pink arrow represents
inner system crossing (ISC) from Sy to T4 to form
photocatalyst in the triplet excited state (3PC*). Green
waved line represents internal conversion (IC). PC
properties associated with each type of aforementioned
transition are labeled adjacent to those transitions in the
Jablonski diagram on the left.
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There are several thermodynamic requirements that PCs used to catalyze O-ATRP
through an oxidative quenching cycle (Figure 1) must meet. The excited state PC ("PC*) must
be significantly reducing (E°*(?PC**/"PC*)) to reduce both the alkyl halide bond of the initiator or
the polymer chain end alkyl halide bond (~ -0.6 to -0.8 V vs SCE).'2 Additionally, the ion pair of
2PC-* and Br must be sufficiently oxidizing to deactivate the growing polymer chain (~ -0.8 V) to
reinstall the halide. There are also several photophysical PC properties that are relevant to the
O-ATRP mechanism (Figure 2). Absorption of visible light (400 nm - 700nm) and thereby a
wavelength of maximum absorption (Anaxans) > 400nm enables the use of visible light to
stimulate photoexcitation of the PC. This attribute is desirable as use of ultraviolet (UV) light can
cause unwanted side reactions as many small molecules, including monomers using in O-ATRP
can absorb UV light. PCs that possess a high molar extinction coefficient (e,s) at the
wavelength used for photoexcitation are preferred as PCs with higher e,,s are more efficient at
absorbing light and therefore accessing the reactive excited state "PC*, which at higher
concentrations can lead to more efficient and uniform activation in O-ATRP as well as be more
resilient to differences in irradiation intensity. Upon photoexcitation, the PC is promoted to some
singlet excited state (S,)) (Figure 2) from which it relaxes to the lowest S, energy state. From S,
the PC, considered to be in the lowest energy singlet excited state ('PC*) can relax back to the
ground state via radiative (fluorescence) or non-radiative pathways (Figure 2), react with a
substrate via electron-transfer or energy transfer, or can undergo intersystem crossing to
access the ftriplet excited state (T;). The PC in the triplet excited state (*PC*) can most
commonly react with some substrate or relax via phosphorescence (radiative decay) or non-
radiative decay back to the ground state (Figure 2). Both "PC* and 3PC* are highly reducing for
the PCs discussed in this work and are likely responsible for activation in O-ATRP, especially
dependent on catalyst and reactant concentrations.?? As triplet excited state lifetimes (111) are
longer than singlet excited states lifetimes (1s4) and are therefore more likely to engage in a
bimolecular interaction, 3PC* is commonly attributed as the species responsible for activation.
However, recent studies have shown that there are several factors that can influence the ratios
of 'PC* and 3PC* responsible for activation in O-ATRP such as the concentration of initiator
used,?® the solvent that the polymerization is conducted in,??> and electron transfer rates
influenced by the PC structure.?’ As "PC* is responsible for activation, it is important to
understand how the structure of the PC influences the nature of "PC*. DHP PCs that access
charge-transfer (CT) type excited states have been shown to be more effective PCs in
controlling O-ATRP." In CT PCs, photoexcitation triggers a shift in electron density from one
part of the molecule (the donor) to another part (the acceptor) generally resulting in a more-
polar and stabilized excited state (Figure 2). The specific role of CT in improving PC control in
O-ATRRP is still debated..23.26.27

In previous work, core-extension of N-aryl phenoxazines, DHPs, and N-aryl dimethyl
dihydroacridines has been shown to significantly impact PC properties and improve control in O-
ATRP.11:14.15,16,17.19 Prior work on aryl core-extended DHPs explored how core-extension with
electron withdrawing 4-trifluoromethylphenyl N-aryl groups impacted PCs properties and control
in O-ATRP (Figure 3).' Importantly, the aryl-core extended DHPs were shown to control O-
ATRP at catalyst loadings as low as 10 ppm, producing polymers with controlled molecular
weights (B < 1.42) while achieving / * > 90%.'* The application of PCs at low ppm (<1000 ppm)
was a significant advancement in the field of O-ATRP. The ability to control polymerizations at
low PC loadings is beneficial both from a sustainability perspective and from a practical
standpoint as low ppm PC loadings limits contamination of the polymers by the PC. In this work,
we sought to further investigate structure-property relationships in core-extended DHPs first, to
gain insight into the properties that enable them to control O-ATRP at low ppm PC loadings and
second, because deeper understanding of structure-property relationships in PCs can help
direct the development of new PCs with properties that can help overcome current limitations in
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O-ATRP (Figure 3). Herein, we demonstrate the synthesis and characterization of five new
core-extended DHP PCs, examine the structure-property relationships in those PCs, and
investigate their ability to control the polymerization of acrylate and methacrylate monomers in
O-ATRP. Furthermore, we provide new photophysical characterization data for previously
reported DHPs and test their ability to control O-ATRP at low ppm PC loadings for the first time.

Ar Ar
@I&D core-extension R m& I:IR
D —
I‘;I R I‘;I R
Ar Ar
Parent DHP PCs Core-Extended DHP PCs
* Studied impact of core-

substituents on PC properties Ar= '§_©_CF3

* Control in O-ATRP at low (50
ppm) catalyst loading  Macromolecules 2019, 52, 747-754.

This Work
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* New derivatives of CE-DHPs
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Figure 3: Previously reported work on core-extended
DHPs (top). Focus of this work and structures for new
core-extended DHPs developed in this work (bottom).
*Different points of connectivity for naphthalene N-aryl
group to DHP PC are indicated by red arrows.

Results and Discussion

Synthesis of PCs. The synthesis of core-extended DHPs involves several steps beginning with
the reduction of phenazine (1) to dihydrophenazine (2) (Figure S3).2¢ Following the synthesis of
dihydrophenazine (2), Buchwald-Hartwig C-N cross coupling conditions are used to access the
parent (non-core extended) DHP PCs 3, 4, and 5. PC 5 was synthesized using C-N coupling
conditions employed by our group for the synthesis of PCs 3, 4, and 5, when we first reported
the use of these PCs for O-ATRP in 2016.'2 Unfortunately, under these previous conditions the
yield reported for PC 3 was only 3%.'? In this work, we explored other C-N cross coupling
conditions for the synthesis of PC 3 that were previously reported for the synthesis of 2-
naphthyl-10-phenoxazine.!” Using bis(dibenzylideneacetone) palladium(0) (Pd(dba),)and tri-
tertbutyl phosphine (P(tBu);) for the C-N cross coupling of dihydrophenazine (2) and 1-
bromonaphthalene (instead of RuPhos and RuPhos precatalyst), we observed improved yields

4
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of PC 3 (57%). PC 4 was also synthesized using Pd(dba), and P(tBu);. Core-extension of PCs
3, 4, and 5 was accomplished by first brominating the DHP core (utilizing previously reported
methods for the synthesis of core-extended DHPs)' then through a Suzuki-Miyaura C-C cross-
coupling reaction with the brominated DHP and the boronic acid of a phenyl substituent with
either an electron withdrawing group (a) or an electron donating group (b) (Figure 3). Non-core-
extended DHPs (or “parent DHPs”) discussed in this work include PCs 3, 4, and 5 which have
N-aryl group 3, 4, or 5, respectively (Figure 3). Core-extended DHPs discussed in this work
include PCs 3a, 4a, and 5a (which have electron withdrawing core substituent a and N-aryl
group 3, 4, or 5, respectively, as well as PCs 3b and 5b which have electron donating core
substituent b and either N-aryl group 3 or 5, respectively.

Photophysical characterization. To study the photophysical properties of the core-extended
DHPs, we employed a combination of spectroscopic techniques and computational approaches.
First, we sought to probe how the N-aryl group and core substituents in core-extended DHPs
impact photophysical PC properties (specifically the Anaxabs, Emaxabs), the ability to access CT
states, the excited state energies (Es & E11comp), §r, and the excited state lifetimes (rs¢ & 714).
Absorption. We hypothesized that core-extension would generally lead to a red-shift in
the Amax.abs through stabilization of the n* orbitals involved in photoexcitation, but were uncertain
how the electron withdrawing or donating character of the core substituents might influence
Amaxabs- IN previous studies where structure-property relationships of PCs with donor-acceptor
structures similar to core-extended DHPs reported herein were examined (ie: N-aryl
phenoxazines', N,N-diaryl dihydrophenazines'4, and N-aryl dimethyl dihydroacridines®), core-
extension was shown to red-shift Apaxa0s. VWe observed that core-extension does lead to a red-
shifted Anaxabs fOr these PCs (Table 1), however there appeared to be little to no notable effect
on Amaxabs imparted by the electron withdrawing or electron donating character of the core-
substituent. The Ayaxabs for 3a (Amax.avs = 385 nm) and 3b (Anaxaps = 385 Nm) were experimentally
determined to be identical while the Anaxaps Of 5@ (Amax.aps = 373 nm) and 5b (Ayaxaps = 371 nm)
are separated by only 2 nm. In contrast to the core substituents, the identity of the N-aryl group
has a notable impact on Apaxabs- The Amax.abs red-shifts by ~12 nm when the N-aryl group on CE-
DHPs is changed from 2-naphthylene (PCs 5a and 5b) to 1-napthalene (PCs 3a and 3b).
Additionally, exchanging a naphthalene N-aryl group for an electron donating N-aryl group (4-
methoxyphenol) results in a red-shift from 7 to 19 nm (PC 4a: Ayaxans = 392 nm). Of the core-
extended DHPs that have been reported, 4a has the highest measured Ayax aps (392 nm). ™4
Though the identity of the core substituents has little measurable effect on Ayaxabs, the
molar absorptivity at Anaxabs (Emaxans) IS Significantly impacted by the electronics of the core
substituent (Figure 4). We hypothesized that, in accordance with previous work, &qaxaps Would
increase with core-extension as a result of extended conjugation of the PC core. Indeed, the
measured &naxaps Values are between 7,000 and 21,700 M-'cm™' larger for core-extended PCs
than non-core-extended parent PCs. The measured increase in efficiency of photon absorption
in core-extended PCs is corroborated by oscillator strength (f) values predicted using time-
dependent density functional theory calculations (TD-DFT) (Figure 4B & Figures S61-S69). The
predicted f values shown in Figures 3 and Figures S61-S69 approximate the strength of a
certain electronic transition, in this case a n-n* transition. Furthermore, we found that the €yax abs
of PC core-extended with the EWG a are significantly higher than the &yaxabs for PCs core-
extended with EDG b. Specifically, the €naxans Measured for 3a (Emaxans = 22,200) is 8,800 M-
'cm™' greater than the &maxaps Of 3b (Emaxans = 13,100) and the measured &€yaxaps Of 5@ (Emax.abs

=27,600) is 11,400 M-'"cm-" higher than for 5b (&yaxa0s = 15,900). To explore potential factors
Table 1: Photophysical properties of PCs investigated in this study.
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PC Amax,abs smax,abs }\max,em Stokes E (eV)[d] E (ev)[e] ) ((y)[f] [e] [h]
)@ (Mem)®  (om)©@  Shift (am) Cssew T1,comp (%) Ty (ns)™ Try (k)

3 362 6,100 663 297 1.87 2.23 1.32 9 0.63
3a 385 22,200 586 201 2.12 1.91 9.00 17 144
3b 385 13,100 636 251 1.95 2.07 431 11 42

4 373 5,200 467 94 2.66 2.29 23.0 37 88

4a 392 20,900 599 207 2.07 1.82 36.0 13 ey

5 343 5,900 654 311 1.90 2.19 0.72 M 35

5a 373 27,600 587 214 211 1.89 35.0 17 .

5b 371 15,900 621 250 2.00 1.99 4.00 11 108

EiMaximum wavelength of absorption was measured using UV-Vis in DMAc. CiMolar absorptivity calculated at
)\max in DMAc. ™ Maximum wavelength of emission was measured using steady-state fluorescence spectroscopy

in DMAc. [d]SingIet energies were calculated using the maximum wavelength of emission (E(eV)=1239.8 / A (nm)).
“IDFT calculations were performed at the uM06/6-311+G(d,p)//uM06/6-31+G(d,p) level of theory with CPCM-
described solvation in DMAc. “Quantum yield of fluorescence was measured in DMAc using absolute methods.
[Q]Singlet excited state lifetime was determined by kinetic emission. n Triplet excited state lifetime was determined
by kinetic absorption. INo triplet signal detected. [k]SingIet excited state lifetime was too short to measure as it
was below the detection limit of the Instrument.
that contribute to the significant difference in €naxas between PCs 3a, 4a, and 5a vs. PCs 3b
and 5b, we used TD-DFT. The electronic transitions with the highest predicted oscillator
strengths in PCs 3a, 4a, and 5a, are predicted to occur between a Tyomo centered on the PC
core and a 1T ymo+n Spread across the PC core and all four core-substituents (Figure 4B & Figure
S65-S66). In contrast to PCs 3a, 4a, and 3b, the electronic transitions with the highest predicted
oscillator strengths for PCs 3b and 5b are forecasted to occur between a 14omo0 centered on the
PC core and a mymo+n Spread across the core and both N-aryl substituents (Figure 4B and
Figure S69). Interestingly, the T ymo+n predicted to have greater involvement in absorption
resides more heavily on the core of 3b than it does for 5b. Our understanding is that all the
core-extended DHPs are predicted to access a mixed excited state upon initial photoexcitation
where charge transfer (CT) is not fully delocalized to the N-aryl group or the core-substituents,
but nor is the nature of the excited state purely of locally excited (LE) character. Considering the
differences in where T ymo+n is predicted to reside for PCs 3a, 4a, and 5a vs. for 3b and 5b, we
postulate that the location of n* orbitals on the PC could influence the efficiency of photon
absorption accounting for the difference in €n.xa0s that we observed for core-extended DHPs
with different core-substituents but the same N-aryl group, although further investigations are
necessary to further support this hypothesis.

Though there is a measurable change in the ¢,.x for CE-DHPs with different N-aryl
groups, the shifts are of a lesser magnitude than for those observed from changing electron
donating core substituents to electron withdrawing core substituents on PCs with the same N-
aryl group. 4a has the lowest ¢, of 3a, 4a, and 5a, but only ~1,300 M-'cm-' lower than 3a. Of all
the CE-DHPs investigated here,5a has the highest molar extinction coefficient at €, ~27,600
M-'lcm-'."* Despite the measured €,.x of 5a being ~5,400 M-'cm' higher than 3a, TD-DFT
calculations predicted the €. to be highest for 3a and lowest for 5a (Figure 4C).
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Figure 4: (A) Structures of PCs discussed in this figure. (B) Results from time-dependent density functional theory
(TD-DFT) calculations of orbitals involved in excitation of PCs 3, 3a, 3b, and 5a at the predicted Amaxaps (top) and
visualized molecular orbitals predicted to be involved in photoexcitation (bottom). (C) UV-vis spectra of PC 3, 3a, 3b,
and 5a acquired in N,N-dimethylacetamide (DMAc) with observed maximum wavelength of absorption (Amaxabs) in
units of nm and molar extinction coefficient (gmax.abs) in Units of M-'cm! shown.

Charge Transfer. A combination of DFT and experimental approaches were used to examine
the nature of PC*. Studies of non-core extended DHPs support access a CT excited state
located primarily on the naphthalene N-aryl substituent for PCs 3 and 525 and that the
connectivity of the N-naphthalene group, specifically in N-aryl phenoxazines, does have an

impact on

CT.%8 In this work, we sought to investigate how core-extension and the N-aryl group

impact CT in core-extended DHP PCs. First, we used fluorescence spectroscopy to measure
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the maximum emission wavelength (Amaxem) @nd emission profile of parent and core-extended
PCs (Table 1). For all the PCs, except PC 4, we observed broad and featureless emission
profiles suggesting that these PCs access a CT state for '"PC*. We then used the measured
Amaxem 10 calculate the Stokes shift (AA) for each PC [AN= Apaxem (NM) - Amaxans (NM)]. We
observed that AN for PCs 3 and 5 decreases as a result of core-extension (Table 1).
Interestingly, core-extension of PC 4 (AA = 94 nm) to PC 4a (AA = 207 nm) results in a 113 nm
increase in A\, suggesting that through specific core-modifications, parent DHPs that do not
possess CT character can be modified to enable access to a CT state. As there is previous
work supporting that core-extended N-aryl phenoxazines and N,N-diaryl dihydrophenazines
access a CT state located on the core substituents,'"'* we hypothesized that core-extension
with EWG a would increase the A\ of PCs 3a and 5a relative to PCs with EDG b (3b and 5b).
To the contrary, we observed that the A\ of PCs 3a (AA = 201 nm) and 5a (AA = 214 nm) was
significantly less than for PCs 3b (AA = 251 nm) and 5b (AA = 250 nm). In addition to examining
the Stokes shift, CT character can be assessed for PC* by investigating solvatochromism,
where the PC is dissolved in solvents of increasing polarity then photoexcitation via irradiation
reveals how the energy of emission from polarized PC* is stabilized by solvents of increasing
polarity resulting in a lower energy (red-shifted) emission (Figure 5B and Figures S46-S53).
Solvatochromism of 3b and 5b appear more extensive than solvatochromism of 3a and 5a
supporting our observation that the former has a larger A\.

Figure 5: (A&B) Normalized absorption (solid) and

>
>
1l
[X=)
B
=]
3
=

=]

[y
i

emission (dashed) spectra of PCs 4 and 4a, respectively,
with Stokes shift shown in nm. (C&D) Photographs of PCs
4 and 4a in solvents of increasing polarity from left to right
while being irradiated with 365 nm light. (E&F) Electrostatic
potential (ESP) maps (generated using DFT) showing
areas of high electrostatic potential (red) and low
electrostatic potential (blue) for the PC in the singlet
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DFT calculations were used to probe the CT character of PCs in the ground state and of 3PC*.
Generation and visualization of singly occupied molecular orbitals (SOMOs) of the parent and
core-extended 3PC* species show some degree of spatial separation between the low-lying
SOMOs and high-lying SOMOs (Figure 5B & Figures S70-S72). For core-extended PCs, the
high-lying SOMO of 3PC* is predicted to be distributed, asymmetrically, across the core and two
of the core substituents whereas the low-lying SOMO is predicted to reside centered primarily
on the core of 3PC* (Figure 5B and Figures S70-72). Interestingly, there is minimal observable
difference between the nature of the high lying SOMOs for 3b and 3a or between 5b and 5a.
Spectral absorption traces of 3PC* for core-extended PCs were measured using TA
spectroscopy to determine triplet excited state lifetimes for the PCs. When comparing spectral
absorption traces (Figure 6) of PCs with the same core substituent (ie: 3b and 5b) and PCs with
the same N-aryl group (ie: 3, 3a, and 3b) we observed similar features that support the SOMOs

8
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computationally predicted by DFT (Figure 4). For 3, 3a, and 3b, a similar absorption feature of
3PC* is observed at ~333 nm. We propose that this absorption feature is representative of a
high energy absorption from the low lying SOMO of 3PC* to some higher energy unoccupied
molecular orbital (LUMO.,). As the low lying SOMO of PCs 3, 3a, and 3b are is predicted to
reside primarily on the core of the PC (Figure S70), it makes sense that the absorption features
they have at ~333 nm would look similar. Furthermore, when comparing the spectral absorption
traces of 3PC* for 3b and 5b, we note two similar features at ~590 nm and ~698 nm. We
propose that these lower energy transitions are representative of excitation from the higher lying
SOMO on the PC core substituent to some LUMO.,. As these PCs share the same core-
substituent, it seems logical that these spectral absorption features at ~590 nm and ~698 nm
would be similar.

0.012

.;,0008
<10004 ’

C'C'OC' Sty Sy e m—

500 700  A(nm)

0000 F—r—mrt  —————
300 500 700  A(nm)

Figure 6: Overlapping spectral absorption traces of
3PC* for 3, 3a, and 3b (top) as well as PCs 3b and 5b
(bottom).

Interestingly, ESP maps of 3PC* generated using DFT suggest that the electrostatic
potential of 3a, 4a, and 5a is, largely, shifted away from the N-aryl group to one side of the
molecule where for 3b, 4b, and 5b electron density, though also shifted away from the N-aryl
group, is shared between all four core substituents (Figures S73-S75). For PC 4, a small AA is
observed (Figure 5A) as well as a lack of solvatochromism (Figure 5C) and no observable shift
in electrostatic potential between the ground state singlet PC ('PC) and 3PC* (Figure 5E).
Interestingly, when PC 4 is core-extended with EWG a, there is a measurable increase in AA
(Figure 5B), in the extent of solvatochromism (Figure 5D), and electrostatic potential in 3PC*
appears to shift from 'PC* so that electron density is heavily centered across two of the core
substituents rather than on the PC core (Figure 5F). These observations suggest that core-
extension can be used to modulate CT in PCs with a primary structure that does not possess
CT character in the excited state.

Excited State Energies. Energies of PC singlet excited states (Esq ) Were experimentally
determined from the Anaxem Measured using fluorescence spectroscopy. Egqep for core-
extended DHPs ranged from 1.95 eV to 2.12 eV and was determined to be higher for all core-
extended DHPs than for non-core-extended DHPs (with PC 4 vs. 4a as an exception).
Transitioning from EWG a to EDG b resulted in a decrease in Egq by 0.17 eV for 3a (2.12 eV) to
3b (1.95 eV) and by 0.11 eV for 5a (2.11 eV) to 5b (2.00 eV). For core-extended DHPs the N-
aryl group seems to have a smaller impact on Eg; than the electronics of the core substituent.
Es1exp for 3a and 5a are nearly isoenergetic and are higher than 4a by <0.05 eV. Additionally,
Es1exp for 3b and 5b are only separated by 0.05 eV. Interestingly, core-extension of DHPs is
predicted to lower the energy of the lowest energy triplet excited state (Et1comp) relative to the
parent non-core-extended PCs. PCs 3a (Et1comp = 1.91 €V) and 3b (Et1 comp = 2.07 €V) Et1comp
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is predicted to be lower than that of the parent DHP PC (PC 3: Etqcomp = 2.23 €V). The same
trend is observed between PCs 5 (Et1comp = 2.19 €V), 5a (Et1comp = 1.89 V) and 5b (Et1 comp =
1.99 eV) as well as for PCs 4 (Etycmp = 2.29 €V) and 4a (Erycomp = 1.82 €V). For core-
extended DHPs with the same core substituents, Etq comp does not change by more than 0.08 eV
which is within the margin of error for these calculations observed for a similar series of PCs.®
The same is true for the parent DHPs, where no more than a 0.10 eV shift in Etqcomp iS
predicted. Interestingly, the largest changes in Erqcomp are between core-extended DHPs with
the same N-aryl group, but different core substituents. For example, for PC 3b (Etqcomp = 2.07
eV) core-extended with EDG b E+y comp is predicted to be 0.16 eV higher in energy than E+y comp
for 3a (Et1.comp = 1.91 €V), the latter of which is core-extended with EWG a. Our observations
suggest that the electronics of the core-substituent could have more impact on Erq comp than the
identity of the N-aryl group, however an expanded study of core-extended DHPs is necessary to
confirm this.

Excited State Lifetimes. The excited state lifetimes (r) of PCs are posited to have a
significant role in PC reactivity as the lowest energy excited state must persist long enough to
engage in a bimolecular reaction, typically > 10 ns. Unfortunately, without measuring quantum
yield of intersystem crossing (¢;sc), we can currently only speculate on the relative concentration
of "PC* and 3PC* in our system through measuring the quantum vyield of fluorescence (¢;; vide
infra), however we are able to investigate the impact of structural changes on the excited state
lifetimes of core-extended and non-core-extended DHPs. Of the PCs for which we were able to
measure excited state lifetimes, the singlet excited state lifetimes (zs;) ranged from 9 ns — 37 ns
and ftriplet excited state lifetimes (z7) ranged from 0.63 us — 144 us. For PC 3 (15;= 9 ns; 114=
0.63 us), both 14; and t; are shorter than for core-extended derivatives 3a (15;= 17 ns; 111=
144 ps) and 3b (t;= 11 ns; tr;= 42 ps). This trend could not be verified for PCs 5 due to
insufficient data. In contrast to PC 3, a decrease in 1 is observed after core-extension of PC 4
(ts1=37 ns) to 4a (1s1=13 ns). When examining the effect of core substituent electronics on
excited state lifetimes, we found that for PCs 3 and 5, t¢; is longer for derivatives that are core-
extended with EWG a (PC 3a & 5a: 7;=17 ns) than with EDG b (PC 3b & 5b: 74;=11 ns). For
PCs 3a and 3b the same trend is observed for 3PC* where for PC 3a 7;,=144 ns and for 3b 7,
=42 ns. The effect of the N-aryl group on the excited state lifetimes of core-extended DHPs is
unclear. The experimentally determined zg; of 3a (zs;= 17 ns) and 5a (z5;= 17 ns) are equal as
well as the z4; of 3b (z¢;= 11 ns) and 5b (zs;= 11 ns), however there is a disparity in the triplet
excited state lifetimes of core-extended PCs with different N-aryl groups (3b: t;=42 ns; 5b: 744
=108 ns). Interestingly, for non-core extended DHPs, PC 4 has a significantly longer z5; than PC
3, and a longer 77, than PC 3 and PC 5, suggesting that the N-aryl group does have a
significant impact on the excited state lifetimes of non-core extended DHPs. We were unable to
confidently measure and report the singlet excited state lifetime (zg;) of PC 5 as it was below the
detection limit of our instrument. Furthermore, we were unable to detect a triplet signal for PCs
4a and 5a, therefore a triplet excited state lifetime (z+;) is not reported for those PCs.

Quantum Yield of Fluorescence. There are several pathways known to compete with
relaxation of a singlet excited state molecule via fluorescence including non-radiative decay
pathways, quenching through energy transfer or electron transfer, and phosphorescence from
T1. Though ¢; does not lend complete information regarding the contribution of the
aforementioned pathways in relaxation of PC* to °PC, a low measured ¢;can be used to support
a high quantum yield of intersystem crossing.”" We used fluorescence spectroscopy to
experimentally determine the ¢ for both the core-extended and non-core extended PCs
discussed in this study. On the whole, core-extension of DHPs appears to increase ¢:; The
experimentally determined ¢; of PCs 3 (¢ = 1.32%) and 5 (¢; = 0.72%) were both lower than ¢;
measured for the core-extended derivatives 3a (¢ = 9.00%) and 3b (¢ = 4.31%) as well as 5a
(¢ = 35.0%) and 5b (¢; = 4.00%), respectively. We found that this trend also holds true for PCs
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4 (¢ = 23.0%) and 4a (¢; = 36.0%) which we noted have the highest ¢: out of the non-core-
extended and core-extended DHPs, respectively. Though we did observe that ¢; for core-
extended DHPs with EWG a is higher than that for core-extended PCs with EDG b (i.e. 3a vs
3b), the ¢; of PC 3a is 26% lower than 5a, indicating there is significant variability between PCs
that, though possessing the same core substituents, have different N-aryl groups.

Redox Properties:

After assessing the photophysical properties of new core-extended DHPs, we sought to
examine their photo- and electrochemical properties. The experimental singlet excited state
reduction potentials (E%*ssexp(?PC**/'PC*)) for core-extended DHPs in this study range from -
1.62 to -1.78 V vs SCE. The E%s;,(?PC**/'PC*) we measured for 3a, 3b, 5a, and 5b suggest
that they are slightly more reducing than the parent non-core extended analogues; however

0*s1,exp(?PC**/'"PC*) does not vary by more than 0.14 V vs SCE. Contrary to this trend,
E%s1 exp(?PC*/'PC*) of PC 4@ (E%syexp(?PC**/'PC*) = -1.73 V vs SCE) is lower (more positive)
than that of PC 4 (E%*sse(?PC**/'PC*) = -2.5 V vs SCE, respectively). The experimental
oxidation potentials of 2PC** were estimated from the E;, (?PC**/'PC) which was determined
using CV. E;;» ((PC**/'"PC) for core-extended DHPs reported in this study range from 0.23 to
0.38 V vs SCE. Core-extension of PCs 3 and 5 resulted in no more than a 0.17 V vs SCE
increase in Eq; (?PC**/'"PC), however core-extension of 4 (E;, (?PC**/'"PC) = 0.16 V vs SCE)
with EWG a significantly decreased the stability of 2PC** (PC 4a: E;, (?PC**/'"PC) = 0.34 V vs
SCE). On the whole, core-extension of DHPs appears to destabilize ?PC**, rendering the core-
extended derivatives more oxidizing than the parent DHPs while also destabilizing Es4 rendering
3a, 3b, 5a, and 5b more reducing from 'PC*.

EO’SLE’(P (ZPC“‘FPC*} @ L ‘
AI‘: Ar= @ Ar=
3 4 5
-1.5 16 ii-17 i 18 -1.9 20 i -21id 2.2 -2.4 -2.5
i i i i ii (V vs SCE)

EO*Ti,comp (ZPC l+/3 PC * }

Figure 7: (Top) Electrochemical series of experimentally measured singlet excited state redox potentials (top) and
computationally predicted triplet excited state reduction potentials (bottom) of PCs investigated in this study.

Taking a closer look at the effects of the core substituent electronics on the redox
properties, we found that E%*s; .,,(?PC**/'PC*) is slightly more negative for 3a and 5a than for 3b
and 5b, though only by 0.06 to 0.11 V vs SCE (Figure 7). Changing the N-aryl group on core-
extended DHPs appears to have even less impact than core-electronics on
E%s; exp(?PC**/'PC¥). Interestingly, computationally predicted triplet excited state reduction
potentials  (E°*7comp(?PC**/*PC*)) have an opposite trend to what was observed for

0*s1 exp(?PC**/"PC*) excluding PCs 4 and 4a. E%*r; ;omp(?PC**/*PC*) is predicted to be lower for
core-extended PCs (ie. for 3 E%r;comp(?PC**/?PC*) = -2.13 V vs SCE and for PC 3a
E%71 comp(?PC**PPC*) = -1.67 V vs SCE). When analyzing the effects of the core substituent
electronics on E%*r comp(?PC**PPC*), we found that E%*r; comp(?PC**/PPC*) is slightly more
negative for 3b (E%*r1 comp(?*PC**/3PC*) = -2.06 V vs SCE)) and 5b (E°*r1 comp(?*PC**/3PC*) = -2.00
V vs SCE)) than for 3a (E°*r1comp(®PC**PPC*) = -1.67 V vs SCE)) and b5a
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(E%*11 comp(®PC**PPC*) = -1.75 V vs SCE)). As was observed for E%*s; ¢,(?PC**/1PC*) values,
changing the N-aryl group in core-extended DHPs is predicted to have a smaller effect on
(E%*71,0o0mp(*PC**PPC*) than the changing the electronics of the core-substituent. Redox
reversibility was observed for all core-extended DHPs to varying degrees suggesting that they
can perform as catalysts in reactions dependent on repeated reduction and oxidation reactions
such as O-ATRP (Figures S54-S60).

Table 2: Measured and predicted electrochemical properties
of PCs investigated in this study.
E 0 0* 0*
1/2 ox,comp S1,exp T1,comp

PC  (C/'PC) (*pc™/'Pc) (PCT/'PC*) (PCT/PPCH)

(Vs SCE)™ (vvsscE)®™ (vvsscE)® (v vssce)™
3 0.23 0.10 -1.64 213
3a 0.34 0.24 -1.78 -1.67
3b 0.23 0.00 172 2.06
4 0.16 0.01 -2.50 -2.29
4a 0.34 0.16 173 -1.66
5 0.211 0.06 -1.69 -2.12
5a 0.38 0.15 173 175
5b 0.38 0.00 -1.62 -2.00

BIAIl measurements were performed in a 3-compartment
electrochemical cell with an Ag/AgNO, reference

electrode in MeCN (0.01 M) and 0.1 M NBu4PF6

electrolyte solution. DMAc was used to solvate the PCs
and in the working electrode compartment, while platinum
was used as both the working and counter electrodes. E
(V vs SCE) = E (V vs Ag/AgNQ, [0.01 M]) + 0.298 V).

PIDFT  calculations were performed at the uMO06/6-
311+G(d,p)//uM06/6-31+G(d,p) level of theory with

CPCM-described solvation in DMAc. [C]Singlet excited
state reduction potentials were calculated using the
singlet energies (estimated from the maximum

wavelength of emission) and the E1/2.[d]VaIues were taken
from ref. 11.

O-ATRP:

After investigating the structure-property relationships for the core-extended DHPs
presented in this work, we sought to understand how those properties ultimately impact PC
performance in O-ATRP. First, PCs were applied in the O-ATRP of methyl methacrylate (MMA)
using diethyl 2-bromo-2methylmalonate (DBMM) and N,N-dimethylacetamide (DMAc) as the
solvent (unless otherwise noted) so that [MMA]:[DMAc]:[DBMM] = [1000]:[1000]:[10] (Figure 8 &
Table 3). PC loadings were varied between 500 ppm and 10 ppm relative to monomer. All
polymerizations were irradiated in a white light LED beaker and carried out under N,. PC
performance was assessed based on the degree of control with which the polymerization
proceeded. Polymerization control was evaluated by first analyzing initiator efficiency (/*) and
dispersity (D). I* is representative of the theoretical number average molecular weight (M), teo)
divided by the observed number average molecular weight (M,). If I* > 100%, this suggests that
initiation was over efficient and that some of the polymer chains in the polymerization were
initiated by means other than through reaction with the initiator (autoinitiation is one example). If
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I* < 100, this suggests that initiation was inefficient due to undesirable side reactions or other
processes that interfered with the polymerization of one polymer chain from one molecule of
initiator. Herein, an /* > 90% after 8h is considered good. PC control over polymer dispersity is
considered moderate if 1.3 < B < 1.5, good if 1.1 < D < 1.3, and excellent if b < 1.1.
Additionally, PC control over the polymerization was evaluated based on the linearity of M,
growth with respect to monomer conversion throughout the polymerization and by the proximity
of M, to the theoretical M, (M, ) at the same percent conversions. Polymerizations that
proceeded with linear M, growth and with M, closer to M, ., were considered to have been

more controlled than polymerization lacking those characteristics.
|

Qo

o o o o] o
EtOJJ*LOEt + m}LO/ —_— EtO Br
Br PC n
EtO o]
MMA

DBMM pMMA

Figure 8: General reaction scheme for the light driven
polymerization of methyl methacrylate (MMA) using a
photocatalyst (PC) and diethyl 2-bromo-2-methyl
malonate (DBMM) as the initiator.

Previous work has demonstrated that DBMM can add to the core of parent DHP PC
resulting in a decrease in /*.516 Based on the results of previous work, we hypothesized core-
extension of PCs 3, 4, and 5 would yield polymers with initiator efficiencies closer to unity due to
the presence of core-extending substituents blocking sites on the PC core known to undergo
radical addition of the initiator.'* Indeed, the /* of polymers synthesized using core-extended
DHPs was typically higher than for parent DHPs, however that increase varied largely (between
1% and 42% increase in ). Exceptions to this trend include PC 3a employed at 50 ppm in
DMACc (Table 3, Runs 6) and PC 5a employed at 500 ppm (Table 3, Run 17) where polymers
produced with the core-extended DHP did not have a higher /* under the aforementioned
conditions.

We too hypothesized that PCs 3a, 3b, 5a, and 5b would show increased control over
the polymerization of MMA, in comparison to PCs 3 and 5. Our reasoning stemmed from the
fact that PCs 3a, 3b, 5a, and 5b have higher epaxaps at @ Anaxans Closer to the emission of the
LEDs than PCs 3 and 5 and are equally if not more oxidizing from 2PC**, have higher
experimentally determined E%gq ¢x, (2PC**/'PC*), and possess CT character. To the contrary, we
observed no trends suggesting that core-extended PCs consistently produce polymer with lower
D or closer to unity /* than their analogous non-core-extended DHP. In fact, we observed that
between PCs 3 and 3a and between PCs 5§ and 5a, at the same PC loadings (50ppm and
higher), b varied by less than 0.09, except for in run 6 (Table 3) where 3a employed at 50 ppm
loading yields polymer with D lower by 0.12 than polymer produced with 3 at 50 ppm PC
loading. Overall, PCs core-extended with EDG b (PCs 3b and 5b) did not perform well in O-
ATRP of MMA. For PCs 3b and 5b, M, growth was not linear with respect to monomer
conversion and D stayed above 1.5 at all conversions, indicating poor control throughout the
duration of the polymerization (Figures S83, S95, & S96). As the properties of PCs 3b and 5b
are comparable to other core-extended DHPs that performed well, we hypothesize that the
relatively lower solubility of 3b and 5b may hinder their efficacy in controlling the polymerization.
Neither 3b nor 5b dissolve completely during the polymerization, thus the catalyst loading is
uncertain. Furthermore, the insolubility could cause scattering of light, compromising maximum
irradiation of the dissolved polymerization mixture and lowering the efficiency and uniformity of
activation.

One of the most notable results we observed as a result of core-extension, was that for
PC 4, core-extension with EWG a to PC 4a enabled superb control over O-ATRP of MMA (b =
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1.27, I" = 104%) at 50 ppm) whereas the parent PC 4 yields poor polymerization control at a PC
loading as high as 1000 ppm (D = 1.57, I* = 29%)'3. To explain this observation, we reviewed
three notable differences in the photophysical and electrochemical properties of PCs 4 and 4a.
First, we have shown new data to support that 4a can access a CT excited state due to core-
extension whereas PC 4 is not predicted to access a CT excited state, the former of which has
been attributed as an important PC property for success in O-ATRP."® Second, the oxidation
potential of PC 4a (E;, (?PC**/'"PC) = 0.34 V vs SCE) provides more overpotential than PC 4
(Eq2 (3PC**/'PC) = 0.16 V vs SCE) for driving deactivation in O-ATRP, the latter being essential
to minimizing termination reactions during the polymerization which compromise

Table 3: O-ATRP Results from Employing PCs for the
Polymerization of MMA at Varied Catalyst Loadingslel

[pc] m D

Run PC b Conv. " @

(ppm)"”’ (kpa)? (M /M)

2 100 68% 8.97 1.07 78%
3 50 85% 8.26 1.19 105%
5 3a 100 65% 7.71 1.10 87%
6 3a 50 86% 8.80 1.07 92%
7  3a 10 67% 7.17 1.49 97%
8 3b 100 51% 5.32 1.57 101%
9 4% 1000 70% 24.7 1.57 29%
10 4a 100 65% 7.57 1.15 90%
11  4a 50 76% 7.53 1.27 104%
12 4a 10 67% 7.17 1.49 97%
14 5 100 77% 8.74 1.18 91%
15 5 50 87% 12.8 1.20 70%
16 5 10 62% 7.43 1.79 88%
18 5a 100 73% 8.08 1.09 93%
19 5a 50 80% 7.34 1.28 112%
20 5a 10 70% 7.54 1.42 96%
22 5b 100 73% 8.25 1.54 92%

[BIAll polymerizations were conducted using MMA (9.35
mmol at 4.63 M) as the monomer and DBMM (0.093
mmol) as the initiator in a ratio of [1000]:[10] with DMAc as
the solvent. PIPC loading is relative to mols of monomer. [
Determined by 'H-NMR spectroscopy. [IMeasured using
GPC. ElInitiator efficiency (/*) calculated by ((theoretical M,
/ observed M,)*100). [lData obtained from ref. 13,
polymerization ~was conducted using ethyl o-
bromophenylacetate as the initiator rather than DBMM.

control. Last, the gnaxaps Of PC 4@ (Emax.aps=20,900 M-'cm™) is significantly higher than for PC 4
(Emax.abs=9,200 M-'cm'). As noted earlier, a high €naxabs IS poOsited to increase the population of
"PC* enabling uniform activation,?® however results observed from the application of PCs 3
(Emaxabs=5,500 M-'cm™) an 5 (€maxabs=5,900 M-'cm') show that polymerization control was
achieved at PC loadings as low as 50 ppm despite their comparable &4 abs Values to PC 4.

For PCs that yielded polymer with D <1.5 after 8h of irradiation at 100 ppm PC loading
(PCs 3, 3a, 4a, 5, 5a), we proceeded to test their efficacy at even lower PC loadings (50 ppm
and 10 ppm). Initially, we hypothesized that core-extended DHPs would give superior control at
lower PC loadings in comparison to parent DHPs due to their high molar extinction coefficients
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and the blockage of sites on the PC core noted to undergo side reaction with the initiator. At 100
ppm PC 5a outperforms PCs 3, 3a, 4a, and 5; D remained below 1.5 at all conversions, M,
growth was linear with respect to conversion, and at 8h the initiator efficiency was closest to
unity (I* = 93%) and D = 1.09 (Table 3, Run 18) (Figure S92). At 50 ppm, PC 3a outperforms
PCs 3, 4a, 5, and 5a (Table 3, Run 6). Although at 8h, /* is lower when using PC 3a at 50 ppm
(I = 92%) than for runs with PC 3, 4a, and 5a. The run using PC 3a is unique in that D
remained below 1.5 at all conversions and M, growth remained linear with respect to conversion
(Figure S81). Interestingly, for polymerizations shown in Table 3 that were run at 10 ppm PC
loading, D > 1.5 at all conversions, indicating poor control throughout the polymerization
(Figures S82, S86, S90, & S94). Additionally, for the 10 ppm PC loading runs employing PCs
3a, 4a, and 5a, pMMA only approaches ideal M, at high conversions—an indicator that initiation
is slow. Initially, we posited that, the lack of control at 10 ppm PC loading was due to the
concentration of PC being too low to afford a sufficient concentration of "PC* upon
photoexcitation. Interestingly, after doing a solvent screening using PC 3a (see discussion
below) we tried applying 4a at 10 ppm in the same polymerization conditions noted above but
using benzene as the solvent instead of DMAc (Table S4, run 33) and observed improved
results in polymerization control (D = 1.33 and /* = 102%) compared to the run using 4a at 10
ppm in DMAc (D = 1.49 and " = 97%).

After determining that PC 3a performed best at the lowest successful tested PC loading
(50 ppm) for the polymerization of MMA in DMAc using DBMM as the initiator, we sought to
assess the effect of solvent polarity on the polymerization results. Previously, several reports
have shown that solvent can have a significant impact on polymerization control, especially for
DHP PCs."31525 PC 3a was used to polymerize MMA at 50 ppm PC loading in tetrahydrofuran
(THF), ethyl acetate (EtOAc), benzene, and dichloromethane (DCM), in turn. Interestingly, we
found that the performance of PC 3a in the most polar solvent we tested (DMAc) (Conv. = 86%,
D =1.07, I = 92%) yielded nearly identical results at 8h as the polymerization conducted in the
least polar solvent we tested (benzene) (Conv.= 89%, D = 1.06, I* = 92%). For both runs (Table
4, Runs 6 & 25), M, growth was linear with respect to monomer conversion and < 1.5
throughout the polymerization (Figures S81 & S99). As observed in previous studies,’
monomer conversion was slower in solvents of increasing polarity.

Table 4: Solvent Screening with PC 3a for O-ATRP of MMA

M D

Run PC Solvent cony." (kDan)[C] ) W/M”)[c] I

6 3a DMACc 86% 8.80 1.07 92%
23 3a THF 78% 9.88 1.17 81%
24 3a EtOAc 87% 8.79 1.23 102%
25 3a  Benz 89% 10.0 1.06 92%
26 3a DCM 94% 8.88 1.24 109%

BIAI polymerizations were conducted using MMA (9.35
mmol at 4.63 M) as the monomer, DBMM as the initiator,
and PC 3a as the catalyst in a ratio of [1000]:[10]:[0.05].

PIDetermined by 'H-NMR spectroscopy. “IMeasured using

GPC. “initiator efficiency (/) calculated by ((theoretical
M /observed M )*100).

Overall, the photophysical and electrochemical properties of core-extended PCs
reported in Table 1 and Table 2 did not appear to significantly impact control over the
polymerization of MMA through O-ATRP or their ability to control the polymerization at low ppm
PC loadings > 50 ppm except for comparing results obtained using PC 4'3 vs PC 4a.
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To further probe the activity of core-extended DHPs, we investigated their ability to
control the polymerization of an acrylate monomer: n-butyl acrylate (nBA). The polymerization of
nBA by O-ATRP has been a persistent challenge in the field for several reasons. First, the high
rate of propagation of acrylates necessitates highly efficient deactivation to achieve a controlled
polymerization (D < 1.5). Additionally, the increased bond strength of the carbon-bromine bond
at the polymer chain end of poly(n-butyl acrylate) (pBA) relative to pMMAS3? necessitates a
greater driving force for activation relative to methacrylates. In combination, these properties of
acrylate monomers and polymers require increased driving force for both activation and
deactivation from PCs. Though the conditions and PCs applied for O-ATRP of nBA in this work
did not yield polymer with © < 1.5 (Table S4), recent work by McCarthy et al. and Buss et al.
demonstrated controlled polymerization of nBA via O-ATRP using alkyl core-substituted DHPs
and N-aryl dimethyl dihydroacridines, respectively.’®'® We hypothesize that under the conditions
investigated in this study core-extended DHPs do not have sufficient driving force for enabling
efficient deactivation, and thus controlled polymerization, of acrylates and other monomers with
high rates of propagation.

One of the more well-studied PCs for O-ATRP is 3,7-di(4-biphenyl) 1-naphthalene-10-
phenoxazine (PhenO). However, to the best of our knowledge, PhenO has not been applied in
O-ATRP at PC loadings lower than 1000 ppm. PhenO has a comparable &yaxaps t0 the PCs
reported herein (€maxaps = 26,600), absorbs at a comparable Anaxabs (Amaxaps = 388 nm), has a
higher oxidation potential (E;, ((PC**/'PC) = 0.65V vs SCE), possesses CT character, has a
longer triplet excited state lifetime (tr;= 480 ps), has a high ¢ (¢11 = 90%), and is sufficiently
reducing (E%ssexp ((PC**/'PC*) = -1.80 V vs SCE; E%1q¢omp ((PC**/?PC*) = -1.70 V vs SCE)
compared to core-extended DHPs.3" To gain a better understanding of what properties might
enable core-extended DHPs to work well at low ppm PC loadings, we decided to investigate
PhenO in the O-ATRP of MMA at 50 ppm using DBMM as the initiator and DMAc as the
solvent. As PhenO has comparable properties to core-extended DHPs, except for a higher
oxidation potential (which could provide more driving force for efficient deactivation and
improved polymerization control), we hypothesized that it would perform equally, if not better, in
O-ATRP at a low PC loading. Interestingly, after 8 hours of polymerization, the dispersity
reached using 50 ppm of PhenO (D = 1.81) was higher than the dispersity of any polymer
sample at 8 hours synthesized with any of the core-extended or non core-extended DHP PCs
that we investigated using the same conditions ([DMAc]:[MMA]:[DBMM] = [1000]:[1000]:[10])
(Table S4, run 34). Additionally, over the course of the polymerization M, growth was not linear
nor equivalent to M, e, suggesting that PhenO does not control O-ATRP of MMA under these
conditions (Figure S105). We also investigated the activity of PhenO for O-ATRP of MMA at
100 ppm and 500 ppm PC loadings. After 8 hours of polymerization using 100 ppm of PhenO,
the observed dispersity of the polymerization mixture was £ = 1.78 and the initiator efficiency
was " = 67% (Table S4, run 35). After 8 hours of polymerization using 500 ppm of PhenO, the
observed dispersity of the polymerization mixture was D = 1.39 and the initiator efficiency was /*
= 107% (Table S4, run 36). Despite dispersity being less than 1.5 after 8 hours of
polymerization using 500 ppm of PhenO, throughout the polymerization M, growth is not linear
with respect to conversion and M, is consistently > 4kDa higher than M, 4., The results obtained
using PhenO at 50, 100, and 500 ppm PC loadings for the polymerization of MMA demonstrate
that PhenO is an inferior PC relative to DHPs for controlling the polymerization of MMA in O-
ATRP at low ppm PC loadings. One potential explanation for the inferior performance of PhenO
relative to DHPs is that the overall yield of '"PC* vs 3PC* contributing to activation varies for
different PCs at certain initiator concentrations.2? If, at the concentration of DBMM used in our
polymerizations, the concentration of the "PC* species with a greater driving force for activation
is higher for DHPs than it is for PhenO, activation with DHPs would be, comparatively, more
efficient.
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When considering the dispersity observed after 8 hours of polymerization and the
linearity of M,, growth throughout the polymerization, PC 3a performed the best out of the seven
PCs studied herein. At 50 ppm in DMAc PC 3a produced pMMA with D = 1.07 after 8 hours. PC
3 performed second best at 50 ppm in DMAc yielding PMMA with = 1.19 after 8 hours,
followed by PC 5 (b = 1.19 at 8 hours), then by PC 4a (b = 1.27 at 8 hours), then PC 5a (D =
1.28 at 8 hours). Importantly, after 8 hours /* > 90% for all of these runs except the one using
PC 5 (I* = 70% after 8 hours). PCs 3b and 5b did not produce polymer with © < 1.5 at 100 ppm
PC loading and were, for that reason, not investigated in O-ATRP of MMA at 50 ppm. On the
whole, further investigation into the PC properties and polymerization conditions that allow for
polymerization control with PCs 3, 5, 3a, 4a, and, 5a at low ppm PC loadings is needed.

Conclusions

In this work, we were able to successfully synthesize five new highly reducing PCs, three of
which proved to be excellent PCs for controlling the polymerization of MMA at PC loadings as
low as 50 ppm and 10 ppm (under certain conditions). Furthermore, we demonstrated that non-
core extended DHPs can achieve satisfactory polymerization results at PC loadings as low as
50ppm. The photophysical and electrochemical properties of the five new PCs reported here
were investigated and the effect of core-extension, the electronics of the core substituents, as
well as the identity and connectivity of the N-aryl group on PC properties were examined. We
found that changing the N-aryl group in core-extended DHPs is predicted to have a smaller
effect on predicted (E%*r/comp(®PC**/?PC*)) vales and experimentally determined

0*s1 exp(?PC**/"PC*) than the changing the electronics of the core-substituent. Additionally, core-
extension of DHPs appears to destabilize 2PC**, rendering the core-extended derivatives more
oxidizing than the parent DHPs, but that overall neither, changing the N-aryl group nor the core
substituents has a significant impact on E;,(?PC**/'"PC). For PC properties relevant to
photoexcitation, we found that core extension red-shifts Anaxans, @and significantly increases
Emaxabs: FOr Amaxabs, the identity of the N-aryl group has a greater impact on Anaxans than the
electronics of core-substituents. To the contrary, we observed that though there is a measurable
change in the €maans for CE-DHPs with different N-aryl groups, the shifts are of a lesser
magnitude than those observed when the core substituent is switched between EWG a and
EDG b within PC families that have the same N-aryl group.-In our analysis of the measured
Stokes shifts for core-extended PCs, the identity of the N-aryl group is determined to smaller
effect on AN (and therefore an influence on CT) than altering the electronics of the core-
substituent. We also reported experimentally determined excited state lifetimes for the first time
for core-extended DHPs finding that core-extension appears to increase both zg; and 714, that
the electronics of the core have little effect on 754, but do impact 714 for 3a and 3b, that changing
the connectivity of the N-aryl naphthalene group has no effect on tg¢ for core-extended DHPs
3a-b and 5a-b, but does impact 154 for the parent DHPs and 74 for both core-extended and non-
core extended DHPs. Upon investigation ¢ for the PCs reported herein, we found that it is
relatively low (<9%) for all DHPs discussed in this work except for 4, 4a, and 5a for which ¢;was
still less than 40%.

After probing the ability of DHP PCs and PhenO to control O-ATRP at low PC loadings, we
are still uncertain as to the PC properties and polymerization conditions that facilitate control at
and above 50 ppm for DHP PCs. Further investigation into PC properties such as ¢;sc and k; at
relevant concentrations of monomer and initiator may shed light on this.
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