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ABSTRACT: Organocatalyzed atom transfer radical polymer-
ization (O-ATRP) is a controlled radical polymerization method
mediated by organic photoredox catalysts (PCs) for producing
polymers with well-defined structures. While N,N-diaryl dihy-
drophenazine PCs have successfully produced polymers with low
dispersity (P < 1.3) in O-ATRP, low initiator efficiencies (I* ~
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control. Additionally, we evaluate how PC properties evolve

during O-ATRP when a non-core-substituted PC is used. PC 1

with 1-naphthyl groups in the N-aryl position resulted in faster AKCS (k; = 1.21 + 0.16 X 107> 5™, k, =2.04 + 0.11 X 107> s™') and
better polymerization control at early reaction times as indicated by plots of molecular weight (number average molecular weight =
M,) vs conversion compared to PC 2 with 2-naphthyl groups (k; = 6.28 + 0.38 X 10™*s7", k, = 1.15 + 0.07 X 107 s7'). The
differences in rates indicate that N-aryl connectivity can influence polymerization control by changing the rate of AkCS PC
formation. The rate of AKCS increased from the initial to the second substitution, suggesting that PC properties are modified by
AKCS. Increased PC radical cation (PC*") oxidation potentials (E,/, = 0.26—0.27 V vs SCE) or longer triplet excited-state lifetimes
(11 = 1.4—33 ps) for AkCS PCs 1b and 2b compared to parent PCs 1 and 2 (E, , = 0.21—0.22 V vs SCE, 71, = 0.61—3.3 yis) were
observed and may explain changes to PC performance with AKCS. Insight from evaluation of the formation, properties, and
performance of AKCS PCs will facilitate their use in O-ATRP and in other PC-driven organic transformations.

KEYWORDS: catalysts, photocatalysts, polymerization, polymers, radical polymerization

B INTRODUCTION

Photoredox catalysis is an approach to chemical trans-
formations that employs a catalyst activated by light to initiate

provide competitive photophysical and redox properties, they
have the potential to serve as sustainable alternatives to
precious-metal-based PCs."'~'® Use of metal-based catalysts in

redox chemistry and access unique chemical transformations
under mild reaction conditions.'~* PC-mediated syntheses can
be more energy-efficient relative to typical thermally driven
methods, allow for spatial and temporal control, access unique
reaction pathways, and can provide selective reactivity.’ In
photoredox catalysis, photoexcitation results in an excited-state
PC (PC*) that is more reducing or oxidizing relative to the
ground-state PC and can engage in single-electron transfer
(SET) or energy transfer, provided that it is sufficiently long-
lived for a bimolecular reaction to occur.””® Therefore, both
the photophysical and redox properties of the PC are essential
to performance.” Substantial progress in photoredox catalysis
has largely used Ru and Ir complexes, which are notable for
strong visible-light absorption, near-unity triplet quantum yield
(®y5c), and redox stability.>® Despite their utility, Ru and Ir
PCs are dependent on rare-earth metals.'’ If organic PCs can
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polymerizations can present additional challenges including
incompatibility with certain reagents and contamination of the
final polymer product. For example, atom transfer radical
polymerization (ATRP) is a popular controlled radical
polymerization (CRP) method that employs transition metal
catalysts such as Cu'® or Ru'’ to produce well-defined
polymers. However, metal contamination of the polymer
matrix can limit ATRP’s use in certain metal-sensitive
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electronic or biomedical applications.'*™*° Additionally, tradi-
tional ATRP may not be suitable for monomers that strongly
interact with metal catalysts.'®*"

O-ATRP is a variant of ATRP that employs organic PCs and
light to mediate a controlled polymerization. Consequently, O-
ATRP eliminates metal contamination and can provide access
to monomers that coordinate to metal catalysts while allowing
for spatial and temporal control.">'” As a CRP technique, O-
ATRP allows for the synthesis of polymers with precisely
tailored molecular weights, compositions, and architectures.
Well-defined polymer structures are necessary for applications
1nclud1n% drug delivery, surface functionalization, and
more.”””"* To achieve polymerization control, O-ATRP
mediates an equilibrium between the activation and
deactivation of a growing polymer chain (Figure 1). Activation

IsC
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Figure 1. Proposed mechanism for O-ATRP, proceeding through an
oxidative quenching photoredox pathway.

by PC* is followed by rapid deactivation by the PC**, resulting
in a low concentration of radicals and minimizing undesirable
bimolecular radical termination reactions, which contribute to
a high P (>1.5) and nonunity I*. Adequate PC* reduction
potentials [E°(*PC**/"PC*)] and PC*' oxidation potentials
[E°(*PC**/'PC)] are therefore critical aspects of PC
design.”>*® For activation, the excited-state reduction potential
[E°(*PC**/"PC*)] of the PC must be sufficiently negative to
reduce the C—Br bond of either an alkyl halide initiator or a

deactivated polymer chain end ([E°(*PC**/"PC*)] < —0.6 to
—0.8 V vs SCE). For deactivation, the PC** must have an
oxidation potential positive enough to rapidly oxidize the
propagating polymer radical, forming a halide-capped polymer
(E°(*PC**/'PC) > —0.8 V vs SCE) and regenerating the
ground-state PC. Photophysical properties including molar
absorptivity (€p,.s), Wavelength of maximum absorption
(Amaxabs), charge transfer (CT) character, and excited-state
lifetimes (7) have also been found to be catalytically relevant
and influence polymerization control.”'**” Since the seminal
reports of O-ATRP in 2014 with the use of perylene”® and 10-
phenyl phenothiazine®' as PCs for O-ATRP, several new
families of highly reducmg organic PCs have been used,
1nclud1ng phenoxazines, dlhydrophenazmes, dihydroacri-
dines,” and other phenochalcogenazines.”® This work focuses
on dihydrophenazine PCs, which are notable for their highly
redugmg excited state and good polymerization control (P <
1.3).

O-ATRP with dihydrophenazine PCs has proven to be a
robust method for producing polymers with low D, but in early
work, I* was typically 60—80%, which indicates an inability to
achieve targeted molecular weights.'” It was hypothesized that
the observed low I* is a result of initiator-derived alkyl radicals
adding to the PC core, which prevents initiation and growth of
the predicted number of polymer chains.”’ More recent work
identified aryl core substitution (ArCS) as an approach to
modify PC properties and improve I* by blocking the positions
available for addition of alkyl radicals to the PC core.”** In
these studies, ArCS PCs were observed to have near-unity I*
and facilitate control with low PC loadings in O-ATRP (5—50

ppm). Notably, low PC loadings simplify polymer purification
and lower reagent costs, improving the overall utility of O-
ATRP.>*** In another work, core substitution by radical
addition of alkyl halide initiator fragments was investigated
through the reaction of N,N-di(2-naphthyl)-5,10-dihydrophe-
nazine (PC 2) and diethyl 2-bromo-2-methylmalonate
(DBMM) (Figure 2).”' Through model reactions and
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Figure 2. General schematic of the AkCS reaction (top), previous work on AKCS (middle), and PCs explored in this work (bottom). DMM = alkyl
fragment of diethyl 2-bromo-2-methylmalonate, diethyl 2-methylmalonate. Note that while the PC 2, 3, 7, and 8 positions can all undergo

monosubstitution and disubstitution produces a mixture of 2- and 7- and 3-

cases. See the SI for reaction conditions.

14043

and 7-regioisomers, one isomer is depicted here for simplicity in both
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spectroscopic studies, it was found that alkyl radicals generated
from the initiator add twice to the core of PC 2 and that O-
ATRP mediated by an AKCS PC results in I* ~ 100%.
Additionally, the AKCS side reaction was leveraged to create
core-substituted PCs that mediated the polymerization of
acrylate monomers via O-ATRP with moderate to good
control (D = 1.15—1.4S, I* = 83—127%). In a following paper,
AKCS was explored further through investigation of the
reaction between $,10-di(4-trifluoromethylphenyl)-S,10-dihy-
drophenazine and four alkyl bromide O-ATRP initiators
(Figure 2).>* AKCS was found to alter PC photophysical and
redox properties, and model reactions were used to improve
the mechanistic understanding of addition to the PC core by
alkyl halide-derived radicals. In the proposed mechanism, the
PC* reduces an alkyl halide initiator to produce an alkyl radical
and Br™. The alkyl radical then adds to the PC core, which is
subsequently deprotonated to form a monosubstituted PC. If
more initiator is available, the monosubstituted PC will then
repeat the AKCS process for further substitutions.”* Fur-
thermore, AkCS combined with decreased solvent polarity was
found to enable low PC loadings with moderate control (D =
1.36, I* = 107%) at 10 ppm. Similarly, Zhang et al. explored
AKCS with §,10-di(4-methoxyphenyl)-5,10-dihydrophenazine
and several alkyl halide initiators and observed improved I* for
most AkCS PCs.*

The changes to PC properties and polymerization outcomes
observed with AKCS highlight the importance of evaluating the
kinetics of AkCS. In the work described herein, we measured
the rate at which the core-substituted PC is formed and begins
to mediate the polymerization in place of the parent PC
(Figure 2). The rate of substitution was found to increase from
the first to second substitution, indicating an evolution of PC
properties that was supported through PC characterization.
Additionally, PCs with N-aryl groups differing only in naphthyl
connectivity had inequivalent rates of substitution, providing
insight into why they perform differently in O-ATRP. Overall,
this work provides a fundamental understanding into how
AKCS influences polymerization outcomes through the
examination of the substitution rate and PC property
evolution.

B RESULTS AND DISCUSSION

AKCS Kinetic Studies. While prior work demonstrated the
impact of AKCS on PC properties and performance in O-
ATRP and explored the mechanism of radical addition of alkyl
halide initiator fragments to the core of N,N-diaryl
dihydrophenazine PCs,”"** the studies herein demonstrate
the importance of the rate at which AkCS is occurring on
reaction outcomes. A previous study on AKCS showed that PC
properties including molar absorptivity (€ bs), Wavelength of
maximum absorption (4,,.1s), wavelength of maximum
emission (Apuyem), and redox potentials are altered by AkCS,
as are polymerization outcomes (increased I*).”* Both
observations suggest that the PC properties are evolving over
the course of the polymerization when parent PCs are used.
We proposed that a further understanding of the rate of AkCS
and the properties of AKkCS PCs would provide insight into
why certain PCs impart superior polymerization control in the
O-ATRP despite similar structures. Specifically, we hypothe-
sized that the PC N-aryl group identity will impact the rate of
substitution and that differences in substitution rates can
explain differences in PC performance. PCs 1 and 2, differing
only in the connectivity of their N-aryl groups, have been

reported to perform inequivalently in O-ATRP.">* It is
unclear from prior work which photophysical and redox
properties account for the observed differences.”” If the rates of
AKCS for PCs 1 and 2 are inequivalent, then PC properties will
evolve more quickly for one PC, potentially explaining
differences in polymerization outcomes. Alternatively, the
final properties of the AkKCS PC may determine polymerization
control regardless of the speed with which they are accessed.

To explore the hypothesis presented above, we targeted the
substitution of PCs 1 and 2 by the alkyl halide initiator
DBMM. DBMM fragments (R*) were found to substitute the
core of dihydrophenazine PCs twice to produce a disubstituted
PC in prior work (combination of 2- and 7- and 3- and 7-
regioisomers).34 Tetra- versus disubstitution was determined
by the sterics of the initiator, with bulkier tertiary alkyl
bromide initiators including DBMM resulting in disubstitution.
We hypothesized that for PCs 1 and 2, as sequential
substitutions to the PC core by R* occur, each substitution
product and rate constant could be isolated. In preparation for
the kinetic experiments, PCs 1, 1a, 1b, 2, 2a, and 2b were
synthesized. Each derivative of the parent PC (monosub-
stituted PCs 1a and 2a and disubstituted PCs 1b and 2b) was
isolated and found to have distinct '"H NMR spectra (Figures
S8, S10, S12, and S14). The distinct spectra observed for the
monosubstituted and disubstituted PCs indicated that the rate
constants for substitution could be determined by following
the reaction between R® and PCs 1 or 2 via 'H NMR.

The rate constants for the first substitution (k,) were
measured by irradiating PC 1 or 2 with DBMM in N,N-
dimethylacetamide (DMAc) and monitoring the conversion to
PCs 1a and 2a over time. The first substitution followed linear
pseudo-first-order kinetics, from which the rate constant k; was
determined (Figure 3). By lowering the concentration of the
initiator relative to PC from excess to stoichiometric ([PC] =
[DBMM] = 1.53 mM), the first substitution was promoted
over the second. For determination of the rate constants for

k
PC + R-Br ————> PC-R+HBr
k.
PC-R+R-Br ——%~—> R-PC-R+HBr

First Substitution Second Substitution

Fe i (s") ka(s)
1 1.21+0.16x 103 2.04+0.11x 107
6.28+0.38x 10* 1.15+0.07 x 103
OFirst substitution, PC 1
1 Second substitution, PC 1
: AFirst substitution, PC 2
- Second substitution, PC 2
‘3__’.1.2
3 .-
) -
0.8 e
E o _.-&
0.4 oy L5 5_,,5—"3
g -
4 S
0.0 %=
0 250 500 750 1000
Time (s)

Figure 3. Pseudo-first-order kinetic plots from time points analyzed
by 'H NMR for the first and second substitution of PC 1 and PC 2 by
R°®. Conditions: [DBMM]:[PC] = [1]:[1] in 7.50 mL of DMAc.
AKCS was run with a white LED beaker as the light source (see the SI
for more information). Rate constants for each substitution reaction
were obtained from the slope of PC consumption (In[PC],/[PC]) vs
time.
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Table 1. Summary of the Photophysical Properties for PCs

PC Amaxabs (nm)? €0 MT'em™) Apien (nm)®  Stokes shift (nm)° Egtexp (ev)? Ertenp (V) 1o (ns)°  Tpy (us)® D (%)
1 362 4300 645 283 1.92 2.24 8.5 0.61 1.30
1b 365 6800 629 264 1.97 2.23 10 1.4 2.10
2 343 7100 640 297 1.93 2.34 4.0 33 0.56
2b 350 8500 623 273 1.99 2.30 7.9 33 1.74

“Measured by UV—vis spectroscopy in DMAc. “Measured by steady-state fluorescence spectroscopy in DMAc. “Stokes shift = Amaxem = Amagabs-
9Es, and Er, (eV) = 1239.8/4 (nm); calculated from Amaxem from fluorescence (measured at room temperature) and phosphorescence (measured
at 77 K), respectively. “Determined by transient absorption spectroscopy.”Measured in DMAC by absolute methods. $Measured by time-correlated

single-photon counting in DMAc.
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Figure 4. From left to right, overlaid emission profiles of PCs in different polarity solvents, photographs of the PCs dissolved in solvents of
increasing polarities under UV-light irradiation, and overlaid normalized absorption (solid line) and emission (dotted line) spectra acquired in

DMAc.

the second substitution (k,), the same reaction conditions for
the first substitution were applied starting from monosub-
stituted PC 1a or 2a ([PC] = [DBMM] = 1.53 mM). The
second substitution followed linear pseudo-first-order kinetics
from which the rate constant k, was determined (Figure 3).
Notably, time points taken after ~50% conversion deviated
from linear pseudo-first-order kinetics for both substitutions,
suggesting that as the DBMM concentration lowers, pseudo-
first-order kinetics may no longer be a good approximation.
For the AKCS reaction, activation was predicted to be rate-
limiting, and the concentration of DBMM was assumed to be
very high relative to the concentration of PC*. However, as
DBMM is consumed, it may no longer be in large enough
excess compared to PC* for this pseudo-first-order assumption
to be accurate. To address this possibility, all time points were

14045

taken before 50% conversion. A pseudo-first-order kinetic
model was developed using the assumption that activation is
the rate-limiting step (Figure S29). The concentration of PC
over time predicted by the model closely matched the
experimentally measured concentrations, supporting this initial
hypothesis of activation as the rate-limiting step (Figure S30).
Alternatively, radical addition of R® to PC** could be the rate-
limiting step instead of SET, in which case second-order
kinetics would apply (Figures S31 and S32). To support that
AKCS of the PCs is a light-driven reaction, control reactions
were performed under standard reaction conditions in the
dark, and negligible AKCS was observed (Figures $25—528).

Contrary to our initial prediction that the first substitution
would be faster than the second due to the increased number
of positions available for substitution, for PC 1, k; = 1.21 +
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0.16 X 10737 ! and k, = 2.04 + 0.11 X 1073 s7'. This same
trend was observed for PC 2 (k; = 6.28 + 0.38 X 107*s7, k, =
1.15 + 0.07 X 107% s7!). The increase in the AKCS rate after
the first substitution suggests that an evolution of PC
properties occurs on this timescale during O-ATRP. In
particular, the observed rate increases may indicate mod-
ification to properties that influence the excited-state reduction
potential (E°*) or PC** oxidation potential (E, ;). Access to
PC properties that facilitate either SET or radical addition,
depending on which step is rate-limiting, would result in a
faster second substitution of PC by R® due to the increased
thermodynamic driving force for AKCS. Additionally, these
results show that changes to PC properties are happening at
early reaction times relative to O-ATRP, which typically
reaches high conversions between 8 and 24 h depending on
solvent polarity.*"** The AkCS reactions reach ~50%
conversion between 5 and 15 min, much shorter than the
timescale of O-ATRP. The timescale of AKCS suggests that
AkCS PCs mediate most of the polymerization. Importantly,
AKCS PCs have different properties from non-AkCS PCs, so
AKkCS PC properties are overall more important for governing
polymerization control.

Comparing PC 1 and PC 2, PC 1 undergoes AKCS faster
than PC 2 (k; = 1.21 £ 0.16 X 1073 s™" for 1, k, = 6.28 + 0.38
x 107* 57! for 2). Similarly, PC 1a (k, = 2.04 + 0.11 X 1073
s7!) is substituted faster than 2a (k, = 1.15 + 0.07 X 1073 s7").
We initially hypothesized that the increased sterics of PC 1
would inhibit core substitution and slow the rate of AkCS
compared to PC 2, but instead, PC properties may determine
the rate of core substitution. In previous work, it has been
observed that PC 1 mediates O-ATRP with a faster
polymerization rate than PC 2, consistent with the trend
observed here for AKCS."> Overall, the results from the kinetic
experiments support the hypothesis that the N-aryl group will
influence the rate of substitution, but further investigation is
needed to determine why the 1-naphthyl group in PC 1
significantly increases the rate over 2-naphthyl in PC 2.
However, the increased rate of AKCS for PC 1 and faster access
to improved PC properties could explain why it has historically
exhibited better polymerization control in O-ATRP than PC 2
(see below).>**

Photophysical and Redox Characterization of PCs.
The observed increase in the rate between the first and second
substitution led us to hypothesize that AKCS is modifying PC
properties at the beginning of O-ATRP with PCs 1 and 2. To
quantify the change in PC properties with AkCS, the
photophysical and redox properties of the PCs were measured.
In previous studies with dihydrophenazine PCs, AKCS has
been found to impact and often improve catalytically relevant
properties including €, 1., PC** E, /5, and E°*, which impact
polymerization control in O-ATRP.** We predicted that
similar improvements to PC properties would be observed
with AkCS of PCs 1 and 2.

Steady-State Absorption and Emission Spectroscopy.
PC €,0abs and A, both are reported to influence PC
performance in O-ATRP.">”” Compared to PCs 1 and 2
(Emaxabs = 4300 M™'em™ for 1, 7100 M 'em™ for 2), AKCS
PCs 1b and 2b exhibit higher molar absorptivities (€ aps =
6800 M~'cm ™! for 1b, 8500 M'cm ™" for 2b) and have slightly
redshifted A, s (Table 1). The high ,,,, ., observed for PC
2b is notable because a higher &, . indicates an increase in
the efficiency of photoexcitation and is typically correlated to
better PC performance in the O-ATRP due to an increased

excited-state population. Examining the influence of AKCS on
emission, it was found that A, ., is blueshifted from parent
PCs 1 and 2 (A em = 645 nm for 1, 4., o, = 640 nm for 2) to
AKCS PCs 1b and 2b (A em = 629 nm for 1b, 4., o, = 623
nm for 2b) (Figure 4). The observed changes in 4, ., and
Amaxem indicate that AKCS of PCs 1 and 2 by R® stabilizes the
7* orbitals involved in light absorption (S,) or the ground
state (S,) while destabilizing the lowest energy (S;) #* orbitals
involved in emission, which are likely CT states (see below for
discussion of CT states). Consideration of the higher singlet
excited-state energies (ESl,exp) observed for AKCS PCs provides
additional evidence of a slightly higher energy CT state. AKCS
PC 1b had a 0.05 eV increase in Eg, from PC 1, while AkCS
PC 2b had a 0.06 €V increase in Eg; from PC 2. Overall, the
change in absorption and emission of the PCs after AKCS
supports the hypothesis that PC properties are modified with
AKCS and therefore likely evolve during O-ATRP.

As a result of their blueshifted A, ., and redshifted 4
AKCS PCs display a smaller Stokes shift (A4 = Appyem —
Amaxabs) than that of the corresponding parent PCs (A1 = 264
nm for 1b and 273 nm for 2b, A4 = 283 nm for 1 and 297 nm
for 2). The Stokes shift provides insight into the CT character
of the PC, with a large Stokes shift typically indicating CT
character. PCs that access CT excited states have been found
to perform better in O-ATRP than locally excited (LE) PCs,
which we posit is due to CT facilitating ISC to longer-lived
triplet excited states’ and enhanced electron transfer rates by
consolidation of electron density.”® While all the PCs herein
exhibit broad and featureless emission profiles indicative of
CT, the slight reduction of the Stokes shift in AkCS PCs
compared to the parent PCs suggests that AKCS is altering
either the energy or character of the CT singlet state (Figure
4). To further evaluate the CT character of the PCs through
solvatochromism, emission spectra were obtained in solvents
of varied polarity. Consistent with the measured Stokes shifts,
while the AkCS PCs displayed solvatochromism, the extent of
solvatochromism was smaller than that in the corresponding
parent PC (Figure 4). Since solvatochromism in dihydrophe-
nazine PCs arises from the stabilization of polar CT states by
polar solvents and causes redshifted emission,*®*® this piece of
data reinforces that AkCS PCs retain CT states, but the
energetics of the CT state is altered by the core substituents.

Next, we measured the PC triplet energies (ETLQXP,
determined from the A, ., of phosphorescence measured at
77 K), which were all found to be higher than the Eg
measured at room temperature for each PC. While typically,
Eg, is higher or close to isoenergetic with the Ep, in
dihydrophenazine PCs,"” the observed increase from Eg, to
Er, is likely because Ep; was measured at 77 K, limiting
internal conversion to a lower energy singlet state before ISC
and within the triplet state after ISC. In the AKCS PCs, Ey; was
higher for the PC 2 compared to PC 1 (Ep; = 2.24 eV for 1,
Er, =2.34 €V for 2) and higher for PC 2b compared to PC 1b
(Er, = 2.23 eV for 1b, E; = 2.30 eV for 2b). Conclusions
about the lowest energy triplet state (T,) cannot be made
based on these results, but they suggest that the initial states
occupied after ISC (T,) in the PC 2 family are higher than
those in the PC 1 family. Additionally, while AKCS raises Eg, it
appears to lower Er; of the state accessed after ISC.

To evaluate decay pathways from the singlet excited state
that compete with ISC or SET, the quantum yield of
fluorescence (®) was measured. For all the PCs characterized,
the @; was low (0.56—2.10%), suggesting that radiative decay

‘max,abs’
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through fluorescence is not a primary decay pathway.
However, the AKCS PCs were found to have higher ®; than
their respective parent PCs (ex. ®; = 1.30% for 1, ®; = 2.10%
for 1b). Furthermore, the PC 1 family had a higher ®; when
compared to the PC 2 family (®; = 0.56% for 2, ®;= 1.74% for
2b). While an increase in nonradiative decay pathways might
be predicted from the addition of flexible, freely rotating alkyl
core substituents, an increase in ®; is instead promoted.”' The
observed increase in ®; in the AkCS PCs is consistent with
prior work demonstrating that CT states can minimize
radiative decay.*

Transient Absorption Spectroscopy. While the identity
and duration of excited states have been found to be influential
in determining PC performance in O-ATRP,*® the excited-
state lifetimes of AKCS dihydrophenazine PCs had not been
evaluated prior to this work. The kinetic studies herein suggest
that AKCS PCs are the dominant species after the beginning of
the polymerization, and as such, the excited-state lifetimes of
the AKCS PCs are expected to have a significant influence on
O-ATRP outcomes. The triplet excited state is proposed to be
the most catalytically relevant in our system,”** and
consequently, the triplet excited-state lifetime (z1;) will impact
polymerization control. However, the singlet excited-state
lifetime (7g,) is still relevant at high substrate concentrations in
dihydrophenazine PCs and is associated with a higher reaction
driving force because of the higher E°* of singlet excited states
relative to triplet.*” In comparison to the parent PCs, both
AkCS PCs have a longer 7g, (g, = 8.5 ns for 1, 75, = 4.0 ns for
2; 7g; = 10 ns for 1b, 7g; = 7.9 for 2b). Interestingly, PC 1 has a
longer 75, than PC 2, and PC 1b has a longer 75, than PC 2b.
This suggests that both the alkyl substituents and the N-aryl
group influence decay pathways from the singlet state,
including but not limited to ISC.

Next considering the 71;, both AKCS PCs were found to
have longer lifetimes than the corresponding parent PCs, with
the increase in 7, with AKCS being much more pronounced
for PCs 2 and 2b (zp; = 3.3 s for 2, 7, = 33 us for 2b) than
for PCs 1 and 1b (zp; = 0.61 us for 1, 71, = 1.4 us for 1b). We
initially hypothesized that AKCS would shorten 7, due to the
freely rotating alkyl group, increasing access to nonradiative
decay pathways. Based on increased 7, with AKCS, we instead
propose that the addition of bulky alkyl groups to the core
adds rigidity to the N-aryl group, where the triplet excited state
is most likely located, due to steric constraints. Comparing the
PCs with different N-aryl groups, the 71, of PC 2 was longer
than that of PC 1, and the 7; of PC 2b was substantially
longer than that of PC 1b, opposite of the trend observed with
T5;. Notably, the lifetime of PC 2b is comparable to the
lifetimes of ArCS PCs with CT to the core substituent.** While
currently, there is no evidence to support CT to the alkyl core
substituent, this result indicates that AkCS has a significant
influence on the character and duration of the excited states.
Further exploration is needed to elucidate how AKCS is
altering the population of excited states and leverage the effects
for extended 71, and improved PC performance. Overall, the
observed changes in PC excited states with AKCS support the
evolution of PC properties.

Redox Properties. Both E°* and PC*" E,, are critical to
maintaining polymerization control in O-ATRP. Balancing
these two intrinsically related properties to promote fast
activation and maintain efficient deactivation is an essential
part of PC design. Based on the increase in the rate of AkCS
from the first to second substitution in both PCs, we

hypothesized that E°* would increase with AKCS. Instead,
the singlet excited-state reduction potentials (Eg°*) for the
AkCS PCs (Eg,°* = —1.70 V vs SCE for 1b, E,°* = —=1.73 V
vs SCE for 2b) were not significantly different from those of
the parent PCs (Eg,°* = —1.70 V vs SCE for 1, Eg,°* = —1.72
V vs SCE for 2). This observation suggests that the driving
force for activation is not responsible for the increase in the
rate between the first and second substitution, and instead,
another catalytically relevant property (ex. PC** E,, or
excited-state lifetime) may be dominant. Further supporting
that Eg,°* does not determine the rate of substitution, the
Eg,°* for PC 2 was higher than that for PC 1, but PC 1
exhibited faster core substitution. PC 2b had the highest Eg,°*,
which in combination with long 71, and high &, ., indicates
that this PC should be the highest performing PC in O-ATRP.
Recalling that the E; was measured at 77 K, which explains
why the E,°* is higher than Eg,°* in these PCs, relative trends
in Ep;°* can still be evaluated. Similar to the trend observed in
Eg,°*, the Er,°* values of the AkKCS PCs (E,°* = —1.96 V vs
SCE for 1b, E1,°* = —2.04 V vs SCE for 2b) were lower than
the E,°* of the respective parent PCs (Er;°* = —2.02 V vs
SCE for 1, Er,°* = —2.13 V vs SCE for 2), and the Ep,°* of
PC 2 was higher than PC that of 1. Overall, the E°* values
were not improved significantly by AKCS and are not likely to
be the source of differences in the rates of AKCS or PC
performance.

We then examined the PC*" E,,, the driving force for
deactivation in O-ATRP (Table 2). Comparing PCs 1 and 2,

Table 2. Summary of the Redox Properties for PCs

E,;, CPC**/'PC)  E4°*(*PC"*/'PC*)  Erp,°*(*PC"*/3PC¥*)

PC (V vs SCE)” (V vs SCE)” (V vs SCE)”
1 022 —1.70 —2.02
1b 027 —-1.70 —1.96
2 0.21 —1.72 -2.13
2b 0.26 —1.73 —2.04

“First oxidation potential measured in DMAc with NBu,PFq as the
electrolyte. bSinglet and triplet excited-state reduction potentials were
determined from the E, /, and singlet (Eg,) and triplet (E1,) energies,
respectively (see the SI for more details).

the PC** E,, values were comparable (E;;, = 0.22 V vs SCE
for 1, E;/, = 0.21 V vs SCE for 2). With AKCS, E, ,, increased
from the parent PCs for both PCs 1b and 2b (E,, = 0.27 V vs
SCE for 1b, E,,, = 0.26 V vs SCE for 2b). The increase with
AKCS was surprising given the mildly electron-donating
character of the alkyl groups, which is expected to stabilize
PC*" and make it less oxidizing. However, the two esters on
DBMM may be inductively withdrawing enough to destabilize
the PC*". Just as the PC*" E,;, values were very similar
between PCs 1 and 2, the AKkCS PC*" E,/, values are also
within 0.01 V, indicating that the connectivity of the N-
naphthyl group in PC 1 vs 2 does not have a strong influence
on deactivation, while the core substituent has a moderate
effect. A higher PC*" E, , promotes radical addition through
the PC®* after the activation step and may explain why the
second substitution is faster than the first. This observation
also suggests that the radical addition step in AKCS is more
likely to be rate-limiting than SET. However, the small
differences observed between PCs 1 and 2 suggest that PC**
E, ), is not strongly influential in determining the faster rate of
AKCS observed with PC 1 vs 2. The increase in PC** E, ;, with
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AKCS supports the hypothesis that PC properties are evolving
and, in several cases, improving through AkCS.

In summary, photophysical and redox characterization of the
parent and AKCS PCs showed that most PC properties were
modified through AkCS with R°®. Several properties that are
correlated with superior performance in O-ATRP improved
with AkCS, including &, ... excited-state lifetimes, and PC**
E,/,. Observation of modified properties in PCs 1b and 2b
supports the hypothesis that PC properties are evolving and
demonstrates that the relevant properties for most of the
polymerization are those of the core-substituted PCs. The
higher PC*" E,/, observed in the disubstituted PCs compared
to parent PCs could explain the increase in the AKCS rate if the
radical addition step of AKCS is rate-limiting rather than
activation. To explore the possibility of radical addition as the
rate-limiting step, second-order kinetic plots were examined for
each PC substitution and were found to have reasonable fits,
albeit worse than the fits for the pseudo-first-order plots in
most cases (Figures S31 and S$32). Overall, a definitive
correlation between changes in PC properties and the increase
in the substitution rate between the first and second
substitution is still not fully elucidated, and further
investigation is needed to determine the rate-limiting step in
AKCS. The reason for the increase in the AKCS rate with 1-
naphthyl versus 2-naphthyl also merits an additional study.
One possibility is that the longer donor—acceptor distance in
PC 2 is associated with a larger reorganization energy as
observed for analogous phenoxazine PCs, which could slow
electron transfer or radical addition.”’

Application of PCs in O-ATRP. After evaluating the
influence of AKCS on PC properties, we wanted to assess
whether faster access to modified properties (as indicated by
the rate of substitution) or the PC properties themselves are
more important in determining polymerization control. We
hypothesized that faster AkKCS would result in better
performance in O-ATRP. To explore this hypothesis, O-
ATRP of methyl methacrylate (MMA) was performed with
each PC in DMAc with DBMM as the initiator (Table 3).

Table 3. O-ATRP Results Using PCs 1, 2, 1b, and 2b for the
Polymerization of MMA®

o 9 PC S‘¢|{2 Br
Ao+ molhdon > <Y
I - N, RT oo
conv. I*
PC  solvent (%)"” M, theo(kDa)? M,, exp(kDa)”  D° (%)?
1 DMAc 87.1 8.97 10.1 1.15 89
1b DMAc 91.3 9.39 10.2 1.12 92
2 DMAc 86.4 8.90 9.84 1.17 90
2b DMAc 87.1 9.48 9.50 1.14 100
1 EtOAc 84.1 8.68 10.6 1.0 82
1b EtOAc 87.5 9.01 8.79 1.07 102
2 EtOAc 79.5 8.21 8.22 1.04 100
2b EtOAc 80.5 8.32 8.67 1.05 96

“Reaction scheme for O-ATRP of MMA catalyzed by PCs 1, 2, 1b,
and 2b. Conditions: [MMA]:[DBMM]:[PC] = [1000]:[10]:[1], 1.00
mL of solvent (DMAc or EtOAc), 1.00 mL of MMA. O-ATRP was
run with a white LED beaker as the light source (see the SI for more
information). “Conversion determined by '"H NMR at 8 (DMAc) or
24 h (EtOAc). “Determined by GPC with multiangle light scattering.
dI* = (Mn, theo/Mn, exp) X 100.

Comparing the performance of parent PCs 1 and 2 in DMAc,
1 and 2 have similar D and I* at 8 h (D = 1.15, I* = 89% for 1,
Db = 1.17, I* = 90% for 2). However, PC 1 demonstrates
significantly better control at early reaction times than PC 2
based on plots of M, versus conversion, suggesting that faster
core substitution promotes access to PC 1b and consequently
improved PC properties early on (Figures S77 and S$79).
Alternatively, the superior control of PC 1 at early times could
be a result of faster PC*" generation, which serves as a
supplemental deactivator.’**

Polymerization control in O-ATRP was also evaluated with
EtOAc as the solvent. Using a less polar solvent than DMAc
(THF or EtOAc) has been found to improve O-ATRP
outcomes in prior works.”"** This effect is proposed to be the
result of PC*" destabilization in less polar solvents, which
encourages ion pairing and increases PC** E, ), resulting in
more efficient deactivation. Decreased solvent polarity also
commonly improves properties related to activation by
increasing ®yg¢, decreasing nonradiative decay, and increasing
excited-state lifetimes.”’ As expected, O-ATRP in EtOAc
resulted in a lower D for each PC compared to DMAc.
However, PCs 1 and 2b had slightly lower I* values in EtOAc
than in DMAc (Table 3). Comparing PCs 1 and 2 in EtOAc,
PC 1 exhibits lower I* at 24 h (I* = 82%, P = 1.05) than PC 2
(I'* = 100%, b = 1.04). However, PC 1 shows better control at
early reaction times in EtOAc compared to PC 2 based on
plots of M, versus conversion (Figure 5). Together, these

Y L B PC1b
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Figure S. Plots of the growth of polymer M, as a function of
monomer (MMA) conversion to polymer (black squares) and D
(blue squares, secondary y-axis) for each time point (2, 4, 8, 12, and
24 h) in EtOAc. M,, g, values are represented by the gray dashed
line.

observations support the hypothesis that faster AKCS results in
better control but indicate that the effect is most influential at
early polymerization times. At later reaction times, PCs 1 and 2
have been core-substituted to PCs 1b and 2b, and the rate of
AKkCS no longer dominates polymerization control. This could
explain why PC 2, which evolves to PC 2b with the best PC
properties, has better control at high conversions in
comparison to PC 1. The consistent difference in PC
performance between the PC 2 and PC 1 families suggests
that the N-aryl group connectivity influences polymerization
outcomes for both the parent and AkCS PCs.

Based on the improved E, /, and 71, observed in AKCS PCs,
we hypothesized that AKCS would overall increase polymer-
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ization control in O-ATRP. Comparing the performance of PC
1 to 1b in DMACc at 8 h, AKCS resulted in comparable P and
I* (D = 1.15, I* = 89% for 1, P = 1.12, ¥ = 92% for 1b).
Between PCs 2 and 2b, I* improved with AKCS, and D was
similar (D = 1.17, I* = 90% for 2, D = 1.14, I* = 100% for 2b),
indicating that AKCS can improve polymerization control.
However, the plots of M, vs conversion show that the AkCS
PCs deviate from a linear trend at early time points in
comparison to the parent PCs, indicating less control at the
beginning of the polymerization (Figures S78 and S80). Loss
of control at early times with PCs 1b and 2b may result from
eliminating the AKCS side reaction as a source of PC** buildup
early in the polymerization, which helps drive deactivation to
improve control."”> AkCS PCs also reached higher conversions
than parent PCs, likely another effect from the suppression of
the AKCS side reaction (Table 3).

For the polymerizations in EtOAc, PC 1b had a similar D to
PC 1 (b = 1.0 for 1, D = 1.07 for 1b) but a higher I* of 102%
compared to 82% for PC 1 at 24 h. PC 1b also had better
control at early times than PC 1 as shown by the plot of M, vs
conversion and maintained a lower D throughout the
polymerization (Figure S). PC 2 and PC 2b show nearly
identical D and I* in EtOAc at 24 h (D = 1.04, I* = 100% for
2, D = 1.05, I* = 96% for 2b), indicating excellent control at
high conversions for both PCs. At early reaction times, PC 2b
demonstrates a substantially more linear relationship between
M, and conversion than PC 2 as well as a lower D (Figure 5).
For both PC families, the AKCS PCs demonstrated better
overall polymerization control than the parent PCs, supporting
the hypothesis that AKCS improves PC performance in O-
ATRP. Notably, in EtOAc, PC 1 and PC 1b perform better at
early times than PC 2 and PC 2b, respectively. The
observation that AkCS PCs show better control in the plots
of M, versus conversion over parent PCs in EtOAc while the
opposite trend was observed in DMAc suggests that solvent
polarity alters which effect dominates PC performance. We
hypothesize that in the less polar solvent (EtOAc), AkCS PCs
with improved PC properties exhibit overall better polymer-
ization control because solvent effects that bolster catalytically
relevant properties will dominate (ex. extended 71;). In DMAc,
the effect of additional PC*" generated through AKCS seems
more influential and may explain the improved control of the
parent PCs at early times, although the AKCS PCs still perform
better at high conversions.

Since AKCS N,N-diaryl dihydrophenazine PCs have been
shown to eﬂectivelgr mediate O-ATRP at low PC loadings in
previous works,”>>* the ability of AkCS PC 2b to maintain
polymerization control at PC loadings of <1000 ppm was
evaluated (Table 4). O-ATRP down to 250 ppm PC showed
minimal loss in polymerization control (D = 1.12, I* = 96%),
and moderate control was maintained at 50 ppm (P = 1.30, I*
= 96%). The ability of the AKCS PC to maintain polymer-
ization control at low PC loadings indicates that 2b is a robust,
high-performing PC. Additionally, the results show that lower
PC loadings may minimize the AKCS side reaction and
consequently result in higher I* if overall polymerization
control is maintained (ex. I* = 96% at 1000 ppm; I* = 100% at
500 ppm), an effect also observed in prior work’* To
determine if AKCS PC 2b can achieve higher molecular
weights while maintaining control, polymerizations targeting a
degree of polymerization (DP) of 250, 500, and 1000 were
performed. While polymerization control was maintained at a
DP of 250 (D = 1.18, I* = 96%), it was lost at DP = 500 and

Table 4. O-ATRP Results Using PC 2b for Polymerization
of MMA at Varied PC Loadings”

PC loading conv.

(ppm) ()" My peo(kDa)” M, op(kDa)" BT I*(%)"
1000 80.5 8.32 8.67 1.0§ 96
500 78.6 8.13 8.11 1.08 100
250 88.2 9.08 9.47 1.12 96
100 92.9 9.56 9.46 1.21 101
50 94.6 9.72 10.11 1.30 96
25 91.2 9.38 9.44 1.55 99
10 77.0 7.96 1891 1.49 42

“Conditions: [MMA]:[DBMM] = [1000]:[10], PC loading is relative
to mols of monomer, 1.00 mL of EtOAc, 1.00 mL of MMA. O-ATRP
was run with a white LED beaker as the light source (see the SI for
more information). ®Conversion determined by '"H NMR at 24 h.
“Determined by GPC with multiangle light scattering. I = (M, theo!
M, o) X 100.

1000, suggesting that the AkCS PCs are not suited for the
controlled polymerization of high-molecular-weight polymers
under these conditions (Table S1). Overall, the polymerization
data show that AKCS can be leveraged to achieve improved
polymerization control even at low catalyst loadings, especially
in low-polarity solvents that enhance PC properties.

B CONCLUSIONS

This work highlights an important consideration for O-ATRP
mediated by unsubstituted dihydrophenazine PCs (ex. PCs 1
and 2), which are often utilized in O-ATRP. The parent PC
and associated PC properties are only exclusively relevant at
the beginning of the reaction, and as the polymerization
proceeds, AkCS PCs with properties distinct from those of the
parent PCs were found to rapidly form. The rate of AKCS was
influenced by N-aryl group connectivity, with PC 1 undergoing
faster AKCS than PC 2. Observation of faster AKCS for PC 1
improves our understanding of why PCs 1 and 2 perform
differently in O-ATRP, but further investigation is needed to
determine the cause of the faster substitution rate in PC 1.

Additionally, the second substitution of DBMM fragments
to the PC core was found to be faster than the first, indicating
the evolution of PC properties upon AKCS. The evolution of
PC properties was supported by PC characterization, which
revealed that AKCS alters both photophysical and redox
properties. Importantly, longer 71, and higher PC*" E,, were
observed (71, = 1.4—33 pus, E;/, = 0.26—0.27 V vs SCE), with
the improved E, , upon AKCS potentially explaining increases
in the rate after the first substitution if radical addition is rate-
limiting. The rate of AkCS was found to be more important in
determining polymerization control at early reaction times,
while at later reaction times, the properties of the PCs accessed
were more influential, especially in EtOAc. AKCS PCs were
found to perform better in O-ATRP based on I* (I* = 92—
102%) and plots of M, vs conversion when compared to parent
PCs (I* = 82—100%), again particularly in EtOAc, which has
been found to enhance PC properties. Additionally, an AkCS
PC was able to maintain polymerization control at PC loadings
of as low as 50 ppm.

Broadly, this work has improved the fundamental under-
standing of AKCS in dihydrophenazine PCs and advanced the
development of PCs for use in O-ATRP. We envision radical
addition to the core as a facile pathway to tune organic PC
structure and properties while simultaneously minimizing
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undesirable side reactivity. Insights from this work, including
an improved understanding of excited-state lifetimes and the
influence of N-aryl connectivity, will direct future efforts in the
design of organic PCs that are relevant to both O-ATRP and
the wider field of photoredox catalysis.
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