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Abstract

Sunlight is an essential energy source that profoundly affects our lives (e.g., photosynthesis), and as
light is regarded as one of the next-generation energy sources owing to its economic and environmental
benefits, there have been attempted to utilize light as an energy source. To handle the sunlight in organic
chemistry, in the beginning, sunlight was employed just as a heat source for distillation.' Today, beyond
thermal energy source, photochemistry has attracted much academic interest for generation of new
reactive species (i.e., photoexcited species) in organic synthesis and polymerization. Consequently, in
more future-oriented perspectives, those synthetic advances have been expanding into the utilization of

the visible-light or near-infrared regions over the ultraviolet light region.

In the present dissertation, the design strategies for highly efficient photoredox catalysis under
visible-light irradiation was studied. In addition, designed purely organic photoredox catalysts (PCs)
based on cyanoarenes, one of the classes of thermally activated delayed fluorescence (TADF)
compounds, were prepared to perform highly efficient organic (i.e., reductive dehalogenation) and
polymeric (i.e., pressure-sensitive adhesive, PSA) syntheses. Chapter 1 presents an introduction to
photoredox catalysis and a synopsis of the dissertation. In Chapter 2, the design strategies for highly
efficient formation of radical anion of cyanoarene-based PCs (PC™) were studied; under visible-light
irradiation, photoexcited PCs which have long-lived triplet excited state (T;) become one-electron-
reduced species in the presence of sacrificial reducing agents. Furthermore, the photodegradation
behavior of PCs, which would reduce their catalytic efficiencies, was studied using the density
functional theory (DFT) calculations and detailed structural analysis of photodegraded products.
Subsequently, based on the understanding of formation and degradation of PC™, the highly efficient
photoredox-mediated reductive dehalogenation combined with both ultra-low PC loading (ca. 0.005
mol%) and oxygen tolerance was realized. In Chapter 3, UV-blocking acrylic PSAs were successfully
prepared with cyanoarene-based PCs under visible-light irradiation. In particular, PC design strategies
were studied to efficiently generate the PC™ with various donor moieties to control their electrochemical
properties. Bulk polymerization of the prepolymer was mechanistically studied combined with DFT
calculations. Oxygen tolerance behavior in bulk polymerization was also observed, and an oxygen
tolerance mechanism was proposed. The overall conclusion of this dissertation and additional

supplementary contents are presented in Chapter 4 and the Appendix, respectively.
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photodegraded products were successfully isolated by column chromatography that gives 'H NMR
spectra, confirming that a methyl substitution reaction occurred at the CN position. (b) Structural
analysis of 3DP-Cz-Me-BN with 2D 'H NMR analyses combined with HRMS, MS (GC-FAB-
HRMS): calculated for CssHaNs [M+H]": 784.3440; found as 784.3440. 'H NMR (400 MHz,
CDCl3) 8 7.60-7.51 (m, 2H), 7.35 (t, 4H), 7.16 (d, 4H), 7.04 (t, 2H), 6.94—6.87 (m, 4H), 6.81-6.68
(m, 10H), 6.53 (td, 4H), 6.43 (d, 4H), 6.37 (d, 4H), 1.65 (S, 3H). .eeceertirieinieeieieeeeeee 32
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2 h at RT. PC degradations were monitored in situ by TLC (EA:hexanes = 1:1 v/v). The left and
right spots were collected before and after irradiation, and the middle spot was a cospot. The
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spectra, confirming that a methyl substitution reaction occurred at the CN position. (b) Structural
analysis of 3DP-DCDP-Me-BN with 2D "H NMR analyses combined with HRMS, MS (GC-FAB-
HRMS): calculated for CssHaN; [M+H]": 836.3502; found as 836.3497. 'H NMR (400 MHz,
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RT. PC degradations were monitored in situ by TLC (EA:hexanes = 5:95 v/v). The left and right
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mixture of photodegraded products was successfully isolated by column chromatography that gives
"H NMR spectra, confirming that a methyl (or ethyl) substitution reaction occurred at the CN
position combined with HRMS, MS (GC-FAB-HRMS): calculated for 4tCz-Me-BN (CgsHooN5s)
[M]": 1225.7900; found as 1225.7892, calculated for 4tCz-Et-BN (CgoH101Ns) [M]": 1239.8057;
fOUNA @S 1239.8086.....c.eeeieeniieeieeee ettt sttt sttt sttt ettt bt 36
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illumination of two 3 W 455 nm LEDs for 2 h at RT. PC degradations were monitored in situ by
TLC (EA:hexanes = 1:6 v/v for 3DP-F-IPN and acetone:hexanes = 2:3 v/v for 4-p,p-DCDP-IPN).
The left and right spots were collected before and after irradiation, and the middle spot was a cospot.
(d) Photodegradation behavior of PCs’ nongenerating PC™, 3DP-DMDP-IPN, 4-p-MCDP-IPN,
and 4-0,p-DCDP-IPN. Reactions were performed with PC (1.0 x 10~ M) and DIPEA (0.5 M) in
CH;CN under the illumination of two 3 W 455 nm LEDs for 2 h at RT. PC degradations were
monitored in situ by TLC (EA:hexanes = 1:1 v/v for 3DP-DMDP-IPN, EA:hexanes = 7:3 v/v for
4-p-MCDP-IPN and MeOH:CHCl; = 1:4 v/v for 4-0,p-DCDP-IPN). The left and right spots were
collected before and after irradiation, and the middle spot was a CO-SPOt.........ccccververrerrenveennenn 37
Figure 2.23. (a) The catalyst fate during dehalogenation reactions. Reactions were performed with
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under the illumination of two 3 W 455 nm LEDs for several hours at RT. Yields were determined
by "H NMR using TMB as an internal standard. PC degradation was monitored by in situ TLC with
eluent conditions (EA:hexane = 1:4 v/v). All redox potential values were referred to in the literature,
where the potential values were measured against the standard calomel electrode (SCE).%5-% ....39
Figure 2.24. The proposed mechanistic pathways for the 4DP-IPN photodegradation in the presence of
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Figure 2.25. Estimation of O, effect in photoredox reductive dehalogenation. Reaction condition was
the same described above for the general procedure, 4-bromobenzonitrile (0.2 mmol, 1 equiv.),
DIPEA (10.0 equiv.) and 4DP-IPN (0.03 mol%) in CH3CN (2 mL, 0.1 M of aryl halides) under
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Figure 2.26. (a) Energy diagram of 4DP-IPN derived from the experiments and time-dependent density
functional theory (TD-DFT) calculations. TD-DFT results of (b) 4DP-IPN and (c) 4DP-IPN"". TD-
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Chapter 1. Photoredox Catalysis

1.1 Introduction to Photoredox Catalysis

Over the past decades in organic syntheses, photoredox catalysis has become a promising method for
electron transfer (ET) process because of its mild conditions, high functional-group tolerance, unique
operating mechanism, and feasible spatial-temporal control.>® Figure 1.1 illustrate proposed
photoredox catalysis mechanism where after light absorption excited photoredox catalysts (PCs)
participate in single-electron transfer (SET) events with substrates. Consequently, reactive radical
intermediates are generated from various bench-stable substrates, where new C(sp*/sp*)-C(sp*/sp*) or
other chemical bonds can be formed. This photoredox catalysis contributes to successful organic

10 and polymerization.!'"!® Nowadays,

transformations, including the synthesis of organic compounds
because ultraviolet (UV) light (or high-energy visible light) can cause photodamage and afford
undesired products,* the trends of visible light utilization have steadily increased in the synthesis of
organic compounds.>* Therefore, this dissertation mainly studied visible-light-driven photoredox

catalysis.

A D.+
PC*-
AS- ET PET D
Reductive quenching cycle

hv/IC 1SC

PC ————— 1pg"’ ——— 3¢’

Oxidative quenching cycle
T

b* E PET A
pC**
D A

Figure 1.1. Photoredox catalysis mechanism involving reductive and oxidative quenching cycles. PC,
ET, PET, D, A, IC, and ISC denote photoredox catalyst, electron transfer, photoinduced ET, electron

donor, electron acceptor, internal conversion, and intersystem crossing, respectively.



Photoredox catalysis enables the realization of the electron transfer (ET) process, which is impossible
between PCs in ground-state and the target substrate, conferring energy of the absorbed photon (£o.o),
thus, the photoinduced electron transfer (PET) process has a larger driving force (AGpeer) for PCs to be
reduced (or oxidized) (Figure 1.2). The feasibility of the PET process between photoexcited PCs and
target substrates can be evaluated by AGper following the Rehm—Weller equation, egs. (1-2), and the
rate constant of ET process was predicted using the Marcus theory'” mediated by the outer-sphere ET

mechanism.'®!°

AGpgr = —F (Eyeq*(PC*/PC ™) — E,, " (Sub™* /Sub)) for reductive quenching cycle, (eq. 1)
AGpgr = —F (Ereq®(Sub/Sub ™) — E,,*(PC*/PC*)) for oxidative quenching cycle, (eq.2)

where F is the Faraday constant, Eox’/Er.q” are ground state oxidation/reduction potentials, and Eox/Ered”
are excited state oxidation/reduction potentials, respectively. In this dissertation, all ground state
reduction potentials of PCs (Ers’(PC)) were measured in CH;CN against the saturated calomel electrode
(SCE) unless otherwise specified. Their excited state reduction potentials (Erd (PC)) were estimated
using Ered® = Eo0 + Erwed”; Eoo(S1) and Eo.o(T1) were evaluated by the onset of PL emission and gated

PL emission in the reaction solvent, respectively, at 65 K.

a) @l Thermodynamics of electron transfer and photoinduced electron transfer under reductive quenching cycle
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Figure 1.2. Thermodynamics of the ET and PET process of PC in the ground and photoexcited states

with target substrates under (a) reductive and (b) oxidative quenching cycles.
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1.2 Organic Photoredox Catalysis

For years, photoredox catalysis has relied mainly on transition-metal complexes such as coordinately
saturated Ir(I11)*°22 and Ru(11)**?7 polypyridyl complexes. The combination of a strongly c-donating
metalated carbon atom and a m-accepting pyridine ring can result in low-energy metal-to-ligand charge
transfer (MLCT) states. Following absorption of light for MLCT states in the singlet excited state (S)),
the strong spin—orbit coupling (SOC) associated with the heavy metal atom considerably increases the
rate of intersystem crossing (ISC) to the corresponding triplet excited state (T1) (tisc < 1 ps and ®rsc ~
100%) (Figure 1.3). This highly efficiently generated T, in an excited state mainly participates in the
PET process with substrates. However, photoredox catalysis using a transition-metal complex as a PC
still has limitations because the cost of the rare-earth element is not only relatively high but also easily
affected by the international situation. Furthermore, a potential hazard from metal residue limits

application scope, such as biomaterial and electronics.

Concerning applications in green chemistry, organic PCs have recently attracted considerable interest
because they can provide solutions to the critical issues of transition-metal PCs owing to their low price,
low toxicity profiles, broad structural diversity, and environmental profile.’ In particular, the structural
variety of organic compounds allows for reaching new properties and reactivity of PCs, which are

inaccessible by transition-metal PCs. Based on the structural diversity, the organic PCs (e.g.,

7,28,29 30-34

acridiniums, xanthenes, and phenothiazines®*®) have been employed to drive different types

52937 and polymerizations.'"!* However, a challenge of organic PCs remains, which

of organic reactions
is the activation of substrates with highly negative reduction potentials (Ews’ < —2 V), such as aryl
halides, one of the most conventional substrates to give carbon-centered radical intermediates. Further
advanced methodologies to activate aryl halides under milder conditions via organic photoredox
catalysis have been developed to overcome this challenge, of which the energy of the lowest unoccupied
molecular orbital (LUMO) in a PC was increased for highly reducing potentials. For example, recently,
the de Alaniz and Hawker groups reported the reductive dehalogenation of aryl/alkyl halides with a
high degree of oxygen tolerance using 10-phenylphenothiazine (PTH) as a PC associated with a highly
negative excited state oxidation potential (Eo = —2.1 V).3® The reduction of aryl halides was quite
successful even in the presence of oxygen that acts as a potent T, excited state quencher because the
lowest excited S; state of PTH is primarily responsible for the catalysis. However, owing to the greater
LUMO energy, the 380 nm UV light is needed to photoexcite PTH, which comes with a significant risk
of photodamage and undesirable byproducts.* Therefore, the utilization of visible-light irradiation for

challenging substrate activation has recently been attempted (see Chapter 1.3) to achieve energy

efficiency and avoid undesired products.
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1.3 Consecutive Photoinduced Electron Transfer

The single visible-light photon energy is limited to ca. 3.1 eV (for 400 nm), establishing a theoretical
energy threshold between the PC and the target substrate. Multiphoton excitation has been actively
developed to overcome the energy threshold. In 2014, Konig et al. demonstrated a consecutive
photoinduced electron transfer (ConPET) process (Figure 1.4) that generates strongly reducing
photoexcited organic PCs of the perylene diimide (PDI) analog using multiphoton excitation inspired
by the Z scheme of the biological photosynthesis and a reductive transformation of inactivated aryl
halides based on the ConPET process.*® Accordingly, after PCs are photoexcited and undergo reductive
quenching cycle, the PC™ which has visible-light absorption, is formed. Consequently, under
continuous irradiation, the formed PC" are re-photoexcited generating a highly active PC species (i.e.,

PC"™) with comparable reducing power to PC in a singly photoexcited state (PC").

A
PC*
th
A ET
C

P ConPET mechanism pPC*~

K PET D**

PC
D

Figure 1.4. The proposed consecutive photoinduced electron transfer (ConPET) mechanism.

3139 cyanoarenes, -

The ConPET mechanism can be applied to various PC classes, such as xanthenes,
42 and Ir complexes,?! involved in reductive quenching cycles.**~ In particular, in 2021 Nicewicz et al.
discovered photoexcited acridine radical species that could be applied as a photo-oxidant and photo-
reductant with a wide range of redox potential, showing a successful visible-light-driven reductive
dehalogenation, detosylation, and sulfonamide cleavages that cannot be realized using conventional
photoredox catalysis.” Meanwhile, the electrochemical approach for PC*~ formation has been studied
with advantages, including a broadening accessible redox potential window and user-friendly reaction
conditions because the ConPET system is mediated by PC"~.® However, although the ConPET process

is a novel strategy for enabling reductive transformations of challenging substrates for reduction with

highly negative Erd’ < 2.7 V, it commonly requires high PC loadings (ca. 5-10 mol%) and an inert



atmosphere to generate sufficient amounts of PC intermediates, which increases the reaction cost under
harsh conditions, such as those involving toxic additives and elevated temperature. Furthermore, the
mechanistic pathway of ConPET remains unclear in this photoredox catalysis field, with both

supporting*® and opposing*’ studies based on the transient absorption spectroscopic technique.



1.4 Thermally Activated Delayed Fluorescence Compounds in Photoredox Catalysis

Recently, among purely organic PCs, thermally activated delayed fluorescence- (TADF-) based PCs
have attracted considerable interest for their excellent photocatalytic performances. Because TADF-
based PCs have a unique photophysical characteristic compared with conventional PCs such as
transition-metal complexes or PTH, they have both S; and T, excited states (Figure 1.5).**4° After the
photoexcitation of TADF-based PCs, the S; state is quickly generated and subsequently decayed by
radiative and nonradiative pathways. The initial radiative decay exhibits a prompt fluorescence (PF)
with a nanosecond-scale lifetime. Moreover, the nonradiative decay pathway of the S; state includes the
decay back to the ground state and ISC to the triplet manifold (i.e., Tn, n = 1, 2, 3, ...) followed by
internal conversion (IC) causing an electron to occupy the lowest triplet excited state (i.e., T state). As
phosphorescence from the T, excited state remains a spin-forbidden process, it is typically not seen in
the T, excited state of these molecules at RT owing to the large singlet—triplet energy gap (AEsr)
between So and T;. Therefore, the excited state in T mostly decays with the nonradiative decay.
However, because the small AEsr between the S; and T, excited states can be overcome thermally even
at RT (ca. 0.2 eV), a reverse intersystem crossing (RISC) process from T to S; is possible at RT,
regenerating S; in the excited state with delayed fluorescence (DF) with microsecond-scale lifetime.
Both S; and T excited states coexist in a TADF-based PC, thus, they would simultaneously contribute
to photoredox catalysis, and it is not easy to separate each contribution to PET of photoexcited states.
To control each contribution to PET rate in organic reactions and polymerization, the relative exciton
populations of the S; and T, states of TADF-based PCs are determined by their photophysical properties

associated with the structural diversity such as cyanoarenes,'**>! dihydrophenazines,!'®-

53,54

phenoxazines,>*** phenothiazines,* and dimethyl-dihydroacridines.*®

W Jablonski diagram of TADF-based PCs
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Figure 1.5. Jablonski diagram of thermally activated delayed fluorescence-based PCs.



1.5 Objective of the Dissertation

Maximizing the reducing (or oxidizing) power and concentration of active PC species that activate
the substrate of interest using an ET process is essential to surmount the inherent limitations of
traditional visible-light-driven photoredox catalysis. This can mainly be facilitated in a reductive
quenching cycle where PC™ primarily acts as an active PC species because it commonly has a far longer
lifetime than the excited PC species (i.e., *PC"), working as an active PC intermediate in an oxidative
quenching cycle.’® Moreover, PC*~ formation by the reductive quenching cycle is a key process for an
unconventional photoredox catalysis, such as the ConPET or halogen atom transfer (XAT) process
reported by Leonori’s group.”’ Highly effective photoredox catalysis depends heavily on the PC™
concentration in the photostationary state and the ground-state reduction potential E.a’(PC). Under
visible-light irradiation, a high PC™ concentration indicates a high collision frequency between the

active PC species and substrates, which promotes the ET and/or ConPET events.

However, PC with extremely negative FE..’(PC) faces difficulty in obtaining a high PC™
concentration. Accordingly, the PC™ formation was typically performed in PCs with less negative
Ed’(PC) (e.g., PDL** acridiniums,”** xanthenes,’®**' and Ru(bpy);**,*?7). Otherwise, special
reaction conditions were used for the effective formation of PC™ (Figure 1.6). For example, Miyake et
al. developed a new PC based on benzo-ghi-perylene imides (BPI) with significantly negative E,.."(PC)
of approximately —1.30 V to successfully perform a photoredox-mediated Birch reduction,*’; in their
work, the highly reducing PC*™ of BPI was produced through an OH -associated complex (i.e., BPI-
OH") as an intermediate. The Wickens group successfully generated PC™ with high reducing power
from a naphthalene-based analog (Np) (E:’(PC) = —1.3 V).*® Electrochemistry was employed to
produce Np™ rather than a sacrificial electron donor, such as tertiary amines. However, a recent report
of the Nocera group suggested that the Meisenheimer complex of Np (Np(H)"), not Np™, is an active
intermediate for photoelectrocatalysis.*” Moreover, Konig et al. reported the successful generation of
highly reducing radical species from a cationic Ir complex (Ir(dtbby)(ppy)2PFs, Erd’(PC) = —1.51 V)
via an assembly-promoted SET strategy.?! Although the generation of Ir(dtbby"")(ppy). was not very
successful in organic solvents because of the insufficient stability, the Ir(dtbby™ )(ppy). complex was
stabilized in aqueous micellar solutions through noncovalent interactions and compartmentation of the

reacting species.



m Konig and coworkers (2014)

) o o o |-
N—R ———> R—N N—R
Q DMF, 455 nm Q
) IS

PDI PDI-—
E,oi? =-0.37V

m Nicewicz and coworkers (2020)

tBu tBu

DIPEA
Me —— N . Me
CH,4CN, 390 nm

Acr-Mes*
E, .’ =-0.60 V

Acr-Mes*

n Miyake and coworkers (2020)

Ar

BPI
E,i’=-130V

n Wickens and coworkers (2020)

0,

Ar—N

NpMI
E.’=-1.30V

O,

RVC(+)RVC(-)

l Electrochemical
0.8 mA, CH,CN

7 Ir(dtbby)(ppy),PFs
tBu E’=-1.51V

Ar—N O NpMI -~ Water, SLES, Asc l

o

Base, 451 nm

[Ir(dtbby)—(ppy).]
Figure 1.6. Previous studies for the PC™ formation.

Despite the abovementioned recent advances and beyond the existing examples of organic radical
anions, no general guideline exists for the discovery of PCs that efficiently generate PC™ with a highly
negative reduction potential under mild visible-light irradiation conditions. In this dissertation, the
general design strategy of these PCs was studied using the purely organic TADF compound as a model
PC, particularly cyanoarenes, to determine the origin of the well-formed PC™™ and its behavior in actual
photoredox catalysis. Furthermore, cyanoarene-based PCs were designed and prepared based on the
design principle of PCs to derive highly effective visible-light-driven photoredox catalysis in the
synthesis of pressure-sensitive adhesive (PSA) with UV-blocking properties for foldable display
applications combined with lower PC loadings and oxygen tolerance.
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Chapter 2. Formation and Degradation of Radical Anion of
Cyanoarenes

This chapter was written based on the submitted manuscript to be published.

2.1 Introduction

Cyanoarenes have become a desirable organic PC since recent studies by the groups of Zhang,>
Zeitler,”! Kwon,'! and others.***% Such PCs have demonstrated good catalytic capabilities in a range

860 and polymerizations.®’™ Owing to their higher

of visible-light-driven organic reactions
photocatalytic activity in radical anion—mediated photoredox catalysis, 4DP-IPN and its analogs have
attracted considerable attention. For example, Wickens et al. reported that strong C(sp?)-N and C(sp?)—
O bonds were successfully activated via photocatalyzed reductive cleavage by the 4DP-IPN" produced
electrochemically.*! More recently, the groups of Wickens*> and Wu*® used 4DP-IPN analogs as PCs to
perform the phosphonylation, borylation, and hydroarylation of highly inactivated aryl chlorides.
Through careful characterization of the 4DP-IPN" (i.e., UV—Vis absorption and electron paramagnetic
resonance spectra), 4DP-IPN"” was found to be an intermediate species for the ConPET mechanism and

that its high reducing power (Era” = —1.66 V) is the crucial element. Nevertheless, it is very unusual for

PCs with substantially negative E.’ to be reduced, as noted in Chapter 1.5.

Despite these significant advancements, the conditions where PC™ of cyanoarenes forms remain
unclear. Indeed, inadequate PC selection, high PC loading, and a poorly selected excitation source are
examples of how lack of understanding of formation of PC™ can result in ineffective radical anion—
mediated photoredox processes. Herein, we investigated the formation and degradation of PC™ using
cyanoarenes in photoredox-mediated reactions. After screening cyanoarene-based PCs with a range of
redox potentials and T-excited-state generation abilities, the formation of cyanoarene-based PC™™ was
affected by the highly efficient generation of long-lived T; and the moderately positive Ereq (PC).
Furthermore, different photodegradation behaviors of cyanoarene-based PCs based on their electronic
and steric features were observed. For a detailed investigation on the behaviors in actual photoredox
catalysis, the photoredox reductive dehalogenation of aryl halides was performed as a model reaction,
confirming that the dehalogenation of aryl halides and photodegradation of PCs coexist and they depend
on the rate of the ET process between PC™ and aryl halides from the in-situ monitoring of the
dehalogenation reaction. Moreover, based on the highly efficient formation of 4DP-IPN™", the extremely
efficient dehalogenation reactions of aryl halides were demonstrated under minimal loading of PC

(0.001 mol%) to aryl halides, outperforming other conventional organic PCs.
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2.2 Experimental
2.2.1 Materials

Commercially available PCs (Ir and Ru complexes, Rh6G and PDI) were purchased from Aldrich,
TCI, and Alfa Aesar. Other cyanoarene-based PCs were prepared according to the procedures previously
reported.!! The synthetic procedures and structural characterization of PCs are fully described in
Appendix 1. All chemicals (i.e., aryl halides and tertiary amines) and organic solvents were purchased

commercially and used without further purification.

2.2.2 General Procedure
2.2.2.1 General Procedure for PC* Formation

Inside the glove box, a sealable quartz cuvette was charged with PC (1.0 x 10™* M) and N,N-
diisopropylethylamine (DIPEA) (0.5 M) in 3 ml of anhydrous CH3CN. Subsequently, the quartz cuvette
was capped with a screw cap and sealed with parafilm. The reaction was performed under the
illumination of two 3 W 455 or 515 nm LEDs for 1 min at RT. After illumination, UV—Vis absorption
of the illuminated solutions was measured immediately. In preparation for the reaction, pre-prepared

stock solutions of PCs were used to increase the reproducibility of results.

2.2.2.2 General Procedure for Photodegradation of Cyanoarene-Based PCs

Outside the glove box, a 20-ml glass vial equipped with a stirring bar was charged with PC (1.0 x 107
M) and DIPEA (0.5 M) in 1 ml of anhydrous CH3CN as a solvent. Then, the vial was capped with a
rubber septum or screw cap and sealed with parafilm. The reaction batches were purged with N>
(99.999%) for 30 min outside the glove box. Subsequently, the reaction was performed for 2 h under
the illumination of two 3 W 455 nm LEDs at RT. Without product isolation, the aliquots of the reaction
mixture were diluted with CH>Cl» and monitored by Thin-layer chromatography (TLC). In preparation
for the reaction, the pre-prepared stock solutions of PCs were used for higher result reproducibility. For
a scale-up reaction of photodegradation, a 20-ml glass vial equipped with a stirring bar was charged
with PC (1.0 x 1072 M) and DIPEA (1 M) in 5~6 ml of anhydrous CH;CN as a solvent. Then, the vial
was capped with a rubber septum or screw cap and sealed with parafilm. Subsequently, the reaction was
performed for 2 h under the illumination of four 3 W 455 nm LEDs at RT without any degassing process.
Afterward, the reaction mixture was evaporated under low-pressure and the concentrated crude products

were further purified by column chromatography on silica gel.
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a) Typical set-up b) LED emission spectrum d) 6W blue LED set-up

455 nm 515 nm

- 10
Fl

400 450 500 550 800 850
Wavelength(nm)

c) Optical power and energy meter: Thorlabs, PM100D

INFORMATION ONLY, NOT FOR MANUFACTURING

Radical anion generation setu,

ALL DIMENSIONS IM PARANTHESES ARE MILLIMETERS

25 -0 e

Opfical Power and Energy Meter

" PMI100D
- s

Figure 2.1. Setup and equipment to prepare photoredox reductive dehalogenation.

2.2.2.3 General Procedure for Photoredox Reductive Dehalogenation

Inside the glove box, a 20-ml glass vial equipped with a stirring bar was charged with aryl halides (0.1
mmol), DIPEA (174 pl, 1 mmol), PC (5-0.001 mol% to relative aryl halides), 1,3,5-trimethoxybenzene
(TMB) (33.6 mg, 0.2 mmol) as the internal standard for gas chromatography (GC) coupled with a flame
ionization detector (FID) and 'H nuclear magnetic resonance (NMR) spectroscopy, and anhydrous
CH3CN (1 ml, 0.1 M of aryl halides) as the solvent. Afterward, the vial was capped with a rubber septum
or screw cap and sealed with parafilm. The reaction batches were purged with Ar (99.9999%), air, or
0 (99.995%) for 30 min outside the glove box. Subsequently, the reaction was performed for several
hours under the illumination of two 3 W 455 nm LEDs at RT. Without the isolation process, the aliquots
of the reaction mixture were analyzed by GC-FID or '"H NMR to obtain yields of the dehalogenated
products. In preparation for the reaction, the pre-prepared stock solutions of PCs were used to increase
the reproducibility of results. Newly dehalogenated products were characterized by GC-FID and 'H
NMR spectrometer (400 MHz) with CDCls or DMSO-ds as the solvent. The yields of dehalogenated
products were determined by GC-FID and (5%-phenyl)-methylpolysiloxane column (Agilent HP-5) or
"H NMR in the presence of TMB as the internal standard to determine conversion and yields. GC-FID

was programmed with gradient temperature analysis using N as the carrier gas.
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2.3 Results and Discussion
2.3.1 Design Strategy

The highly negative E.s’ of a PC requires a LUMO with high energy.!"%> To ensure visible-light
absorption in such a PC, the HOMO energy should scale with the LUMO energy, decreasing Ereq that
causes difficulties in PET between a PC and sacrificial reductant. In other words, it is challenging to
target PCs that combine the following properties: i) good visible-light absorption, ii) adequate initial

PET with a sacrificial reductant, and iii) highly negative reduction potential.

For high steady-state PC™ concentration, the highly efficient generation and sufficiently slow decay of
PC™ are necessary along with the following conditions: i) efficient initial PET from a sacrificial
reductant (e.g., tertiary amines) and ii) suppression of back electron transfer (BET) to oxidized
sacrificial reductant. To fulfill the two conditions, we envisioned that a PC capable of the highly efficient
generation of long-lived T, might solve this challenge. Firstly, generating abundant long-lived T,
maximizes the PC concentration in the excited state. A high PC concentration in the excited state
accelerates the PET event between Ty of PC (°*PC”) and a sacrificial electron donor (see Chapter 2.3.2).
Moreover, such a *PC” contributes to the BET suppression that eliminates the produced PC.°> The PET
event between *PC” and the sacrificial electron donor forms a triplet contact radical ion pair (TCRIP)
in which the BET reaction is usually prolonged because it requires a spin-flip process, which is further
retarded in purely organic molecules owing to the absence of heavy metal atoms and rather weak SOC.?
Furthermore, the BET process within the TCRIP, generated during the PET process, might be mainly
located in the Marcus-inverted region because of its very high thermodynamic driving force, which

might delay the BET for a highly reducing PC*.56:67

We have recently proposed a computer-aided strategy to design highly efficient organic PCs based
on a strongly twisted donor—acceptor structure,!! which enables the strong CT property of the lowest S;
and T states, facilitating the formation of long-lived T; by small 4Esr and fast ISC according to El-
Sayed rules.*>*® 4DP-IPN and its derivatives were discovered and applied to successfully catalyze

photoredox-mediated polymerization using this strategy.!'!-1261-64

We focused on the excellent catalytic
performance of 4DP-IPN and further conceived that 4DP-IPN would be working on the oxidative and
reductive quenching cycles owing to its adequate photophysical and electrochemical properties: 1)
highly negative E’(PC) of —1.66 V and ii) efficient generation of a long-lived T (zoss = 104 ps and
Disc = 84%, Figure 2.2). Therefore, we envisioned that 4DP-IPN would be an excellent model for
studying the behavior of strongly reducing PC™. Subsequently, we synthesized nine additional
cyanoarene-based PCs with different redox potentials and T; generation abilities to systematically

investigate the factors affecting the formation of strongly reducing PC*™ at a high concentration and

13



observe further reactivities after the PC™™ formation of cyanoarene-based PCs in the presence of a

conventional sacrificial reducing agent (i.e., tertiary amines).
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Figure 2.2. Photophysical properties of 4DP-IPN. a) Reaction scheme of the 4DP-IPN" formation. The
calculated frontier molecular orbitals topologies of 4DP-IPN and 4DP-IPN"" are shown. Their excited
state redox potentials [Ered (PC) and Eox (PC™)] were estimated from the Rehm—Weller equation, Ereq™
= Eo0 + Ered’ and Eo" (PCT) = —Eoo(PC™) + Erwed’(PC). Eo.o(PC) and Eoo(PC) were evaluated by the
onset of gated photoluminescence (PL) emission in CH3CN at 65 K and the onset of UV—Vis absorption
at room temperature (RT), respectively. (b) PL decay (left), steady-state PL at RT (right) of 4DP-IPN
studied in the current work. (a) 4DP-IPN. (¢) The Jablonski diagram of 4DP-IPN. The rate constants of

all photophysical processes were evaluated from the experiments performed in the current work.
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2.3.2 PET Event Between 4DP-IPN and Tertiary Amines

We first investigated the initial PET from the amine-based sacrificial donors to 4DP-IPN because
they were the most used sacrificial reducing agents in photoredox catalysis, that is, DIPEA,
triethylamine (TEA), and tributylamine (TBA) were used in the current study. Given the ground state
oxidation potentials of the prepared amines (E,,"(DIPEA) = 0.68 V, E,,’(TBA) = 0.88 V, and E,.(TEA)
=0.96 V))**% and the excited-state reduction potential of the PC (E..s (4DP-IPN) = 0.63 V), owing to
its unfavorable thermodynamics, the PET is predicted to be highly sluggish. We performed
photoluminescence (PL) decay quenching studies to track the rate constant of PET using the time-
correlated single photon counting (TCSPC) method. Under degassed conditions without a sacrificial
electron donor, 4DP-IPN has two types of PL lifetime; the prompt and delayed components were
measured as 3.3 ns and 104 s, respectively. After the injection of tertiary amines in the 4DP-IPN
solution, tertiary amines significantly shortened the delayed components with no discernible effect on
the prompt components, suggesting that T} is primarily responsible for the PET events. The rate constant
for PET (kper), measured using the Stern—Volmer relationship, is larger than the rate constant of RISC
and smaller than that of ISC, further supporting our argument (Figure 2.2(c)). Among the tertiary
amines, DIPEA exhibited the strongest quenching effect (Figure 2.3). kper increased with the increasing

—AGper, consistent with the Marcus “normal region” behavior.!”
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Figure 2.3. The Stern—Volmer plots of delayed fluorescence of 4DP-IPN quenched by (a) DIPEA, (b)
TBA, and (c) TEA in CH3CN (1.0 x 1075 M) monitored at Aget = 550 nm.
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We employed Ru(bpy);Cl,, a common PC for reductive quenching photocatalytic cycles, as a control
experiment in PL quenching with DIPEA.*"° Using the same amount of DIPEA, kpgr for Ru(bpy)sCl,
(9.7 x 10 M !s") was higher than that for 4DP-IPN (kper (4DP-IPN) = 1.1 x 10° M !s!) which was
in accordance with the trend in the excited state reduction potentials of the PC (E..s (Ru(bpy);Cl) =
0.77 V).”! Interestingly, despite the same amount of DIPEA, the PL decay quenching in 4DP-IPN
changed more than in Ru(bpy);Cl,, suggesting that, the rate of PET (vper) from DIPEA to the PC is
faster in 4DP-IPN than in Ru(bpy)s;Cl; despite the less favorable thermodynamic driving force for PET
in 4DP-IPN. This finding results from the fact that 4DP-IPN generates highly effective, long-lived T;.
The concentration of PCs in the excited state is another crucial element in producing PC™ because of

the molar rate of PET, vper (in M-s™), described by
vper = Vpgr [PCT][Q], (eq. 3)

where [PC"] is the PC concentration in the excited state and [Q] is the quencher concentration (i.e.,
DIPEA). We estimated the time-dependent photoexcited state concentrations of a few PCs. This model
was based on the rate law to gauge the PET capabilities of 4DP-IPN and contrast them with those of
other well-known PCs (Figure 2.4). The literature or our experiments provided the rate constants used
in the kinetic simulations. In the photostationary state, the concentration of 4DP-IPN molecules in T}
was approximately 10* times higher than those of Ru(bpy);Cl, and Ir(ppy)s and ~10° times higher than
that of PTH, which has commonly been used as a highly reducing PC (E,, (PTH) =—2.10 V).*® Despite
its adverse thermodynamics, this does imply that 4DP-IPN is preferable for PET with sacrificial agents.

a) 30 b)

o 4DP-IPN . . s e PTH (1,, = 390 nm) —e—4DP-IPN (T,) —@—Ir(ppy),
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Figure 2.4. (a) The Stern—Volmer plots for the PL quenching of 4DP-IPN and Ru(bpy);Cl, in CH3CN
by DIPEA at RT. The Stern—Volmer plots were obtained from PL decays of PCs. (b) Kinetic simulation
results based on the rate-law equations for the relative excited state population variations, referred to as
the total concentration, of selected PCs (5.0 x 1073 M) over time after turn-on continuous 455 nm
irradiation. 390 nm light was assumed to be irradiated for 10-phenylphenothiazine (PTH) as it shows

no absorption at 455 nm.
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2.3.3 Formation of Radical Anion of Cyanoarene-Based PCs

UV-Vis absorption spectroscopy allows direct observation of the PC™ production of 4DP-IPN. All
samples were prepared inside a glovebox because the PC™ is very sensitive to oxygen and moisture.”"
First, a 515-nm light-emitting diode (LED) was used to illuminate a degassed solution of 4DP-IPN for
1 min while an excessive quantity of DIPEA was present. The exogenous tertiary amines might
contribute to the suppression of the BET event.”® The 4DP-IPN solution UV-Vis absorption spectra
were obtained immediately after irradiation (Figure 2.6). A color shift that could be seen with the naked
eye was confirmed by the observed spectral changes (Figure 2.6, inset). While a new, broad absorption
band developed at 500-750 nm, showing the 4DP-IPN"" formation, perfect isosbestic points (at 428 and
493 nm) emerged for the reaction, indicating that the 4DP-IPN was depleted. The UV—Vis absorption
spectra of the freshly generated PC™ were monitored every 2 min in complete darkness to measure the
PC stability (orange line in Figure 2.6). A gradual decay was observed in the dark for more than 20 min,
approximately twice longer than that of Ir(dtbby)’ ~ (ppy).PFs reported by Konig’s group under similar

conditions (green line in Figure 2.6).>' Because of the absence of heavy atoms and lower SOC, the

4DP-IPN radical anion’s better stability probably results from delayed BET in the TCRIP.

1.0y 0.10 — =
a) | * 0S5, (4DP-IPN) = OS.(4DP-IPN"~) b) S #— 4DP-IPN™— (at 525 nm)
' S +— Ir(dtbby)*—(ppy),] (at 533 nm)
—_ | 008 E 9 10 08 \
3 hv ' Air = g & 0 min
. -5 P P E’ g S04 VA
0 i 0.06 & g 08 il
5] il = 3 5
= 0.5 i o osd \* Bo2 .
o 004 S @ < 20 min
— - - .
s | [[t'¥| = oeEe | 8 04 .
@ = 2 0.0 —
o o N e 400 500 600 700 800
< ~ K +0.02 8 T g2 l L] = Wavelength (nm)
o —T¥ "~ DIPEAOM g —a, .,
|5 ®
o002t | o8 e 0.00 =z 00, . e i
400 500 600 700 800 0 4 8 12 16 20 24
Wavelength (nm) Time (min)

Figure 2.6. (a) UV—Vis absorption spectra of 4DP-IPN (black line) and 4DP-IPN"" (orange line) in

CH;CN. UV—Vis absorption spectra were obtained from the degassed mixture solutions of 4DP-IPN
(1.0 x 10* M) and DIPEA (0-0.5 M) in CH;CN immediately after illumination by two 3 W 515 nm
LEDs for 1 min at RT. TD-DFT results (oscillator strengths) are shown as stick spectra. (b) Time-
dependent changes of the UV—Vis absorbance of 4DP-IPN"" at 525 nm and Ir(dtbby)" (ppy).PFs at 533
nm. Generally, PC* was generated from the degassed mixture solutions of PCs (1.0 x 10# M) and
DIPEA (0.5 M) in CH3CN under the illumination of two 3 W 515 nm LEDs for 3 min (for 4DP-IPN)
or two 3 W 455 nm LEDs for 1 min (for Ir(dtbby)(ppy)-PFs) at RT. Changes in the UV—Vis absorption

spectrum of freshly generated 4DP-IPN" were recorded every 2 min under dark conditions (inset).
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Figure 2.7. (a) Chemical structures of selected cyanoarene-based PCs and their calculated HOMO and

LUMO energies. UV—Vis absorption spectra of selected PC (black line) and PC* (orange line). TD-
DFT calculation results (oscillator strengths) are shown as stick spectra. UV—Vis absorption spectra
were obtained from the degassed solutions of PCs (1.0 x 10°*M) and DIPEA (0.5 M) in CH;CN
immediately after illumination of two 3 W 455 nm LEDs for 1 min at RT, (b) 3DP-DMDP-IPN, (c)
4tCz-IPN, (d) 4Cz-IPN, (e) 3DP-Cz-IPN, (f) 3DP-F-IPN, (g) 3DP-DCDP-IPN, (h) 4-p-MCDP-IPN, (i)
4-0,p-DCDP-IPN, and (j) 4-p,p-DCDP-IPN. All solutions were prepared in a glove box and fully



The PC™ formation was studied for a group of cyanoarene-based PCs with various redox potentials
and the capacity to produce T,. Nine additional PCs were synthesized with different donor moieties
(Figure 2.7). These outcomes demonstrate the broad applicability of our method. Additionally, to
confirm the significance of T| for PC™™ formation, two 4DP-IPN analogs (4-p-MCDP-IPN and 4-o,p-
DCDP-IPN) with better Erq* (i.€., a lower HOMO) but a negligibly small concentration of T; were
prepared (Table 2.1 and Figure 2.8). This discovery may be responsible for the fast RISC resulting
from the vibronic coupling.”” Further in-depth investigations are currently underway. Interestingly, PC*
was not noticeably generated for such PCs under our experimental conditions, clearly confirming that
the long-lived T generation of PC is crucial for the PC*~ formation. Nevertheless, *PC" is efficiently
produced in most cyanoarenes structures. The redox potentials can be delicately controlled over a wide
range by altering the donor and acceptor moieties, which allows the use of radical ions with specific
redox potentials for various highly effective conventional photoredox catalysis, multiphoton excitation

catalysis, and photoelectrocatalysis, '%!!-%
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Figure 2.8. Chemical structures, PL decay (left), steady-state PL at RT (center), and cyclic voltammetry
(CV) spectra of the reduction cycle (right) of PCs studied in the current work. (a) 4DP-IPN, (b) 4tCz-
IPN, (c) 4Cz-PN, (d) 4-p,p-DCDP-IPN, (e) 3DP-F-IPN, (f) 3DP-Cz-IPN, (g) 3DP-DMDP-IPN, (h)
3DP-DCDP-IPN, (i) 4-p-MCDP-IPN, and (j) 4-0,p-DCDP-IPN. Generally, PL decay and steady-state
PL at RT spectra were obtained from the degassed solutions of PCs (1.0 x 107> M, except for 3DP-
DMDP-IPN as 1.0 x 10 M owing to low PL intensity) in CH3CN at RT. CV spectra of the reduction
cycle of PC (2.0 x 107* M) (except for 4-0,p-DCDP-IPN as 1.0 x 107> M) were obtained in CH;CN at
RT after the degassing process by purging with Ar for 15 min.
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Figure 2.9. UV—Vis absorption and PL emission spectra of PCs studied in current work. UV—Vis
absorption spectra of PC (1.0 x 10°M) in CH3;CN solution were measured at RT. Steady-state
photoluminescence (PL) spectra of PCs (1.0 x 107> M) in CH;CN at RT and 65 K. ®UV-Vis absorption

and PL emission spectra of 4tCz-IPN were referred to in the literature.!!
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2.3.4 Photodegradation of Cyanoarene-Based PCs

The PCe formation was sensitive to the irradiation’s wavelength and intensity. When exposed to a 455
nm LED for 1 min, spectral changes comparable to those in the solutions of 4DP-IPN and DIPEA under
515 nm irradiation were seen. However, the spectrum did not entirely recover even after exposure to
air, indicating that the PC is probably damaged by the 455 nm irradiation (Figure 2.10). 4DP-IPN
underwent photodegradation after continuous exposure to 455 nm LED light for 5 min. These
discoveries imply that the PC™ formation can be efficiently conducted under 455 nm LED irradiation,

although followed by molecular degradation or undesired chemical reactions.®!
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Figure 2.10. UV-Vis absorption of 4DP-IPN/4DP-IPN"". The generation of 4DP-IPN"” was performed
with 4DP-IPN (1.0 x 10~* M) and DIPEA (0.5 M) in CH3CN under the illumination of (a) two 3 W 515
nm LEDs for 1 min, (b) two 3 W 455 nm LEDs for 1 min, and (¢) two 3 W 455 nm LEDs for 5 min at
RT.

We carefully monitored the degradation of 4DP-IPN with TLC in the presence of the sacrificial
reductant (i.e., DIPEA) alone under the LED irradiation of 455 nm and 515 nm. The degradation under
455 nm illumination was significantly faster than that under 515 nm illumination, which may have been
caused by different absorption efficiencies (¢ = 9.0 x 10* M .cm™! (at 455 nm) and ¢ = 4.5 x 10°
M l.em™ (at 515 nm)). As illustrated in Figure 2.11, two green luminous compounds were observed
when 4DP-IPN was photodegraded. We effectively isolated the photodegraded adducts after scaling up
the procedure. One of the two CN groups of 4DP-IPN was replaced with a methyl group or a hydrogen
atom, producing 4DP-Me-BN (the major product) and 4DP-H-BN (the minor product), respectively,
according to the extensive structural analysis conducted using 1D/2D NMR studies and mass

spectroscopy (Figures 2.11-2.13).
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Figure 2.11. (a) Photodegradation behavior of 4DP-IPN in the presence of DIPEA. Reactions were
performed with 4DP-IPN (1.0 x 10~ M) and DIPEA (0.5 M) in CH3CN under the illumination of two
3 W 515 nm LEDs or two 3 W 455 nm LEDs at RT. PC degradations were monitored in sifu by thin-

layer chromatography with eluent conditions of CH>Cl»:hexanes, 7:3 v/v). The photodegraded products

were isolated by column chromatography, and 'H NMR spectra confirmed that a methyl (as well as

hydrogen) substitution reaction occurred at the CN position of 4DP-IPN to yield 4DP-Me-BN (as well
as 4DP-H-BN). (b) Proposed mechanistic pathway for the photodegradation behavior of 4DP-IPN in
the presence of DIPEA and DFT calculations for the bond dissociation energies (AH) in DIPEA™. The

values between parentheses correspond to the calculated bond dissociation energies in DIPEA.

26



a) u HRMS spectrum of 4DP-Me-BN n 1D "H NMR spectrum of 4DP-Me-BN

Heugar
Hy ’”h 7 Hggw He He — Hy — "!u T
O S | R I I
4500000 ‘l “J | . | \J H I
B Mo Il \ M | ‘I/ i1 . i
785.3544 786.3600 | S A ALt J \

v N H S BT U 4 W WA —
~ M LA — =
3 3000000 Hy He, O fe M 4.00 12.09 2.01 8.084.223.842.034.02 2.72
> " " 74 73 72 7.1 70 69 68 67 66 65 162 160 158 1.5¢
3 9 N f N 9
€ h
£ 1500000 @ N @

@ H

780 782 784 786 788 790 4DP-Me-BN
Mass (m/z) ﬂ‘
| | 1
\"J ‘J‘LML‘W.L 1 J\L j
,{ﬁ-x,ww)wﬂs‘ L
DDDDD <o o
SJ558®So ~
T - NOSFONS ~N
10 9 8 7 6 4 3 2 1 0

b) = 2D COSY 'H NMR spectrum

4IUUUM . Ju‘\\m‘\, } JJ\.\MN I J\x_»\ ‘

u 2D NOESY "H NMR spectrum

~ I o
3 . | 3 - :
= & — #
B - -
2 2
- H
3§ ‘ ‘l. s &
= ) 1h [l [l c
_ JldL JmuL Nl = Y BTN P - ‘f:
[ o [fE _//‘ [E
= = > s = g
3 | 5
=1 - 66 1.4 o
= &) 5 ] 5
; T IR ===
= & & M ts T I
2 .
4 e S ﬁj] il g ’.-s‘b Correlation between -CH; 20
3 8 o i T4 1 < & oz ‘ group and aromatic group 7
— » oo — =
‘ 75 74 13 72 70 70 68 68 67 6B 65 64 63 ‘ 7472 70 68 66 64
7 3 5 4 3 7 1 0 7 6 5 4 3 2 1 0
Chemical shif (apm) Chemical shift (ppm)
m 2D HSQC NMR spectrum u 2D HMBC NMR spectrum
o I I [N . Jn R i
0
10 e Moo 10
20 7 J 20
30 120 139
=0 § 2o¢
40 ? o Voo 40
50 125
| 50
- Q =
60 £ = o @ 130 [60 &
= =
N E— Y S —— e W <
§ 80 2 T —rrroe 9
'H - 1°C correlation i 3 74 72 70 68 66 64 80 5
12 9% 0 E
in -CH; grou 2 g
[ s group 14 1005 100 5
|
16 110 110
s
— @ ; 18 = e ages 120
= 20 130 = P 130
22 140 . 140
% { 4 B .
150 El . 150
| 20 19 18 1.7 16 1.5 1.4 13 12 |
160 160
7 6 5 4 2 1 o 7 6 5 4 3 2 1 0
Chemical shift (ppm) Chemical shift (ppm)

Figure 2.12. Structural characterization of 4DP-Me-BN. Structural analysis of 4DP-Me-BN with (a)
1D 'H NMR analyses combined with HRMS, MS (GC-FAB-HRMS): calculated for Cs¢Hs4Ns [M+H]":
786.3597; found as 786.3600, and (b) intense 2D NMR analyses, including COSY, NOESY, HSQC,
and HMBC NMR. 'H NMR (600 MHz, CDCl3) & 7.30-7.25 (t, 4H), 7.11-7.02 (m, 12H), 6.96 (t, 2H),
6.86-6.78 (m, 8H), 6.73-6.69 (d, 4H), 6.69-6.65 (d, 4H), 6.60 (t, 2H), 6.55-6.49 (d, 4H), 1.58 (s, 3H).
BCNMR (151 MHz, CDCl5) 6 150.15, 148.35, 146.81, 145.76, 145.15, 144.58, 144.56, 142.97, 138.44,
129.31, 128.53, 128.44, 127.50, 122.83, 122.65, 122.46, 122.07,121.90, 121.55, 121.14, 120.70, 116.15,
114.68, 16.54.

27



a)  w HRMS spectrum of 4DP-H-BN = 1D "H NMR spectrum of 4DP-H-BN
[
Hy /W TR Hoh T R Hy
@ Q TR L I T | M HM Il
| I |
2500000 "A\f \\‘Jl‘\ 7)\“ U \ W ﬁ i U ‘w‘ | “ ut / H‘L
- 723.4340 e e ek ?;.:;b:;.::ﬁ,:& —
3 2000000 7224239 3.95 12.002.014.012.06 2.03 1.05 4.00 2.14 3.85 3.90
2 1500000 \@ @ 72 71 7.0 6.9 6.8 6.7 6.6 65
@
2
Q
£ 1000000 @ @
500000 I [ @
0 A Y T * ol
768 770 772 774 776
4DP-H-BN
Mass (m/z)
\~ hmu }l JLQJA M 1
S —
WS -romwoTwo
25SS8Sc020S8-®s
. T’FNVN‘N‘—VNK“){O . ; .
10 9 8 7 6 5 3 2 1 0
Chemical shift (ppm)
b) = 2D COSY'H NMR spectrum u 2D NOESY "H NMR spectrum
JAM L Ly JA)\AMM | L }
-0.5
‘4 0.0 -
0.5
‘l 1.0 ~
4 >
15 — g
20
25§
3
i 30 & |
LA L as £ DO
6.4 40 8 ‘ 6.4
66 45 E = . £ 66
500 = 2
6.8 e
55 ] % > g : b
70 6.0 - ;.«!@/ SO B 7.0
g2 72 les < = S = 72
ale 74 70 3 7a
2Z I
75 73 74 69 67 65 63 75 75 73 74 68 67 65 63
7 6 5 2 1 o 7 6 5 2 1 0

e

7
Chemi
m 2D HSQC NMR spectrum

3
ical shift (ppm)

4 3
Chemical shift (ppm)

LukllL
JJA s M
‘ 6 120
;( Qe 122
@ 0 o 0 124
j 126
— ~ 5 128
:‘ 0 Q 130
73 72 74 70 69 68 6.7 66 65
7 1 5 2 1 0

8
90 §
5
100 5
110
120
130
140
150

4 3
Chemical shift (ppm)

160

o

o Mol
.
. r @ 120
: j— e f
e Q T 00 6 G’
o 4 125
. | -
e — 5 @,
i} @ @ 130
7473727170696.86.7 6665
7 6 5 2 0

4 3
Chemical shift (ppm)

10
20

40
50
60
70
80 =
9 2
9
100 £
110 2
3]
120

(ppm)

al sh

130
140
150
160
170
180

Figure 2.13. Structural characterization of 4DP-H-BN. Structural analysis of 4DP-H-BN with (a) 1D
"H NMR analyses combined with HRMS, MS (GC-FAB-HRMS): calculated for CssHsNs [M+H]":
772.3440; found as 772.3444, and (b) intense 2D NMR analyses, including COSY, NOESY, HSQC,
and HMBC NMR. 'H NMR (600 MHz, CDCl3) & 7.22-7.17 (t, 4H), 7.09-7.02 (m, 12H), 6.96 (t, 2H),
6.92-6.87 (t, 4H), 6.87-6.83 (t, 2H), 6.83-6.80 (t, 2H), 6.76 (s, 1H), 6.75-6.71 (d, 4H), 6.69-6.65 (t,
2H), 6.65-6.61 (m, 4H), 6.58-6.53 (t, 4H). '*C NMR (151 MHz, CDCl;) & 151.76, 150.19, 148.79,
146.38, 146.37,145.05, 144.21, 136.47, 129.23, 128.56, 128.30, 127.41, 125.51, 123.66, 123.53, 123.51,
122.70, 121.92, 121.15, 114.66, 108.55.
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Control experiments were performed along with DFT calculations to explore the mechanistic
pathway of the 4DP-IPN degradation under the specified conditions. Interestingly, TLC did not detect
any degradation in the absence of DIPEA (Figure 2.14(a)), indicating that DIPEA is specifically
involved in the 4DP-IPN photodegradation. Therefore, we postulated that in the presence of DIPEA,
the long-lived 4DP-IPN"" initially formed, followed by the methyl and hydrogen substitution process of
PC. In this case, the methyl and hydrogen were produced by the one-electron oxidized adduct of
DIPEA (DIPEA™). Generally, the C-C (as well as C-H) bonds in the f -position of DIPEA <+ are much
weaker than those of neutral DIPEA. Hence, fS-scission occurs normally to generate the radical

species, 628285

which was well reproduced by our DFT calculations (Figure 2.11(b)). Furthermore,
excluding the hypothesis that the hydrogen and methyl came from the solvent (CH3CN) would be
possible. The CD; substitution process was not seen in deuterated acetonitrile (CD3;CN) but in the CH3

substitution reaction (Figure 2.11(a)).
2 insiuric
Qo Q0 Qo
NG oN Control experiment Ne on

In-situ TLC
N

DIPEA (0.5 M)

@N "‘Q m QN N“:’Q
@@ @@ @@ o

4DP-IPN 4DP-IPN 4DP-Me-BN
(0.1 mm) (0.1 mM)
c) d
@ D )\ J\ In-situ TLC In-situ TLC @ Q )\ J\ In-situ TLC In-situ TLC
N N ¥
N | _gled 4DP-Me-BN N ) e 4DP-Me-BN
NC. CN N 4 A NC Ci A

DIPMA (0.5 M)

Ny, 2h

DIPA (0.5 M) Vins

4DP-IPN
(0.1 mm)

4DP-IPN
(0.1 mM)

e u In CH;CN u In DMSO u In DMAc u In DMF
@ D @ D In-situ TLC
N N Oh 4DP-Me-BN
Ne oN DIPEA (0.5 M), N, Ne Chy N 4DP-Me-BN
R 1IN =
0‘“ N“Q Solvent, 455 nm, Ny, 2 h @N N“Q ‘ 4DP-IPN
@@b@ @@N©®
4DP-IPN 4DP-Me-BN 4DP-H-BN

(0.1 mM)

Figure 2.14. Estimation of the photodegradation behavior of 4DP-IPN. The reaction conditions were
the same as described above for the general procedure. Reactions were monitored by TLC (EA:hexanes,
1:4 v/v). (a) The photodegradation behavior of 4DP-IPN was monitored without DIPEA as a control
experiment. (b) In the presence of DIPEA, the photodegradation experiments were performed under the
illumination of two 3 W 515 nm LED:s. (c,d) The photodegradation experiments were performed under
the illumination of two 3 W 455 nm LEDs in the presence of (c) N, N-diisopropylmethylamine (DIPMA)
and (d) N,N-diisopropylamine) as a reducing agent instead of DIPEA. (e) The photodegradation
experiments were performed under the illumination of two 3 W 515 nm LEDs in various organic
solvents at RT.
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We examined other cyanoarene-based PCs photodegradation in more detail. As shown in Figure 2.16,
highly intriguing patterns developed depending on the electrical characteristics (i.e., the ability to form
PC™) and structural features (i.e., steric environments nearby the CN group) of PCs. As in 4DP-IPN,
CHj3 substitution at one of the two CN groups was observed for 3DP-Cz-IPN and 3DP-DCDP-IPN, both
of which have similar electronic and structural properties to 4DP-IPN (Figure 2.16(a)). However, C,Hs
substitution happened with only a small amount of CHj; substitution in 4Cz-IPN and 4tCz-IPN,
indicating that the steric environment close to the CN group is vital for the substitution reaction (Figure
2.16(b)). The ethyl group was probably provided by the C—N bond cleavage of DIPEA™ assisted by a
1,2-methyl shift. The use of diisopropylmethylamine (DIPMA) instead of DIPEA generated a CHs-
substituted adduct as a major product, which supports our hypothesis. Figure 2.16(c) shows the results
of photodegradation experiments for PCs in which PC*™ was not properly formed. No photodegradation
was shown for 3DP-DMDP-IPN or 4-0,p-DCDP-IPN, whereas complex degradation mixtures were
formed in 4-p-MCDP-IPN. These findings indicate there is no well-defined degradation pathway
through the PC™ intermediate in these PCs and that their inherent photostability controls their reaction
to light. Finally, we examined the photodegradation behavior of 3DP-F-IPN and 4-p,p-DCDP-IPN,
which effectively generated PC™ and contained additional labile groups, such as C—F bonds or other
types of C—CN bonds. Complex reaction mixtures formed for both PCs, probably owing to the
degradation of these labile groups (Figure 2.16(d)).
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Figure 2.15. Chemical structures of cyanoarene-based PCs with (a) more steric hindrance and (b) less
steric hindrance in the CN position.
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Figure 2.16. (a) Photodegradation behavior of various cyanoarene-based PCs. For the characterization
of the isolated products, see Figure 2.17-2.22. (a) Photodegradation behavior of 3DP-Cz-IPN and 3DP-
DCDP-IPN. (b) Photodegradation behavior of 4Cz-IPN and 4tCz-IPN and the proposed

photodegradation mechanism with DIPEA and DIPMA as reducing agents. (c) Photodegradation

behavior of PCs’ nongenerating PC™. (d) Photodegradation behavior of PCs with labile groups.
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Figure 2.17. (a) Photodegradation behavior of 3DP-Cz-IPN. Reactions were performed with PC (1.0 x
107* M) and DIPEA (0.5 M) in CH3CN under the illumination of two 3 W 455 nm LEDs for 2 h at RT.
PC degradations were monitored in situ by TLC (EA:hexanes, 1:2 v/v). The left and right spots were
collected before and after irradiation, and the middle spot was a co-spot. The photodegraded products
were successfully isolated by column chromatography that gives "H NMR spectra, confirming that a
methyl substitution reaction occurred at the CN position. (b) Structural analysis of 3DP-Cz-Me-BN
with 2D 'H NMR analyses combined with HRMS, MS (GC-FAB-HRMS): calculated for CssHNs
[M+H]*: 784.3440; found as 784.3440. '"H NMR (400 MHz, CDCls) § 7.60-7.51 (m, 2H), 7.35 (t, 4H),
7.16 (d, 4H), 7.04 (t, 2H), 6.94-6.87 (m, 4H), 6.81-6.68 (m, 10H), 6.53 (td, 4H), 6.43 (d, 4H), 6.37 (d,
4H), 1.65 (s, 3H).
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Figure 2.18. (a) Photodegradation behavior of 3DP-DCDP-IPN. Reactions were performed with PC
(1.0 x 107 M) and DIPEA (0.5 M) in CH;CN under the illumination of two 3 W 455 nm LEDs for 2 h
at RT. PC degradations were monitored in situ by TLC (EA:hexanes, 1:1 v/v). The left and right spots
were collected before and after irradiation, and the middle spot was a co-spot. The photodegraded
products were successfully isolated by column chromatography that gives 'H NMR spectra, confirming
that a methyl substitution reaction occurred at the CN position. (b) Structural analysis of 3DP-DCDP-
Me-BN with 2D '"H NMR analyses combined with HRMS, MS (GC-FAB-HRMS): calculated for
CssHaoN7 [M+H]": 836.3502; found as 836.3497. '"H NMR (400 MHz, CDCls) & 7.29 (t, 4H), 7.17 (d,
4H), 7.13-6.98 (m, 14H), 6.87 (td, 4H), 6.67—6.56 (m, 12H), 1.58 (s, 3H).
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Figure 2.19. Photodegradation behavior of 4Cz-IPN. (a) Reactions were performed with PC (1.0 x 107
M) and DIPEA (0.5 M) in CH3CN under the illumination of two 3 W 455 nm LEDs for 2 h at RT. PC
degradations were monitored in situ by TLC (EA:hexanes, 1:4 v/v). The left and right spots were
collected before and after irradiation, and the middle spot was a co-spot. The photodegraded products
were successfully isolated by column chromatography that gives "H NMR spectra, confirming that an
ethyl substitution reaction occurred at the CN position. (b) Structural analysis of 4Cz-Et-BN with 2D
"H NMR analyses combined with HRMS, MS (GC-FAB-HRMS): calculated for Cs7H3sNs [M+H]":
792.3127; found as 792.3129.
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Figure 2.20. Photodegradation behavior of 4Cz-IPN. (a) Reactions were performed with PC (1.0 x 10™*
M) and DIPMA (0.5 M) in CH3CN under the illumination of two 3 W 455 nm LEDs for 2 h at RT. PC
degradations were monitored in situ by TLC (EA:hexanes, 1:4 v/v). The left and right spots were
collected before and after irradiation, and the middle spot was a co-spot. The photodegraded products
were successfully isolated by column chromatography that gives 'H NMR spectra, confirming that a
methyl substitution reaction occurred at the CN position. (b) Structural analysis of 4Cz-Me-BN with
2D 'H NMR analyses combined with HRMS, MS (GC-FAB-HRMS): calculated for CssH3¢Ns [M+H]":
778.2971; found as 778.2980.
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Figure 2.21. Photodegradation behavior of 4tCz-IPN. (a) Reactions were performed with PC (1.0 x
10~* M) and DIPEA (0.5 M) in CH3CN under the illumination of two 3 W 455 nm LEDs for 2 h at RT.

PC degradations were monitored in situ by TLC (EA:hexanes, 5:95 v/v). The left and right spots were

collected before and after irradiation, and the middle spot was a co-spot. (b, ¢) The mixture of

photodegraded products was successfully isolated by column chromatography that gives 'H NMR

spectra, confirming that a methyl (or ethyl) substitution reaction occurred at the CN position combined
with HRMS, MS (GC-FAB-HRMS): calculated for 4tCz-Me-BN (CssHooNs) [M]": 1225.7900; found
as 1225.7892, calculated for 4tCz-Et-BN (CsoH101Ns) [M]*: 1239.8057; found as 1239.8086.

36
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Figure 2.22. (a) Photodegradation behavior of PCs with the labile group, 3DP-F-IPN, and 4-p,p-DCDP-
IPN. Reactions were performed with PC (1.0 x 107*M) and DIPEA (0.5 M) in CH3CN under the
illumination of two 3 W 455 nm LEDs for 2 h at RT. PC degradations were monitored in situ by TLC
(EA:hexanes, 1:6 v/v for 3DP-F-IPN and acetone:hexanes, 2:3 v/v for 4-p,p-DCDP-IPN). The left and
right spots were collected before and after irradiation, and the middle spot was a co-spot. (d)
Photodegradation behavior of PCs’ nongenerating PC™, 3DP-DMDP-IPN, 4-p-MCDP-IPN, and 4-o,p-
DCDP-IPN. Reactions were performed with PC (1.0 x 10 M) and DIPEA (0.5 M) in CH;CN under
the illumination of two 3 W 455 nm LEDs for 2 h at RT. PC degradations were monitored in sifu by
TLC (EA:hexanes, 1:1 v/v for 3DP-DMDP-IPN, EA:hexanes, 7:3 v/v for 4-p-MCDP-IPN and
MeOH:CHCIs = 1:4 v/v for 4-0,p-DCDP-IPN). The left and right spots were collected before and after

irradiation, and the middle spot was a co-spot.
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2.3.5 Dehalogenation of Activated Aryl Halides

Considering the abovementioned experimental results, we assumed that the supra-efficient PC™
generation of 4DP-IPN and its highly negative E.s’(4DP-IPN) of —1.66 V would enable the highly
efficient dehalogenation of aryl- and alkyl halides. To compare the catalytic performance of 4DP-IPN
with that of the previously known PCs, we first investigated the viability of reducing 4-
bromobenzonitrile (Er’ = —1.83 V), which was chosen as a substrate owing to its mild reactivity. The
reaction conditions were optimized by irradiating a mixture of 4-bromobenzonitrile, 4DP-IPN (0.005
mol%), and tertiary amines in degassed acetonitrile using a 455 nm LED light at room temperature.
Five equivalents of TEA prevented any conversion. However, 10 equivalents of DIPEA allowed the
production of the reduction product, benzonitrile, after 8 h with a 100% yield (Table 2.2). This
conclusion is consistent with the PL quenching tests, proving that the dehalogenation reaction must

occur with the efficient PC™ formation.

Table 2.2. Screening of conventional tertiary amines in photoredox reductive dehalogenation. Redox

potential values are against SCE and referred to in the literature.®%%

4DP-IPN (0.005 mol%)

Br
/©/ Reaction conditions /©/
NC NC

CH3CN, 455 nm, RT, 8 h

Entry Reaction conditions Eox’° Yield (%)

1 TEA (5 equiv.) 0
0.96°8

2 TEA (10 equiv.) 5

3 TBA (5 equiv.) 2
0.8869

4 TBA (10 equiv.) 73

5 DIPEA (5 equiv.) 75
0.6868

6 DIPEA (10 equiv.) 100

Reactions were performed with 4-bromobenzonitrile (0.1 M), 4DP-IPN (0.005 mol%), and tertiary
amines (10 equiv.) in CH3CN (1 ml) under the illumination of two 3 W 455 nm LEDs for 8 h. All
solutions were prepared inside the glovebox and degassed by bubbling with Ar. Yields were determined

by GC coupled with FID using TMB as an internal standard.
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Figure 2.23. (a) The catalyst fate during dehalogenation reactions. Reactions were performed with
substrates (0.1 M), DIPEA (10 equiv.), and 4DP-IPN (1 mol%, 1.0 x 107> M) in CH3CN (1 ml) under
the illumination of two 3 W 455 nm LEDs for several hours at RT. Yields were determined by 'H NMR
using TMB as an internal standard. PC degradation was monitored by in situ TLC with eluent conditions
(EA:hexanes, 1:4 v/v). All redox potential values were referred to in the literature, where the potential

values were measured against the standard calomel electrode (SCE).%¢88

The 455 nm LED irradiation results were superior to those of the 515 nm LED irradiation (faster
reaction kinetics), which is at odds with the UV—Vis test findings on the PC*™ photodegradation. This
discrepancy probably resulted because the ET between the PC™ and substrate occurred more quickly
than the PC™ photodegradation. We examined the photodegradation behavior of 4DP-IPN in real
reactions to dehalogenate different aryl halides (Figure 2.23), in which 10 equivalents of DIPEA were
employed as a sacrificial agent to verify our hypothesis. Aliquots of each reaction mixture were sampled
at regular intervals to track the reaction production and the PC degradation. /n sifu TLC was monitored
to follow the PC degradation because a small quantity of PC (1 mol%) was used, whereas '"H NMR was

used to trace the reaction.

When a minor quantity of the photodegradation product (4DP-Me-BN) occurred (Figure 2.23:
Reaction A), a 100% yield for 4-bromobenzonitrile was achieved in 1.5 h, indicating that 4DP-IPN is
an active PC for the 4-bromobenzonitrile dehalogenation. Interestingly, the dehalogenation process
considerably slowed the PC degradation compared to DIPEA alone, which was most probably caused
by the PC degradation competition with the dehalogenation process, as shown in Figure 2.24. In other
words, the ET from 4DP-IPN" to 4-bromobenzonitrile was significantly faster than i) the 4DP-IPN™
formation and ii) the substitution reaction to form 4DP-Me-BN, causing a major delay in the PC
degradation. 4-Chlorobenzonitrile, 4-iodoanisole, and 4-bromoanisole (Figure 2.23: Reactions B, C,
and D, respectively) were more difficult substrates whose dehalogenation reactions occurred at a faster

rate, supporting our hypothesis.
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M Competition of radical addition of PC vs ET process
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Figure 2.24. The proposed mechanistic pathways for the 4DP-IPN photodegradation in the presence of

aryl halides.

We tested various PCs under optimal conditions. 4DP-IPN outperformed the other used PCs, as
shown in Table 2.3. Ru(bpy3)Cl, and Ru(phen);(PFs)2, which are commonly used as PCs for reductive
cycles, gave very low yields of 13% and 0%, respectively, even at high catalyst loadings of 5 mol%.
This was probably caused by the less negative reduction potential of the catalysts (Ers’(Ru(bpy)s*") =
—1.33 V and E:.’(Ru(phen);*") = —1.36 V) compared to that of 4DP-IPN (—1.66 V).”! Rh6G and PDI
employed as PCs for ConPET showed yields of 2% and 4%, respectively, at 5 mol% PC loadings.
Although the one-electron-reduced forms of those PCs have highly negative excited state oxidation
potentials (Eox (PDI7) = —1.87 V and E.'(Rh6G*) = —2.40 V),3*¢ Rh6G" and PDI" have low excited
state population owing to their short excited-state lifetimes, probably resulting in ineffective ET with
4-bromobenzonitrile and low yields. In contrast, Ir(ppy)s, known as a PC for oxidative cycles,* showed
decent catalytic activity. However, to give comparable yields, it required 100 times higher PC loading
(0.5 mol%) than that of 4DP-IPN. Despite the highly negative excited state oxidation potential of
Ir(ppy)s (Eox (Ir(ppy)3) = —1.73 V), the comparatively short excited-state duration may have contributed
to the higher needed Ir(ppy)s loading compared with that of 4DP-IPN. The range of various substituted
aryl/alkyl halides with ground-state reduction potentials of less than —2.2 V was investigated in the
presence of 4DP-IPN (0.001-0.05 mol%), which produced comparable reduction products in
approximately quantitative quantities (Table 2.4, “Activated aryl/alkyl halides”).
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Table 2.3. Results of reductive dehalogenation of 4-bromobenzonitrile with different PCs.

/©/B' PC, DIPEA (10.0 equiv.) /@/"
NG CH4CN, 455 nm, RT, 8 h NG

Entry PC PC loading (mol%) Yield (%)
1 — . 0
2 Ru(bpy),Cl, > 13
3 Ru(phen),(PF ), 5 0
4 Rh6G 5 2

a
:a X PDI g Z
7 4Cz-IPN 5 75
8° 5 100
9 0.5 100
Ir(ppy)s
10 0.05 26
11 0.005 0
12 5 100
13 0.5 100
14 0.05 100
4DP-IPN
15 0.005 100
16° 0.005 0
T47° 0.005 0

Reactions were performed with 4-bromobenzonitrile (0.1 M), PC (5-0.001 mol%), and DIPEA (10
equiv.) in CH3CN (1 ml) under two 3 W 455 nm LEDs for 8 h. All solutions were prepared inside the
glovebox and degassed by bubbling with Ar. *The reaction was performed in DMF because of the
solubility. Control experiments were performed "with TEA instead of DIPEA ‘in the dark or %in the
absence of DIPEA. Yields were determined by GC-FID or "'H NMR using TMB as an internal standard.
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At a higher 4DP-IPN concentration of 0.03 mol%, the reaction of 4-bromobenzonitrile gave a
quantitative yield without degassing process (Figure 2.25), which enabled a facile gram-scaled reaction
under ambient conditions without any preceding degassing (Table 2.5). To understand the origin of this
high oxygen tolerance, the kinetics of the reaction with and without degassing were monitored. An
inhibition period clearly appeared under non-degassed conditions but not under fully degassed
conditions (Figure 2.25). These results imply that dissolved oxygen in the mixture solutions was fully
consumed before starting the reductive dehalogenation reaction. According to the previous reports,*
oxygen could be consumed through the generation of reactive oxygen species (i.e., 'O, and O>") and

their subsequent reaction with DIPEA and/or its cationic intermediates; indeed, in air, the oxygen

tolerance was determined depending on the amount of DIPEA (Table 2.4.).

/©/Br 4DP-IPN (0.03 mol%) /©/H
NC DIPEA (10.0 equiv.) NC
CH4CN, 455 nm, RT
Under N, Under air
1h 3h
Yield = 99% Yield = 84% ‘
l

|

[ . ﬂ “
iy | | \J“L_JMMg ~

|
ul \ggz/w_ﬁ\,ﬂ.m J ‘L\J L‘J\

0.75h

2h T
Yield = 93% Yield = 71% JJ’U\L_MJL M
" - S—

A

Wk oo qn u
0.5h Yield = 29%
Yield = 85%
| M ’ | ) 0.5h v
JAVATY N N LV A W S Yield = 5%
0.25h

Yield = 68%

0.25h
e = 0o
U-W A Ao Yield = 0%
0h

w 0Oh
I

LN

8.0 7.9 7.8 7.7 7.6 7.5 7.4 8.0 7.9 7.8 7.7 7.6 7.5 7.4

Chemical shift (ppm) Chemical shift (ppm)

Figure 2.25. Estimation of O, effect in photoredox reductive dehalogenation. Reaction condition was
the same described above for the general procedure, 4-bromobenzonitrile (0.2 mmol, 1 equiv.), DIPEA
(10.0 equiv.) and 4DP-IPN (0.03 mol%) in CH3CN (2 mL, 0.1 M of aryl halides) under illumination of
two 3W 455 nm LEDs at RT. All the samples were prepared in situ and all of yields were determined
by '"H NMR using TMB as an internal standard (400 MHz, DMSO-ds).
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Table 2.4. Oxygen tolerance test for the dehalogenation of 4-bromobenzonitrile varying concentration

of DIPEA.

5. 4DP-IPN (0.03 mol%)

- Reaction conditions NG
CH4CN, 455 nm, RT, 3 h

Entry Reaction conditions Yield (%)
1 DIPEA (2.0 equiv.) under N, 62
2 DIPEA (2.0 equiv.) under air 0
3 DIPEA (5.0 equiv.) under air 12
4 DIPEA (10.0 equiv.) under air 84

Reactions were performed with 4-bromobenzonitrile (0.1 M), 4DP-IPN (0.03 mol%), DIPEA (2.0-10.0
equiv.) in CH3CN (1 mL) under two 3W 455 nm LEDs for 3 hours under air atmosphere in the closed
glass vial. All solutions were prepared outside under ambient conditions. Yields were determined by 'H

NMR using TMB as an internal standard.
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Table 2.5. Results of reductive dehalogenation of different aryl/alkyl halides in the presence of 4DP-
IPN as a PC.

Gram-scaled reaction
m Reaction conditions
Br 4DP-IPN (0.01 mol%) b
g . o DIPEA (10.0 equiv.) g .
X X —>4DP 1PN (5-0.008 mal%) X H /©/ CH,CN, 12W 455 nm, 24 h S Aprcir}
R—} P DIPEA (10.0 equiv.) Rt P NC Ambient conditions vee 001 mo
CH3CN, 455 .
ArRT, 6 O 309 Yield = 95% Before ~ After
Activated aryl/alkyl halides (E°> >-2.0 V) Unactivated aryl/alkyl halides (E,¢4° <—2.0 V)
1
NC/©/ @((:N MeO,C \o/©/ MeO, c
CN
(100%, 12 h) (100%, 24 h) (100%, 24 h) (100%, 10 h) (100%, 8 h) (100%, 24 h)2e (93%, 24 h)ee 1(82%, 12 h)®
Eo®=-1.71V Eos®=-225V Eo®=-2.14V Eos® =—-217V
1 1 cl
1 Br N _Br N___cCl
X X H,C. Br
L. X o] ol g
CO,Me CN F Z
CO,Me o

(100%, 10 h) (100%, 24 h) (90%, 24 hy2 (100%, 12 h) 1(73%, 12 h)e 1(76%, 24 h)e 1(48%, 24 h)ee 1(100%, 6 hybe

Eoi’ ==1.73V Eoi’ =221V Eoi® =—2.26V Eoi’ ==2.37V Eo® =—2.42V

o’ o

Br

Br Br
"
"
NC MeO,C

CN

Q

(100%, 8 h) (100%, 8 h) (100%, 6 h) (99%. 8 h) 1(85%, 48 h)ee 1(58%, 48 hyte 1(56%, 48 h)ee 1(30%, 48 h)de
Eo=-183V  Eo =-185V Eo =258V Eo =265V 1(74%, 48 h)e! Ep=-275V

E.f=-270V

Br Br
©/ Br \n/©/ cl . cl cl cl
: :COZMe NC” : : :o/ o7 : : :o/
COyMe [e]
(100%, 24 h) (100%, 12 h) (100%, 8 h) (93%, 22 hye 1(32%, 48 hyte (19%, 48 hee 1(30%, 48 h)te
E.°=-184V E.,°=-188V 1(38%, 48 h)°e

red red

E,

red

°=-2.80V

Reactions were performed with substrates (0.1 M), DIPEA (10 equiv.), and 4DP-IPN (0.005 mol%) in
CH;CN (1 ml) under the illumination of two 3 W 455 nm LEDs for 648 h at RT. The gram-scale
reaction was performed with 4-bromobenzonitrile (3 g, 16.48 mmol), DIPEA (10 equiv.), and 4DP-IPN
(0.01 mol%) in CH3CN (0.55 M) with irradiation by four 3 W 455 nm LEDs under ambient conditions
without any degassing process. The reaction was performed with 20.01, ®0.05, €0.5, and 95 mol% of
4ADP-IPN and ‘illumination by four 3 W 455 nm LEDs. Injection of 1.5 and €3 mol% of 4DP-IPN was
divided over three additions every 16 h during the reaction. Yields were determined by GC-FID or "'H
NMR using TMB as an internal standard. All redox potential values were referred to in the literature

where the potential values were measured against SCE 87:88.90-93
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2.3.6 Dehalogenation of Inactivated Aryl Halides

The dehalogenation of inactive aryl/alkyl halides was then investigated, and the substrate E.q’ values
ranged widely from —2.2 V to —3.0 V, which was predicted to be challenging for traditional photoredox
catalysis. Although the theoretical energy barrier was quite high, moderate to high yields were mainly
achieved with larger PC loadings (0.5—5 mol%). Therefore, we assumed that ConPET participated in
the dehalogenation of inactivated halides. The excited state oxidation potential of 4DP-IPN™™ was
calculated as —3.38 V (eq. 4), corresponding to the D, state on the Koopmans theorem. This corresponds
to an energy of —1.30 eV. The (TD)DFT computations indicate that the D; state may also influence
ConPET. However, the D, state was probably responsible for ConPET, considering the energies and
associated reducing capabilities (i.e., E, (4DP-IPN" at D;) = —2.51 V). The excited state lifetime of
D, was predicted to be long enough because the energy difference between the two molecules (0.87 eV)
was close to that between D and Dy (0.85 eV, Figure 2.26). Without considering any potential barrier
to internal conversion via conical intersections, which might stabilize the D, state, this should

effectively slow down the internal conversion from D>, increasing the D, lifetime:

Eox (PCT) = —Ego(PC™) + Erea” (PO). (eq. 4)

Therefore, the inactivated aryl/alkyl halides could be reduced because of the excited state oxidation
potential of 4DP-IPN"". Even with greater PC loadings, aryl chloride exhibited lower yields than aryl
bromide but with identical reduction potentials (i.e., chlorobenzene vs. 4-bromoanisole, see Table 2.4)
owing to the strong C-Cl bond strength to slow down the bond dissociation of reduced aryl chloride,

allowing BET to occur from the anion to PC or DIPEA derivatives.
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Furthermore, the semiquantitative quenching tests for 4-bromoanisole confirmed that ConPET was
involved (Figure 2.27). The prepared 4DP-IPN" solution changed color from dark green to yellow in
a matter of seconds when an excess quantity of 4-bromobenzonitrile was added. However, the 4DP-
IPN" solution showed no noticeable color change with an excess amount of 4-bromoanisole, indicating
that a multiphoton excitation mechanism and quick ET between 4DP-IPN" and 4-bromoanisole may
be excluded (i.e., ConPET). However, the ConPET procedure was not particularly effective, given the
low-to-moderate yields of inactivated aryl chlorides (Table 2.5). This was presumably caused by the
short excited-state lifetime of 4DP-IPN"~.*7 Other possible pathways, such as the XAT mechanism, by
a-aminoalkyl radicals recently proposed by Leonori’s group, 3’ cannot be excluded. There is an ongoing

study on the dynamics of the excited states in PC*™ and connected ConPET processes.

a)

Control experiment:

DIPEA (0.5 M) Only CH,CN

N
515 nm LED, 3 min

_—

515 nm LED, 3 min

4DP-IPN (1 mM)

b) 3 LSS f
—— 4DP-IPN"— —_— e
— —— With 4-bromobenzonitrile | 515 nm LED, 3 min
g —— With 4-bromoanisole
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Figure 2.27. Evaluation of PET the process in photoredox reductive dehalogenation. (a) Inside a
glovebox using flame-dried glass vials, the radical anion of 4DP-IPN (1.0 x 107* M) was generated with
DIPEA (0.5 M) in CH3CN (2 ml) under the illumination of a 3 W 515 nm LED for 3 min, and the aryl
bromides solution (0.1 M) was added as a quencher in CH3CN (0.2 ml). Subsequently, the added
solutions were re-illuminated by a 3 W 515 nm LED for 3 min. All pictures were obtained immediately
without any additional delay. (b) UV—Vis absorption spectra of 4DP-IPN"~ (1.0 x 10~* M, orange line)
in the presence of aryl halide (1.0 x 102 M) generated with DIPEA (0.5 M) in CH;CN under the

illumination of two 3 W 515 nm LEDs for 3 min.
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Figure 2.28. Subsequential addition of PC into photoredox reductive dehalogenation. Reaction
condition was similar with general procedure, aryl halides (0.2 mmol, 1 equiv.), DIPEA (10.0 equiv.)
and (a) 0.5 mol% of 4DP-IPN, (b) 1 mol% of 4DP-IPN in CH3;CN (2 mL, 0.1 M of aryl halides) under
illumination of four 3W 455 nm LEDs at RT. (a) 0.5 mol% of 4DP-IPN and (b) 1 mol% of 4DP-IPN
were additionally injected every 16 hours. To monitor yield and conversion, all the samples were
prepared in situ and all of yields were determined by "H NMR using TMB as an internal standard (400
MHz, DMSO-ds).
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2.4 Conclusion

In conclusion, creating supra-efficient PCs with primarily negative reduction potentials was possible.
We showed that the highly efficient PC*™ synthesis can be made by cyanoarene-based PCs with tightly
twisted donor—acceptor structures, attributed to their capacity to efficiently populate T, which is long-
lived because of weak SOC and adequately positive excited state reduction potentials. Moreover, using
a PC with highly negative E..s’(PC), 4DP-IPN, the PC~ degradation of 4DP-IPN was analyzed. We
further investigated the PC degradation in the actual dehalogenation reactions with different substrates,
providing a great insight into the photoredox catalysis performed by cyanoarene-based PCs. This insight
led to the effective reductive dehalogenation of aryl/alkyl halides at extremely low PC loadings as small
as 0.001 mol%. We hope our study will improve the knowledge about the formation, decomposition,
and photochemical and electrochemical properties PC™. Our findings also open the door to a thorough
comprehension of the reductive cycles in fully organic visible-light-driven photoredox catalysis, which
may be used to address several difficult problems in a range of photoredox-mediated organic reactions

and polymerizations.
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Chapter 3. Application to Synthesis of Pressure-Sensitive Adhesive

This chapter was written based on the publication in Adv. Mater.%*

3.1 Introduction

Adhesives are the most crucial parts of a flexible electrical gadget. In addition to the typical function
of combining two things,”* adhesives can prevent the device destruction by reducing the tensile and
compressive stresses produced when the device deforms. Moreover, the adhesive must possess extra practical
qualities depending on the final product. For instance, it is expected to have optical transparency,®
electrical and thermal conductivity,”® biocompatibility,”’*® biodegradability,”'® and other properties.
Notably, in flexible electronics, the recently developed foldable display demonstrates the need for
advanced adhesives, which are essential in the dissipation of tension to prevent the films from

10L102° A revolutionary

delaminating, warping, or both, even under significant external deformations.
technique was created to minimize the screen’s power consumption by 25% for the present foldable
display. The current foldable display features a special panel design, which eliminates the need for an
extra polarizing layer that typically prevents the screen from reflecting outside UV radiation (Figure
3.1).19 Intriguingly, this technical advancement necessitates using an adhesive with UV-blocking
properties to act as the polarizer and shield the panel from UV rays from the outside. Therefore, standard
UV-based synthetic processes are inadequate to synthesize the acrylic PSA in order to give the adhesive

UV-blocking properties.

m UV-blocking issue of foldable OLEDs

Conventional New type
foldable OLED foldable OLED
Foldable OLEDs using polarizing film using color filter array

Cover window
Adhesive

Cover window
Adhesive

Polarizing film

Adhesive Color filter

Display panel Display panel

Figure 3.1. Device structure of a foldable smartphone with conventional and advanced OLED panels.

A novel acrylic resin that can be successfully cured by visible-light irradiation would be a great way

to address this problem. In addition, the new system would better resolve the fundamental problems
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with the existing UV-curing systems, namely, their oxygen sensitivity.'** Herein, we created a novel
acrylic resin that can be successfully cured by visible light without the need for oxygen removal and
first-ever UV-blocking adhesives, which can be used in flexible displays. Most crucially, a new PC and
a set of additives that enable sufficiently quick curing under visible light when UV absorbers are present
are given. Because of the PC’s great catalytic activity, UV-blocking adhesive films were only prepared
using a tiny amount (10 ppm relative to monomers). Accordingly, films displayed extremely high optical
transparency in the visible light region. The roles of tertiary amine are not restricted to being sacrificial
reductants because they may function as initiators, oxygen scavengers, and crosslinkers, as shown by
screening numerous amine-based reductants. Understanding the amine function enabled us to improve
the structure of amine-based reductants, reducing the need for additives (e.g., an external crosslinker,
initiator, or both) and increasing the curing pace. Additionally, we observed high oxygen-tolerance
behavior with a particular combination of PC and sacrificial reductants, which was seen only in systems
using special agents, such as boron derivatives,!®>!% thiol derivatives,'””!® and chain transfer
agent.!!1° Experimental investigations and quantum chemical computations are also used to provide
a mechanism for the oxygen tolerance. According to our analysis, this method can be widely used in
various applications that require a highly effective visible light-curing procedure, not just the production

of UV-blocking adhesives.
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3.2 Experimental
3.2.1 Materials

All chemicals (i.e., monomers and UV absorber 2) and organic solvents were purchased
commercially and used without further purification in Aldrich, TCI, and Alfa Aesar. For all acrylic
monomers, the inhibitor was removed by basic alumina (Aldrich). Other cyanoarene-based PCs were
prepared according to the previously reported procedures.!! The synthetic procedures and structural PC

characterization are fully described in Appendix 1.

3.2.2 General Procedure
3.2.2.1 General Procedure for Measurements of PET Rate Constant

Outside the glove box, a sealable quartz cuvette was charged with PC (1.0 x 107* M) and tertiary
amines in 3 ml of anhydrous EA. Afterward, the quartz cuvette was capped with a rubber septum and
sealed with parafilm. The reaction batches were purged with N3 (99.999%) for 10 min outside the glove
box. Subsequently, the PL decays of reaction solutions using TSCPC techniques were recorded to
monitor the lifetime change of PL and the tertiary amine concentration. The rate constants of PET were
evaluated using the Stern—Volmer relationship. In preparation for the reaction, the PC pre-prepared

stock solutions were used for higher result reproducibility.

3.2.2.2 General Procedure for Bulk Polymerization and Film Curing

The PSA samples were prepared in two steps: i) bulk polymerization and ii) PSA film curing. In bulk
polymerization, some acrylic monomers were polymerized to prepolymer containing mixture of linear
polymer chains and unreacted monomers (Figure 3.2). Bulk polymerization was performed in a vial
(20 ml glass scintillation vial, Kimble®), and the weight of the monomer mixture was fixed at 5 g. Two
bulb-type blue LEDs (MR 16, wavelength: 455 nm, watt: 9 W) were used in bulk polymerization, and
the light intensity of one bulb was approximately 50 mW/cm? (455 nm, Figure 3.3(a)). Bulk
polymerization conversion was gravimetrically evaluated.

In film curing, after bulk polymerization, the prepolymer was coated into a film form and then cured
by a blue LED. The thickness of the cured adhesive film was set as ca. 50 um. Two string-type blue
LEDs (wavelength: 452 nm, watt: 3 W) were used. When both LEDs were turned on, the light intensity
observed at the film’s center was approximately 15 mW/cm? (452 nm, Figure 3.3(b)). Different UV
setups were used for bulk polymerization and film curing when performing photopolymerization using
UV light. Two UV handlamps (model: VL-4LC, wavelength: 365 nm, watt: 4 W) were used for bulk

polymerization, and the light intensity of one lamp was approximately 0.5 mW/cm? (365 nm, Figure
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3.3(c)). Four string-type UV LEDs (wavelength: 373 nm, watt: 1.7 W) were employed in film curing.
When all LEDs were turned on, the light intensity observed at the film’s center was approximately 6
mW/cm? (373 nm, Figure 3.3(d)). Light intensity (mW/cm?) at 455, 452, 373, and 365 nm was
measured using an energy meter (PM 100D, Thorlabs, USA, Figure 3.3(e)). Because the energy meter
detects the intensity of light’s full spectrum rather than light with a single wavelength, the actual light
intensity with a single wavelength (455, 452, or 373 nm) is much lower than the measured value (Figure
3.3(0)). The portion of single wavelength light was obtained from a range of peak energy + 0.15% (in
eV) to evaluate light intensity with a single wavelength. The single wavelength intensity was not

evaluated because of the low intensity of the UV hand lamp and high noise.

NONOH Bulk polymerization Film euring
0 PCs (70 ppm) In m 452 nm LEDs {15 miWom?)
HBA oo
o7 0
Sacrificial reductant (5000 pom) ri.
1/\"/0\/“\/ 455 nm LEDs (100 mWern?)
rt
(o]
8A OH

Figure 3.2. The preparation process of pressure-sensitive adhesive (PSA) samples: bulk polymerization
and film curing.

a) W Blue LED set-up for bulk polymerization b) W Blue LED set-up for film curing
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c) W UV set-up for bulk polymerization e) M Optical power and energy meter: Thorlabs, PMD100D
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10 ——MR16 9 W 455 nm LED.
—— String-type 452 nm LED

UV hana Lamp (365 nm)
—— String-type 373 nm LED

10

0.8 MR16 § W 455 nm LED 08

(2.3 mWiiem?) String-type 373 nm LED
- (230 )
-

08 (0.4 mAvem?)
String-type 452 im LED 04
:

(2.6 mipom?) 0z

Normalized inlersity (a.u)

Normalized inlersity (a..)
e
I

ae | a0t
400 450 500 550 200 350 400 450

Wavelength (nmj) Wavelength (nm)

Figure 3.3. Experimental setup for bulk polymerization and film curing. Blue LED setup for (a) bulk
polymerization and (b) film curing. UV setup for (c) bulk polymerization and (d) film curing. (e) Energy
meter for the evaluation of light intensity. (f) LED setup emission spectra.
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Figure 3.4. Dynamic folding test instrument: (a) outside and (b) inside view. (c) Schematic illustration
for folding procedure. (d) Appearance of the used folding plate (left scheme, side view, and top view)

and customized folding plate for the set test (right picture).

3.2.2.3 Dynamic Folding Test of PSA Samples

Customized equipment (Foldy-200, FlexiGO, Republic of Korea, Figure 3.4) was used to evaluate
folding durability.!!! The attached specimen was folded inward during our dynamic folding test, and the
apparatus we employed allowed us to maintain the folded length throughout the dynamic folding test
(Figure 3.4(c)). Inspection techniques (e.g., microvision, macrovision, display inspection, and surface
profiling) were used to assess the folding durability qualitatively and quantitatively (Figure 3.3(b)). We
used the folding plate to examine film-type specimens, which can hold ten specimens per chamber. It
is feasible to assess the assembled foldable smartphone’s folding durability if the folding plate is

manufactured to demand (set test in Figure 3.4(d)).
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3.3 Results and Discussion

3.3.1 Design Strategy

Visible light has been extensively used as an energy source in various chemical processes since the
pioneering work on photoredox catalysis by MacMillan,>* Stephenson,* and Yoon.*** This approach
was then merged with ordinary polymerization reactions, significantly developing PET-based visible
light-driven polymerization procedures between PC and substrate.!!!>16 Despite the recent significant
efforts, the development of a visible light-curing resin system to produce UV-blocking adhesives
remains challenging because of i) the high loading of the colored PC, which lowers the optical
transparency of the resultant adhesive;!''? ii) the use of additives that are colored, contain sulfur or
halogen atoms, or both,>!3% which are not permitted for use in electronic devices; iii) the slower curing
rate compared to that of a UV-light/photoinitiator system; and iv) the ambiguous oxygen tolerance. The
reaction conditions considerably impact the amount of oxygen a photoredox-mediated polymerization

can tolerate.!*

m Photocatalyzed visible light-driven FRP with sacrificial reductantsz

OAc 0
\ c e
50 3pcC* N—/_
2 / f|§ | i
D
PET v O
hv/ISC OAc
102 +'\N_/_
/ .- 0™
Reductive quenching cycle S |7
[&) |/
g
« Lower PC loadings 8 .
*  Fast polymerization N I(F ““
pe - Minimizing additives o % HO,
«  Oxygen-tolerance i ottt OAG
1 \ c 1
RA—— :
/\H/O\R
ET o)
Propagation
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0, PC regeneration 0, $ $ P
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Disproportionation

Figure 3.5. Proposed mechanism for photocatalyzed visible-light-driven free radical polymerization in

the presence of sacrificial reductants.
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A visible light-curing system with a sufficiently fast polymerization rate, even at ppm-level PC
loading, is necessary to provide optical clarity in the visible region and a sufficiently high curing rate.
Accordingly, we developed a PC that successfully produces long-lived T; excited states. The T;
population, which has a long lifetime to permit effective PET, plays a critical role in photoredox
catalysis.>!® Additionally, the T; excited state is less vulnerable to BET, which lowers the catalyst’s

effectiveness.’

A reductive quenching cycle was chosen as the mechanistic pathway for the visible light curing of
the system to remove further additives and assure oxygen tolerance (Figure 3.5). In this situation,
tertiary amines may be ideal sacrificial reductants because they may act as initiators and oxygen
scavengers. A PC™™ and tertiary amine radical cation (R;N™") result from the first PET reaction in the
reductive cycle between the PC and the amine-based sacrificial reductant. Subsequently, to generate a-
amino radical species, R3N"" loses a proton (H+), which serves as the free radical polymerization
initiator.'® Additionally, tertiary amines lessen oxygen inhibition. They can interact with inert peroxyl
radicals created by oxygen interaction with the developing radical species to change them into active
a-amino radical species.!>!"* Furthermore, an ET reaction between PC™™ and O, regenerates the ground-

state PC,'">!16 allowing the catalytic cycle to proceed smoothly.

Four cyanoarene-based PCs were designed based on a strongly twisted donor—acceptor (D-A)
structure to generate a long-lived T excited state and drive the reductive quenching PC cycle (Figure
3.6). Such PCs could efficiently generate long-lived T because they can fulfill the conditions of a small

11,61-64 and

AEsr and the orthogonality rule.!! According to previous studies conducted by our group
others,’®% 4Cz-IPN and 4DP-IPN were considered exemplary PCs in the D—A structure owing to their
remarkably high photocatalytic activity in various chemical processes involving a reductive or oxidative
cycle. Furthermore, to enable PET between the PC and amine-based sacrificial reductant and improve
the catalytic efficacy, we designed two additional PCs with noticeably lower HOMO energy. The
lowered HOMO energy of PC enhances the —AGper and hence the ET rate because the PET between
PC and the sacrificial reducing agent is often situated in the Marcus “normal region.”'” As the HOMO
is localized in the donor moiety of the strongly twisted D—A type structure, for efficient visible-light
absorption, we added a potent electron-withdrawing group (i.e., the CN group) to the donor group to
lower the HOMO energy (Figure 3.6). A full description of the synthesis and characterization of PCs is
provided in Appendix 1. According to our predictions, the change in donor moieties increased Ered (PC),
consistent with the trend of the HOMO energy of PCs predicted by DFT calculations (Figure 3.6).

Furthermore, four tertiary amines with different oxidation potentials were selected as sacrificial

reductants (Figure 3.6).
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3.3.2 Bulk Polymerization

Herein, we investigated the visible-light-driven bulk polymerization of acrylic monomers, the initial
stage in adhesive production, using the four PCs and sacrificial reductants. Notably, acrylic adhesives
are often made via photomediated bulk polymerization of acrylic monomers, followed by a
photoinduced method for film curing. n-Butyl acrylate (BA) and 4-hydroxybutyl acrylate (HBA) were
chosen as monomers because they provide appropriate adhesives for a foldable display; HBA provides
adhesives with cohesive strength, BA is a monomer with a low glass transition temperature (7;) that
provides them with great flexibility even at low temperatures. As a control experiment, we first
conducted bulk polymerization of a mixture of BA and HBA using a conventional UV-photoinitiator
(i.e., 1,000 ppm of irgacure 184) under argon atmosphere and UV-light illumination (365 nm, 8 W, 20
s) (Table 3.1). Continuous light irradiation provided poly(BA—co—HBA) with a moderate conversion
(5.22%) and high molecular weight (Mn = 1,319 kg mol ). No polymerization occurred when the same
process was performed without degassing, indicating that traditional photoinitiator-mediated

photocuring of the BA/HBA combination is not oxygen-tolerant as anticipated.

We performed the same polymerization using 10 ppm of each prepared PC in the presence of
DMAEACc (5,000 ppm), selected as the sacrificial reductant, under argon atmosphere and 455 nm LED
irradiation to assess the catalytic performances of the generated PCs (18 W, 30 s; Table 3.2).
Significantly different results were obtained for several PCs. Surprisingly, 4Cz-IPN showed the highest
catalytic performance (vide infra). In reality, it was anticipated that PCs with lower HOMO energies
would perform better. Except for 4Cz-IPN and 4-p,p-DCDP-IPN, none of the PCs underwent
polymerization under the ambient conditions reported in Table 3.2. Although 4-p,p-DCDP-IPN showed
strong oxygen-acceleration behavior and the monomer conversion was significantly enhanced in the
presence of oxygen from 6.1% to 24.0%, it experienced solubility concerns in the monomer mixture
(Figure 3.7). The 4Cz-IPN achieved the best performance among PCs with no solubility problems. It
offered a very high conversion (23.0%) even under ambient conditions, which was only marginally
lower than the conversion achieved in an argon atmosphere. Furthermore, identical bulk polymerization
was performed in an oxidative quenching cycle for comparison, using alkyl bromide as an initiator
instead of DMAEAc (Table 3.1). The reductive quenching cycle is preferable in this scenario because

no polymerization occurred under ambient conditions.
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Figure 3.7. Photos of monomer mixtures containing 10 ppm of PC (6.9 x 10 M). Monomer
composition was fixed as [BA]:[HBA] = 80:20.

The 4Cz-IPN performance at 10 ppm was then examined in relation to the impacts of the sacrificial
reductants (Table 3.2). DMAEACc achieved the greatest conversion among the four reductants (DIPEA,
TEA, DMBA, and DMAEAC) in the ambient and inert environments. Because DMAEACc has the lowest
HOMO energy among the amines (Figure 3.6), PET from DMAEAc was expected to be the slowest.
However, the results completely contradicted our predictions. When the reaction was performed without
degassing, the DIPEA with the greatest HOMO energy performed poorly, and no polymers were
produced.
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Table 3.1. Results of PC-mediated bulk polymerization using oxidative quenching cycle. Monomer

composition was fixed as [BA]:[HBA] = 80:20.

Br
D O
pem © °©

PC* NC CN
A

%@NQ@

4DP-IPN
e g |
cycle
NC ’ CN
GRS
I 40
4Cz-IPN
Entry PC/PI Atm. Conversion (%) Mn (kg/mol) PDI
12) 4DP-IPN Air 0 — —
22) 4DP-IPN Argon 23.89 425 1.40
32 4Cz-IPN Air 0 — —
4a) 4Cz-IPN Argon 3.79 366 1.40
59) Irgacure 184 Air 0 — —
6°) Irgacure 184 Argon 5.22 1319 1.13

YPC content: 10 ppm, reaction time: 30 s (455 nm, 100 mW/cm?), oxidant (diethyl 2-bromo-2-
methylmalonate, DBM) content: 1,000 ppm. ®Photoinitiator (PI, Irgacure 184) content: 1,000 ppm,

reaction time: 20 s (365 nm, 1 mW/cm?).
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Table 3.2. Bulk polymerization results with various PCs and reductants. Monomer mixture composition

was fixed as follows: [BA]:[HBA]:[reductants]:[PC] = 80:20:0.5:0.001. Bulk polymerization was

conducted by blue LED (455 nm, 18 W, 30 s) under argon or air conditions. Conversion was

gravimetrically evaluated.

Pre-polymer

PC (10 ppm)

/YOW\OH +

/\n/o\/\/
Reductant (6000 ppm)

ot
X y
O o” "0 O "o
"l \ \

OH

0 HBA 0 BA  455nm LEDs (18 W)
30 s, r.t., under argon or air
+ PC + unreacted monomers / reductant
I 0,
Reductant Conversion (%)
Entry PC (10 ppm)
(R i) Under argon Under air
y . . No separable No separable
polymer polymer
° . No separable No separable
polymer polymer
3 ADP-IPN 6.7 No separable
polymer
4 4Cz-IPN DMAEAc 20 23
5 4-0,0-DCDP-IPN 13 No separable
polymer
6 4-p,p-DCDP-IPN 6.1 24
7 . 38 No separable
polymer
8 DIPEA 4 No separable
polymer
4Cz-IPN
9 TEA 18.8 14.8
10 DMBA 11.2 15.7
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3.3.3 Origin of the Catalytic Performance

Mechanistic experiments were performed to figure out the reason for the unexpected findings in bulk
polymerization: i) 4Cz-IPN showed better catalytic performance than other PCs with lower HOMO
energies, ii)) DMAEAc with the lowest HOMO energy was the best sacrificial reductant among the
amines, and iil) strong oxygen-tolerance behavior was observed for 4Cz-IPN in the presence of

DMAEAc.

When the sacrificial reductant is fixed, the PET and BET between the PC and sacrificial reductant are

the only factors affecting the catalytic performance. The PET rate is described by the following equation:

vpgr = Vpgr [PCT][Q], (eq. 4)

where [PC*] is the PC concentration in the excited state and [Q] is the sacrificial reductant concentration.
First, PL decay quenching studies were used to track the PET from the sacrificial electron donor
(DMAEAC) to the PC to identify kper in different systems. Due to similar polarity with acrylate, EA
was used as a solvent for photophysical investigations to account for the acrylic polymerization results.
4-p,p-DCDP-IPN was excluded from this investigation because of the aforementioned solubility
problem. Most PCs displayed a PL with two components of around millisecond and microsecond
lifetimes in the Ar atmosphere in the absence of DMAEAc¢ (Figure 3.11, inset). According to a previous
report,'!” the short and long components are attributed to PF and DF, respectively. DF is produced by a
RISC from its lowest T to its lowest S; excited state. In addition, long-lived T generation is inefficient,

considering the weak DF component and fast decay time reported for 4-0,p-DCDP-IPN.

The lifetime of each PC’s DF component was shortened when DMAEAc existed, indicating that the
T: of PCs is critical in the PET event (Figure 3.8). No emission quenching was observed for 4-o,p-
DCDP-IPN, even at a high DMAEAc concentration, because it has a negligible delayed component.
The PET rate constant grew with increasing —AGpet, corresponding with the Marcus “normal region”
behavior, considering the excited-state reduction potentials of PCs (Ereq (T1, 4DP-IPN) = 0.72 V and
Eed’(T1, 4Cz-IPN) = 1.47 V).'” Hence, the very small kpgr value of 4DP-IPN results from its smallest —
AGper.
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Figure 3.8. Chemical structures (left), PL decay (center), and Stern—Volmer plots (right) of delayed
fluorescence of PCs quenched by DMAEAc. Generally, PL decay at RT spectra was obtained from the
degassed solutions of PCs (1.0 x 1075 M) in EA, varying the concentration of DMAEAc. In the case of
4-0,p-DCDP-IPN, no change occurred at even high DMAEAc concentrations. Thus, the ET rate

constant was not determined.
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Figure 3.10. (a) UV-Vis absorption and steady-state PL emission spectra of PCs (1.0 x 10> M) in EA

at RT. The PL decay of prompt and delayed fluorescence of PCs are indicated in the inset. Generally,
PL emission spectra were obtained from the degassed solution of PC by purging with N, gas for 10 min.
The quantum yields of PL (®f) of PCs were determined by relative ®r to coumarin 153 (1.0 x 1075 M)
in ethanol solution.!"® The values between parentheses correspond to ®r of degassed solutions. (b)
Kinetic simulation results for the relatively excited singlet (Si) (left) and triplet state (T;) (right)
population, referred to as the total concentration, of PCs (6.9 x 107> M) under the continuous 455 nm

irradiation (see the SI for the more detail).
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Figure 3.11. Chemical PC structures and their analytical model for exciton dynamics generated by
single pulsed 455 nm photoexcitation in EA at RT. The photophysical rate constants were obtained from

Table 3.3, and extinction coefficients were obtained from UV-Vis absorption spectra in EA at RT.
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We attempted to estimate the effective excited-state concentrations of 4Cz-IPN, 4DP-IPN, and 4-o,p-
DCDP-IPN because the PET rate is determined by (eq. 4). We used the rate constants obtained from our
experiments to model the time-dependent excited-state concentrations of the PCs under 455 nm
irradiation (Figure 3.10(b), Figure 3.11 and Table 3.3; sec Appendix 4 for the simulation details and
the rate equations employed). The relative T: concentrations of 4Cz-IPN and 4DP-IPN in the
photostationary state were approximately 10 and 100 times greater than those of 4-0,p-DCDP-IPN,
respectively. Compared to 4Cz-IPN or 4DP-IPN, 4-0,p-DCDP-IPN showed less success in the
generation of long-lived T;. The findings of these kinetic simulations properly explain the greatest

catalytic performance of 4Cz-IPN (i.e., a high excited-state population and moderate kpgr).
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Figure 3.12. Photophysical properties of PCs, including UV—Vis absorption and photoluminescence
(PL) emission spectra. (a) UV—Vis absorption (at RT), steady-state PL (at RT), PL (at 65 K), and gated
PL (at 65 K) spectra of 4DP-IPN, 4Cz-IPN, 4-0,p-DCDP-IPN, and 4-p,p-DCDP-IPN in EA (1.0 x 1073
M). (b) PL decay of prompt (inset) and delayed component of 4DP-IPN, 4Cz-IPN, 4-0,p-DCDP-IPN,
and 4-p,p-DCDP-IPN in EA (1.0 x 107 M). Delayed PL decay spectra were obtained at RT after the
degassing process by N, gas for 10 min. However, prompt PL decay was obtained without the degassing

process.
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The PET from different amine reductants to 4Cz-IPN was observed to determine how the amine-
based additive affected the BA/HBA mixture polymerization (Figure 3.9). As predicted, the rate
constant of PET was measured in a Marcus normal region. DMAEAc showed the slowest PET (kpgr =
2.1 x 107 M's7! and E’(DMAEAc) = 0.96 V), which contrasts the rapid conversion during bulk
polymerization. Therefore, we assumed that instead of an initial PET event, the rate-determining step
might be the generation of a-amino radical species from the one-electron oxidized amine reductant. We
estimated the free energy profiles along the reaction pathway for the generation of the a-amino radicals
of DMAEAc and DIPEA to evaluate this notion (Figure 3.14(a), lower part). The mechanistic route
with low activation energy (path B) is the one where another amine involves in proton transfer
process.?385Additionally, in path B, the activation barrier for the amino radical formation of DMAEAc
was significantly lower (10.15 kcal mol ') than that for the a-amino radical formation of DIPEA (22.49
kcal mol™!), showing that the a-amino radical generation is essential for the whole photomediated

polymerization process.

Furthermore, the role of oxygen in bulk polymerization was studied (Table 3.1 and Table 3.2). As
mentioned above, tertiary amines can change inactive peroxyl radicals into reactive amino radical
species, reducing oxygen inhibition in photoinduced free radical polymerizations.'® Therefore, we
calculated the bond dissociation energies (BDEs) for the a-hydrogen of DMAEAc and DIPEA. As
shown in Figure 3.14(b), DMAEAc exhibited a BDE of a-hydrogen (85.36 kcal mol ™) higher than
DIPEA (86.98 kcal mol™!), which is consistent with the observed oxygen effect. These findings strongly
imply that producing amino radical species from peroxyl radicals is necessary to develop oxygen
tolerance. Additionally, PCs considerably impact the behavior related to oxygen tolerance. The presence
of oxygen significantly reduced the PL lifetimes of PCs (Figure 3.15), indicating that electron/energy
transfer between PC" and oxygen, followed by the generation of reactive oxygen species, such as
singlet oxygen ('0,) (Figure 3.16), superoxide radical anion (O>"), and hydroperoxyl radical. These
reactive oxygen species may react with tertiary amines and cause oxygen-tolerant behavior, maintaining
polymerization. For example, the generated superoxide radical anion (O>"") can accelerate the initiation
step by 1) facilitating the formation of a-amino radical species,** ii) generating reactive radical species
such as hydroperoxyl radical (Figure 3.5).""® Our DFT simulations revealed the viability of this strategy.
However, its intricacy makes it quite challenging to fully comprehend this behavior. Hence, further

investigation is being conducted.
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Figure 3.15. Chemical structures and Stern—Volmer plots of delayed fluorescence of (a) 4DP-IPN, (b)
4Cz-IPN, and (c) 4-p,p-DCDP-IPN quenched by air, respectively. Generally, PL decay at RT spectra
was obtained from the degassed and non-degassed solutions of PCs (1.0 x 107° M) in EA. 4-0,p-DCDP-
IPN was excluded because of its weak delayed fluorescence. The oxygen concentration in EA at air

saturation was referred to in the literature.
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Figure 3.16. Investigation of singlet oxygen formation by PCs. Experiments were performed with
dimethyl anthracene (1.0 x 107* M) in EA in the presence of (a) 4DP-IPN (1.0 x 107> M), (b) 4Cz-IPN
(1.0 x 107° M), and (c) 4-p,p-DCDP-IPN (1.0 x 107> M) under the illumination of blue LED (6 W 455

nm, 100 mW/cm?, 0-60 s) without any degassing process.
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3.3.4 Synthesis of UV-Blocking PSA

Finally, using the ideal ratio of PC and reductants, namely, 4Cz-IPN and the mixture of
DMAEAc/DMAEA, we investigated the visible-light-curing of the prepolymer mixtures of the BA and
HBA to prepare acrylic PSA films. The optimization description and mechanical properties of the PSA
film were fully described in the publications.®* Notably, because PC is recycled throughout the catalytic
cycle in the prepolymer preparation, our PC system does not require additional PC, unlike the traditional
UV-curing procedure which requires extra photoinitiators. Moreover, a crosslinker for film curing, such
as poly(ethylene glycol) diacrylate, was not used in this procedure. Alternatively, DMAEA was used as
a part of a “hybrid reductant,” giving sufficient crosslinking degree because DMAEA has a similar
chemical structure with DMAEAc. As it is expected to have similar chemical/electrical properties to
DMAEACc, and DMAEA was composed of 40% or 60% of the total reductants.

Film curing rates were best at 10 ppm of 4Cz-IPN and 5,000 ppm of DMAEAC, similar to the bulk
polymerization process, and 91.6% conversion was attained in 3 min under 455 nm LED irradiation.
Subsequently, two UV absorbers were added to the optimal prepolymer for the target PSA to achieve
the desired UV-blocking capabilities. Among the different types of UV absorbers,'® we used a
cyanoacrylate-based UV absorber (i.e., UV absorber 1, 2) with excellent compatibility with the acrylic
monomers. We successfully produced the desired PSA film under blue light LED irradiation (452 nm).
The produced UV-blocking PSA had an outstanding transmission in the visible light region (74s2 nm ~
100%) while effectively blocking the UV light (7373 nm = 1.2%, Figure 3.17(b)).

a) = Film curing with UV-absorber

&
N
o
S

0 ] J AN
T, ~ 100%
N Upper film \ , ;\;\ 80+ 452 nm %
(50 um-thick PET-based release film) —0 N\ \0—;
Blue LED UV-absorber 1 2 60
g /! =
6w 1 (Amax =368 7m, 0.3phr) £
£
o g 404
[ > Pre-polymer NC A~ I :
(w/ UV-absorber, 50 um-thick) | o = ~ = He
s 20 Taram = 1.2% cTRR KRiCT BR
Cured UV-blocking adhesive
, Bottom film UV-absorber 2 T r : .
(50 pm-thick PET,-based release film) (Amax = 300 nm, 1 phr) 200 300 400 500 600 700

Wavelength (nm)

Figure 3.17. (a) Scheme for film curing step of UV-blocking PSA. (b) Chemical structures of UV-
absorbers used in this work and UV—Vis absorption spectra of cured UV-blocking PSA.

Subsequently, we performed dynamic folding experiments to determine whether our UV-blocking
PSA samples were appropriate for a foldable display (Figure 3.18). The structure of the folding test
specimen was designed with reference to the actual foldable smartphone (Figure 3.18(d)).!> The
curvature radius and the folding cycle were fixed at 1.5 mm and 0.5 Hz, respectively. Tests were
performed under three conditions to emulate the actual usage environment of a foldable smartphone:

room temperature (25°C for 200,000 cycles), low temperature (—20°C for 30,000 cycles), and high
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temperature with high humidity (60°C and 93% humidity for 50,000 cycles). Interestingly, our UV-

blocking PSA samples with 60% DMAEA showed exceptional folding endurance under all conditions,

almost meeting the requirements for foldable displays. Nevertheless, we produced a UV-blocking PSA

that performed incredibly well using only a minimal monomer composition and no functional additions,

such as those that increase flexibility. A more complicated composition with functional additives and

monomers may be used in the future to produce excellent UV-blocking PSA.
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Figure 3.18. (a) Procedure of dynamic folding test and (b) quantitative evaluation of folding durability.

(c) Dynamic folding test results of UV-blocking PSA samples. (d) Photos of mounted test specimens

(left) and images of the folded region according to folding cycles (right).
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3.4 Conclusion

To produce UV-blocking optically transparent adhesives for foldable displays, we designed and
validated a revolutionary and highly efficient visible-light-curing resin system. The development of the
UV-blocking PSA film worked best with the mixture of 4Cz-IPN and DMAEACc after assessing various
PCs and reductants with different attributes. This mixture had a fast PET rate resulting from the good
generation of T excited states and appropriate redox potentials, efficient generation of a-amino radical
species, and sufficient solubility in acrylic monomers to achieve the best curing performance with high
oxygen tolerance. After determining the ideal ratio between PC (i.e., 10 ppm) and reductant (i.e., 5000
ppm), we used a mixed reductant system (i.e., hybrid reductants) to precisely regulate the crosslinking
degree. The reductant comprised DMAEAc and DMAEA, and the PSA with 40% or 60% DMAEA had
an appropriate degree of crosslinking and adequate mechanical properties. Finally, we produced a PSA
blocking the UV light less than 400 nm by adding UV absorbers to the PSA composition we refined.
After dynamic folding testing at several temperatures (25°C, —20°C, and 60°C with 93% humidity), the
UV-blocking PSA containing 60% DMAEA demonstrated good folding endurance without any faults,
practically meeting the requirements for commercial foldable displays. Accordingly, UV-blocking PSA
was effectively created from two acrylic monomers using three additives (PC, reductant, and UV
absorber). However, more functional additives might be used to expand utilization scope of PSA.
Furthermore, the production of UV-blocking PSA is only one application for the suggested visible-light-
curing technique. Other systems can also be developed using our system, such as optically transparent

resins, dental resins, and 3D and 4D printed materials.
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Chapter 4. Conclusions of Dissertation

In this dissertation, the design strategies for highly efficient visible-light-driven photoredox catalysis
were studied. After screening various cyanoarenes, one of the purely organic TADF compounds, such
as PC, the origin of the efficient formation of the PC radical anion was revealed: i) capacity to efficiently
populate the PC in the T; excited state and ii) adequately positive excited reduction potentials.
Furthermore, we observed the photodegradation behavior of cyanoarene-based PCs and noticed that
photodegradation is essentially mediated by the PC™™ formation, and the photodegrade adduct depends
on the electronic and structural PC properties. For more details about the formation and degradation of
PC" in actual photoredox catalysis, we conducted a reductive dehalogenation reaction of aryl halides
as a model and revealed that the photodegradation behavior of PCs depends on the rate of ET process
to different target substrates. Based on this understanding of the formation and degradation of PCs,
using PC with highly negative E..’(PC), 4DP-IPN, highly effective reductive dehalogenation of
aryl/alkyl halides was realized at extremely low PC loadings as small as 0.001 mol%. Subsequently, to
demonstrate our visible-light-driven system, we applied our strategies for the well-formation of PC™ to
the production of UV-blocking, optically transparent adhesives for foldable displays. The UV-blocking
PSA cannot be prepared under UV-light irradiation. However, visible-light-irradiation is an optimal
solution to synthesize the adhesive combined with excellent oxygen tolerance. From the mechanistic
studies on acrylic bulk polymerization, we observed that PC with an efficient generation of T excited
states and appropriate redox potentials is required to successfully prepare PSA. Furthermore, inadequate
sacrificial reductants are essential to efficiently generate initiating species, a-amino radical species. This
indicate that the rate-determining step for polymerization is the generation of a-amino radical species,
not the rate of the initial PET process. After optimizing the PSA preparation for an appropriate degree
of crosslinking and mechanical properties, we finally produced a UV-light blocking PSA combined with
adding UV-absorbers to the PSA composition. Notably, our UV-blocking PSA synthetic system
comprises only three components (PC, sacrificial reductant, and UV-absorber). Furthermore, dynamic
folding testing of the optimized PSA was performed at several temperatures (25°C, —20°C, and 60°C

with 93% humidity), meeting practical requirements for commercial foldable displays.

This dissertation mainly studied the reductive quenching cycle of PC, mediated by the PC radical
anion, and our findings have opened the door to a thorough comprehension of the reductive cycles in
purely organic visible-light-driven photoredox catalysis. We hope that our study will improve the
knowledge about i) the formation and degradation behavior of PC™ and 1ii) the oxidized sacrificial
reductant species generated after the PET process to address several difficult problems in a range of

photoredox-mediated organic reactions and polymerizations.

75



Appendix 1. Syntheses of cyanoarene-based PCs

: NO
NC

4-nitrosobenzonitrile: A solution of 4-aminobenzonitrile (2.0 g, 16.9 mmol), potassium
peroxymonosulfate (20.8 g, 33.86 mmol) in CH>Cl, (56 mL) and water (200 mL) was rigorously stirred
for 3 hours under ambient conditions. After 3 hours, the organic layers were extracted by 1 M HCI
aqueous solution (50 mL), neutralized by saturated NaHCO; aqueous solution (60 mL) and washed by
brine 3 times. Subsequently, the organic layers were dried over NaSO4and concentrated under reduced
pressure. The collected crude product was a gray greenish solid and used for next synthesis of 4-
monocyanodiphenylamine without further purification. Data were in full agreement with those

reported in literature.'?! 'TH NMR (400 MHz, CDCls): § 7.97 (br s, 4H).

: NO
NC

4-nitrosobenzonitrile

8.06 8.04 B.In? 8.00 7."'}8 7.“3(} 7.‘04 7.92 /‘.I'JU
Chemical shift (ppm)

ol i S i -

||||||

1o b 13 7 5 5 5 5 2 1 b

Chemical shift (ppm)

Figure A1.1 '"H NMR data of 4-nitrosobenzonitrile at RT (400 MHz, CDCl5).
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N

o Q.

4-monocyanodiphenylamine: For the synthesis, a procedure using metal-free Chan-Evans-Lam
coupling was followed.'?* A solution of 4-nitrosobenzonitrile (1.0 g, 7.57 mmol), phenylboronic acid
(1.38 g, 11.4 mmol) and triethyl phosphite (1.51 g, 9.10 mmol) in anhydrous THF (20 mL) was stirred
for 1 hour under ambient conditions. After 1 hour, the reaction mixture was filtered through a small
plug of silica (EA:hexanes, 1:9 v/v). After the filtration, the mixture was further purified by column
chromatography on silica gel with gradient CH,Clo/hexanes mixtures to give pure product as yellow
solid. Data were in full agreement with those reported in literature.'” '"H NMR (400 MHz, CDCls): &
7.4 -7.42 (m, 2H), 7.39-7.30 (m, 2H), 7.20-7.13 (m, 2H), 7.13-7.08 (m, 1H), 6.99-6.93 (m, 2H), 6.24
(s, 1H).

T

oL |

4-monocyanodiphenylamine

M I ,\‘ ]

76 74 72 70 6.8 66 64 62 60
Chemical shift (ppm)

|

10 5 13 7 13 5 4 5 2 ' b

Chemical shift (ppm)

Figure A1.2 '"H NMR data of 2,4’-dicyanodiphenylamine at RT (400 MHz, CDCl;).
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CLC,

2,4’-dicyanodiphenylamine: A solution of potassium tert-butoxide (1.39 g, 12.39 mmol), 2-
aminobenzonitrile (1.17 g, 9.91 mmol) in anhydrous DMSO (15 mL) was stirred for 1 hour at RT under
a N atmosphere. After 1 hour, 4-fluorobenzonitrile (1.2 g, 16.5 mmol) dissolved in DMSO (5 mL) was
slowly added to the reaction mixture and stirred further at RT for 24 hours. Afterwards, distilled water
was poured into the reaction mixture to quench the excess potassium tert-butoxide and to precipitate
the crude product, which was further purified by reprecipitation in MeOH/water to give pure product
as pale red solid (0.98 g, 45%). Data were in full agreement with those reported in literature.'>* "H NMR
(400 MHz, CDCls): & 7.60 (dd, 3H), 7.55-7.48 (m, 1H), 7.42 (dd, 1H), 7.20-7.14 (m, 2H), 7.08 (td,
1H), 6.57 (s, 1H).

H
©i~\©\
CN CN

2,4"-dicyanodiphenylamine

\

|
.
L";" W |

327 115 115 236 114 1.00
78 76 74 72 70 GB 66 64 62
Chemical shift (ppm)

N

I

327 115 115 2.36 114 1100

12 o 1 & 5 2 b 3

Chemical shift (ppm)

Figure A1.3 "H NMR data of 2,4'-dicyanodiphenylamine at RT (400 MHz, CDCI;).

78



4,4'-dicyanodiphenylamine: A solution of potassium tert-butoxide (2.22 g, 19.8 mmol), 4-
aminobenzonitrile (1.95 g, 16.5 mmol) in anhydrous DMSO (30 mL) was stirred for 1 hour at RT under
N> atmosphere. After 1 hour, 4-fluorobenzonitrile (2.0 g, 16.5 mmol) dissolved in DMSO (10 mL) was
slowly added to the reaction mixture and stirred further at RT overnight. Afterwards, distilled water was
poured into the reaction mixture to quench the excess potassium tert-butoxide and to precipitate the
crude product, which was further purified by reprecipitation in MeOH/water to give pure product as
pale red solid (1.74 g, 48%). Data were in full agreement with those reported in literature.'* '"H NMR
(400 MHz, CDCls): & 7.62-7.57 (dt, 4H), 7.18-7.15 (dt, 4H), 6.38-7.15 (s, 1H).
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Figure A1.4 "H NMR data of 4,4'-dicyanodiphenylamine at RT (400 MHz, CDCI;).
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4DP-IPN: A solution of NaH (60% in mineral oil, 0.477g, 11.94 mmol) and diphenylamine (1.48 g,

8.75 mmol) in anhydrous DMAc (5 mL) was stirred for 30 min in ice bath under N> atmosphere. After

30 min, 2,4,5,6-tetrafluoroisophthalonitrile (0.4 g, 1.99 mmol) dissolved in DMAc (5 mL) was slowly

added to the reaction mixture and stirred further at 100 °C for 10 h. Afterwards, distilled water (2 mL)

was poured into the reaction mixture to quench the excess NaH and, methanol was added to precipitate

the crude product, which was further purified by column chromatography on silica gel (CH,Cl,:hexanes,

2:3 v/v) to give pure product as yellow solid (1.32 g, 83%). Data were in full agreement with those
reported in literature.!! 'H NMR (400 MHz, DMSO-Dg): § 7.31 7.21 (m, 8H), 7.10-7.05 (t, 8H), 7.03—

6.97 (t. 2H), 6.91-6.75 (m, 16H), 6.68-6.62 (m, 6H).
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Figure A1.5. '"H NMR data of 4DP-IPN at RT (400 MHz, DMSO-ds).
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4tCz-IPN: A solution of +-BuOK (0.193 g, 1.72 mmol) and 3,6-di-tert-butyl-9H-carbazole (0.400 g,
1.43 mmol) in anhydrous THF (40 mL) was stirred for 30 min in ice bath under N, atmosphere. After,
2,4,5,6-tetrafluoroisophthalonitrile (0.057 g, 0.28 mmol) was slowly added to the reaction mixture and
stirred further for 12 h. After completion of the reaction, distilled water (2 mL) was poured into the
reaction mixture to quench the excess NaH. The resulting solution was concentrated under reduced
pressure followed by washing several times with water and ethanol to yield the crude product, which
was purified by column chromatography on silica gel (CH2Clz:hexanes, 2:1 v/v) to give pure product
(0.160 g, 45%). Data were in full agreement with those reported in literature.! '"H NMR (400 MHz,
CDCls): 6 8.21 (d, 2H), 7.74 (dd, 2H), 7.61-7.59 (m, 6H), 7.18 (d, 2H), 7.05-7.00 (m, 8H), 6.51 (dd,
2H), 6.44 (d, 2H), 1.53 (s, 18H), 1.30 (s, 36H), 1.22 (s, 18H).

4tCz-IPN

Chemical shift (ppm)

Figure A1.6 '"H NMR data of 4tCz-IPN at RT (400 MHz, CDCl5).
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4Cz-IPN: A solution of NaH (60% in mineral oil, 0.738 g, 18.45 mmol) and carbazole (2.16 g, 12.30
mmol) in anhydrous THF (40 mL) was stirred for 30 min in ice bath under N, atmosphere. After,
2,4,5,6-tetrafluoroisophthalonitrile (0.5 g, 2.46 mmol) was slowly added to the reaction mixture and
stirred further for 12 h. After completion of the reaction, distilled water (2 mL) was poured into the
reaction mixture to quench the excess NaH. The resulting solution was concentrated under reduced
pressure followed by washing several times with water and ethanol to yield the crude product, which
was purified by column chromatography on silica gel (CH,Cl,:hexanes, 2:1 v/v) to give pure product
(1.48 g, 93%) Data were in full agreement with those reported in literature.'2%!2” 'H NMR (400 MHz,
CDCI3): 6 8.22 (dt, 2H), 7.74-7.67 (m, 8H), 7.49 (ddd, 2H), 7.33 (dt, 2H), 7.23-7.21 (m, 4H), 7.12—
7.05 (m, 8H), 6.82 (td, 4H), 6.63 (ddd, 2H).
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Figure A1.7 "H NMR data of 4Cz-IPN at RT (400 MHz, CDCl3).
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4-p,p-DCDP-IPN: A solution of NaH (60% in mineral oil, 0.120 g, 3 mmol) and 4,4'-
dicyanodiphenylamine (0.548 g, 2.5 mmol) in anhydrous DMAc (5 mL) was stirred for 30 min in ice
bath under N, atmosphere. After 30 min, 2,4,5,6-tetrafluoroisophthalonitrile (0.1 g, 0.5 mmol) dissolved
in DMAc (5 mL) was slowly added to the reaction mixture and stirred further at 60 °C for 12 h.
Afterwards, distilled water (2 mL) was poured into the reaction mixture to quench the excess NaH and,
methanol was added to precipitate the crude product, which was further purified by reprecipitation in
CH2CI2/EA to give pure product as yellow solid (0.140 g, 28%). '"H NMR (400 MHz, acetone-de): &
7.87-7.81 (d, 4H), 7.70-7.62 (d, 8H), 7.55-7.48 (td. 8H), 7.20-7.15 (d, 8H), 7.10-7.03 (d, 4H). MS
(GC-FAB-HRMS): calculated for CesH33N 4 [M+H]": 997.3013; found as 997.3005.
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Figure A1.8 'H NMR data of 4-p,p-DCDP-IPN at RT (400 MHz, acetone-ds).
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Figure A1.9 COSY NMR data of 4-p,p-DCDP-IPN at RT (400 MHz, acetone-ds).
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Figure A1.10. NOESY NMR data of 4-p,p-DCDP-IPN at RT (400 MHz, acetone-dg).
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3DP-F-IPN: A procedure similar to the synthesis of 4Cz-IPN is followed. A solution of potassium
tert-butoxide (2.424 g, 21.6 mmol), diphenylamine (3.03 g, 18.0 mmol) in anhydrous DMAc (20 mL)
was stirred for 2 hours in ice bath under N, atmosphere. After 2 hours, 2,4,5,6-
tetrafluoroisophthalonitrile (1.2 g, 6.0 mmol) dissolved in DMAc (5 mL) was slowly added to the
reaction mixture and stirred further at RT for 48 hours. Afterwards, distilled water (2 mL) was poured
into the reaction mixture to quench the excess potassium tert-butoxide and, methanol was added to
precipitate the crude product, which was further purified by recrystallization in CHCl3/MeOH to give
pure product as yellow solid (1.02 g, 26%). Data were in full agreement with those reported in
literature.'”® "H NMR (400 MHz, CDCl;): § 7.29-7.22 (m, 12H), 7.09-7.02 (m, 6H), 7.02-6.95 (m,
12H).
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Figure A1.11 'H NMR data of 3DP-F-IPN at RT (400 MHz, CDCI).
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3DP-Cz-IPN: A solution of potassium tert-butoxide (0.124 g, 1.10 mmol), carbazole (0.154 g, 0.927
mmol) in anhydrous DMAc (5 mL) was stirred for 1 hour in ice bath under N, atmosphere. After 1 hour,
3DP-F-IPN (0.5 g, 0.772 mmol) dissolved in DMAc (5 mL) was slowly added to the reaction mixture
and stirred further at 70 °C for 6 hours. Afterwards, distilled water (2 mL) was poured into the reaction
mixture to quench the excess potassium tert-butoxide and, methanol was added to precipitate the crude
product, which was further purified by column chromatography on silica gel with gradient
CH,Clo/hexanes mixtures to give pure product as yellow solid. 'H NMR (400 MHz, CDCl;): § 7.55—
7.50 (d, 2H), 7.40-7.35 (t, 4H), 7.20-7.15 (d, 4H), 7.14-7.08 (t, 2H), 7.07-7.03 (t, 2H), 6.98— 6.88 (dt,

4H), 6.80-6.71 (t, 8H), 6.65-6.58 (t, 4H), 6.48-6.40 (t, 8H). MS (GC-FAB-HRMS): calculated for
CseH3oNe [M+H]": 795.3236; found as 795.3231.
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Figure A1.12 '"H NMR data of 3DP-Cz-IPN at RT (400 MHz, CDCls).
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Figure A1.13 COSY NMR data of 3DP-Cz-IPN at RT (400 MHz, CDCls).
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Figure A1.14 NOESY NMR data of 3DP-Cz-IPN at RT (400 MHz, CDCls).
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3DP-DCDP-IPN: A solution of sodium hydride (0.060 g, 1.50 mmol) and 4,4'-dicyanodiphenylamine
(0.202 g, 0.922 mmol) in anhydrous DMF/DMSO (3/7) (10 mL) was stirred for 1 hour in ice bath under
N, atmosphere. After 1 hour, 3DP-F-IPN (0.5 g, 0.772 mmol) was slowly added to the reaction mixture
and stirred further at 120 °C for 17 hours. Afterwards, distilled water (2 mL) was poured into the reaction
mixture to quench the excess NaH and, methanol was added to precipitate the crude product, which was
further purified by column chromatography on silica gel with gradient CH,Cl,/hexanes mixtures to give
pure product as yellow solid (0.117 g, 18%). 'H NMR (400 MHz, DMSO-de): § 7.40-7.35 (d, 4H),
7.30-7.25 (d, 8H), 7.13-7.07 (t, 8H), 7.05-7.00 (q, 2H), 6.90-6.75 (m, 16H). MS (GC-FAB-HRMS):

calculated for CssH3oNs [M+H]": 847.3298; found as 847.3290.
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Figure A1.15 '"H NMR data of 3DP-DCDP-IPN at RT (400 MHz, DMSO-ds).
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Figure A1.16 COSY NMR data of 3DP-DCDP-IPN at RT (400 MHz, DMSO-dg).
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Figure A1.17 NOESY NMR data of 3DP-DCDP-IPN at RT (400 MHz, DMSO-d¢).
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3DP-DMDP-IPN: A solution of sodium hydride (0.037 g, 0.926 mmol) and 44'-
dimethoxydiphenylamine (0.127 g, 0.556 mmol) in anhydrous DMF/DMSO (3/7) (10 mL) was stirred
for 0.5 h in ice bath under N, atmosphere. After 1 hour, 3DP-F-IPN (0.3 g, 0.463 mmol) was slowly
added to the reaction mixture and stirred further at 120 °C for 16 hours. Afterwards, distilled water (2
mL) was poured into the reaction mixture to quench the excess sodium hydride and methanol was added
to precipitate the crude product, which was further purified by column chromatography on silica gel
with gradient CH,Cl,/hexanes mixtures to give the pure product as reddish orange powder. 'H NMR
(400 MHz, CDCls): 6 7.25 (d, 4H), 7.07 (m, 12H), 7.00 (t, 2H), 6.87 (t, 4H), 6.70 (d, 8H), 6.46-6.38
(m, 8H), 3.60 (s, 6H). MS (GC-FAB-HRMS): calculated for CssHasN¢O, [M+H]": 857.3604; found as
857.3602.
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Figure A1.18 '"H NMR data of 3DP-DMDP-IPN at RT (400 MHz, DMSO-ds).

90



o _.\,JML | | N S
Qo

1 -
WL

3DP-DMDP-IPN [

7.5 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6 6.5 6.4 6.3
Chemical shift (ppm)

L) WMo M i
6.2
) P L6.4
s @
‘ les F
a
= e
J Le.s £
=
= X
] o E
~ @ 3 Tl §
| = =
—_ ® (] 5
__—-‘; ® o | L7.2
: Dwee —
‘ L7.4

13 7 b 5 k) 3 2 1 b

Chemical shift (ppm)

Figure A1.19 COSY NMR data of 3DP-DMDP-IPN at RT (400 MHz, DMSO-ds).
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Figure A1.20 NOESY NMR data of 3DP-DMDP-IPN at RT (400 MHz, DMSO-ds).
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4-p-MCDP-IPN: A solution of potassium tert-butoxide (0.741 g, 6.6 mmol), 4-cyanodiphenylamine

CN

(0.855 g, 4.4 mmol) in anhydrous DMSO (5 mL) was stirred for 1 hour in ice bath under N, atmosphere.
After 1 hour, 2,4,5,6-tetrafluoroisophthalonitrile (0.2 g, 1.0 mmol) dissolved in DMSO (5 mL) was
slowly added to the reaction mixture and stirred further at 60 °C overnight. Afterwards, distilled water
(2 mL) was poured into the reaction mixture to quench the excess potassium tert-butoxide and, methanol
was added to precipitate the crude product, which was further purified by washing with CH>Cl, to give
pure product as yellow solid. 'H NMR (400 MHz, acetone-ds): & 7.64-7.57 (m, 8H), 7.39 (dd, 8H),
7.34-7.24 (m, 8H), 7.24-7.09 (m, 12H). MS (MALDI-TOF-LRMS): calculated for C¢oH3¢N1o [M+H]":
897.3203; found as 897.9657. MS (GC-FAB-HRMS): not found.
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Figure A1.21 '"H NMR data of 4-p-MCDP-IPN at RT (400 MHz, acetone-ds).
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Figure A1.23 NOESY NMR data of 4-p-MCDP-IPN at RT (400 MHz, acetone-ds).
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Figure A1.24 °’F NMR data of 4-p-MCDP-IPN at RT (565 MHz, DMSO-ds).
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4-0,p-DCDP-IPN: A solution of NaH (60% in mineral oil, 0.120g, 3 mmol) and 2,4'-
dicyanodiphenylamine (0.548g, 2.5 mmol) in anhydrous DMAc (3 mL) was stirred for 30 min in ice
bath under N, atmosphere. After 30 min, 2,4,5,6-tetrafluoroisophthalonitrile (0.1 g, 0.5 mmol) dissolved
in DMAc (2 mL) was slowly added to the reaction mixture and stirred further at 60 °C for 6 hours.
Afterwards, distilled water (2 mL) was poured into the reaction mixture to quench the excess NaH. The
organic layers were extracted by EA and brine 3 times. Subsequently, the organic layers were dried over
NaSO; and concentrated under reduced pressure which was further purified by column chromatography
on silica gel with gradient CH,Cly/hexanes mixtures to give pure product as reddish orange solid. 'H

NMR (400 MHz, acetone-de): 6 7.68-7.56 (m, 8H), 7.51 (d, 8H), 7.45 (d, 1H), 7.36 (d, 3H), 7.26-7.15
(m, 7H), 7.07 (d, 5H). MS (GC-FAB-HRMS): not found.
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Figure A1.25 "H NMR data of 4-0,p-DCDP-IPN at RT (400 MHz, acetone-ds).
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Figure A1.26 COSY NMR data of 4-0,p-DCDP-IPN at RT (400 MHz, acetone-ds).
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Figure A1.27 NOESY NMR data of 4-0,p-DCDP-IPN at RT (400 MHz, acetone-ds).
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Figure A1.28 ’F NMR data of 4-0,p-DCDP-IPN at RT (565 MHz, acetone-ds).
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Appendix 2. Characterization of cyanoarene-based PCs

Photophysical characterization of cyanoarene-based PCs

UV-Vis absorbance measurements were performed with a V-770 JASCO UV-Vis-NIR spectrometer.
Steady-state PL emission spectra at RT were obtained using a HORIBA Jobin Yvon Fluoromax-4
spectrofluorimeter equipped with a 150 W Xe short arc lamp and Hamamatsu R928P PMT detector; the
emission spectra were corrected for the sensitivity of the photomultiplier. PL decay measurements were
carried out by the TCSPC technique. The excitation source was a 377 nm pulsed diode laser (LDH
series PicoQuant) of pulse width (FWHM) < 49 ps. A NanoHarp—250 TCSPC event timer with 25 ns
time resolution was employed to measure decays of delayed fluorescence. For temperature-dependent
PL studies a Picoquant LDH—D—C-405 pulsed diode laser and a Picoquant HydraHarp—400 TCSPC
event timer with 1 ps time resolution were used to measure the decays of the PF, and a 355 nm Nd:YAG
laser with a pulse width of 300 ps (Teemphotonics) and a Picoquant TimeHarp 260 nano TCSPC
electronics with 1 ns resolution were employed on short (nanosecond to microsecond) and long
(microsecond to second) time scales, respectively. Low-temperature PL was dispersed in wavelength
using an Acton SP2500 spectrometer and detected either by a Princeton Instruments Spec10:400BR
CCD camera or by a low dark current hybrid photomultiplier (PMA 06, PicoQuant), both attached to
the spectrometer. Gated PL spectra were acquired with a delay of 250 ms, using a cw 405 nm laser
module with TTL modulation input (maximum modulation frequency 20 kHz) and suitable triggering
of the CCD. Trigger pulses for the laser and the CCD camera were provided by a Stanford Research
Systems DG645 pulse and delay generator with 5 ps resolution. The PL decay time fitting procedure

was carried out by using the Fluofit software (PicoQuant).

Electrochemical characterization of cyanoarene-based PCs

CV experiments were carried out with a VersaSTAT3-200 (Princeton Applied Research) using a one
compartment electrolysis cell consisting of a glassy carbon working electrode, a platinum wire counter
electrode, and a quasi Ag+/Ag (sat. KCI aqueous solution) reference electrode bought from AT
FRONTIER (Part No. R303). Specifically, the electrode is a silver wire that is coated with a thin layer
of silver chloride and an insulated lead wire connects the silver wire with measuring instrument. The
electrode also consists of a porous plug on the one end which will allow contact between the field
environment with the silver chloride electrolyte. Saturated potassium chloride is added inside the body
of the electrode to stabilize the silver chloride concentration and in this condition the electrode’s
reference potential is known to be +0.197 V at 25 °C. The measurements were done in 0.2 mM CH3CN
solution with 0.1 M tetrabutylammonium hexafluorophosphate (n-BusNPFs, Aldrich, Electrochemical

grade) as supporting electrolyte at a scan rate of 100 mV/s. The redox potential was calibrated after
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each experiment against the ferrocenium/ferrocene couple (Fc+/Fc), which allowed conversion of all
potentials to the aqueous SCE scaled by using £’ (Fc+/Fc) = 0.42 V vs SCE in CH3CN. The working
solution was degassed with Ar for 15 min before measurement and then kept under a positive Ar

pressure during the measurement.
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Appendix 3. Computational details

Density functional theory (DFT) and time-dependent (TD) DFT calculations were performed with
the B3LYP functional and 6-311++G* basis set, as all implemented in the Gaussian16 program package.
The geometries (So and Do) optimization and single point energies were calculated in CH3CN (or EA)
solution employing the polarizable continuum model. In all geometry optimization calculations,
frequency calculations were performed both to verify that geometries were true minima and to obtain
free energies at 298.15 K. To obtain the calculated UV-Vis absorption spectrum of the neutral (So) and
radical anion (Do) species, vertical transition energies for the first 60 excited states were obtained by
single-point calculations on the optimized So and Do geometries, respectively. Molecular orbital

topologies were obtained by employed in Gaussian09w and plotted with GaussView 6.0. To derive

G°,redox

calculated redox potentials, the Gibbs free energies, AG,,,

, between radical and neutral species
were converted to SCE by a given process, Eredox_SCEo(V VS SCE) = Eyeqox (eV) — 4.68 V. The
geometries of transition state were optimized with QST3 using the STQN method and all optimized
geometries of transition state were verified with single imaginary frequency and individual intrinsic
reaction coordinate calculations. The Gibbs free energy and enthalpy with relevant standard state

reference were obtained from following relations.'*

G’ (298.15K, 1 M) = G"* (298.15 K, 1 atm) + 1.89 kcal/mol

H’ (298.15 K, 1 M) = H"* (298.15 K, 1 atm) + 0.59 kcal/mol.

In fact, we have done comparisons with different functionals (including CAM-B3LYP, M06-2X and
wB97XD), and we saw very different behaviors for absolute and relative energies of the S, and T, states
(and in particular with respect to the AEsr) as well as for the state descriptions. The B3LYP functional
was chosen because if its good performance of the AEsr with respect to experiment as shown by us
earlier.! For the calculated radical anion absorption, the lowest excited state was actually calculated to
be lower with CAM-B3LYP and M06-2X in comparison with B3LYP, so that the latter method still
appears quite reasonable to describe the electronic nature of ground and excited states properties for

both the neutral and the radical anion species.
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Appendix 4. Kinetic simulation

To analyze quantitatively exciton dynamics of selected PCs, we visualized the excited state
concentration of PCs benchmarked by Adachi group.'*° The concentration of S; and T can be described

by following system of ordinary differential equations (ODE).

d[54]

dt1 = knisclTi] = (Kisc + ks, + kenrs, ) [S1]
d[T;]
d—t1 = kisc[S1] = (krisc + krr, + knrr)[T1]

where kisc, krisc, ki s1, kr,11, knrs1 and k.71 denote the rate constants of ISC, RISC, radiative decay from
'PC* (S)), radiative decay from 3PC" (T}), non-radiative decay from S;, and non-radiative decay from
T}, respectively. These coupled nonlinear rate equations enable to trace time-dependent decay of the S;
and T, state generated by single pulsed-photoexcitation and the ODEs were solved using ODE15s

solvers implemented in the Matlab program package.

Evaluation of k.51, ku.s1, kisc and krisc
The general TADF kinetics can be obtained from the differential equations for the singlet and triplet

excited state (S, 71) deactivation.

d[S4]

ar —ks [S1] + kpisc - [Ti] +a -1 (eq. Al)
d[T.
) = kisc - [S1] = ker - T3] (eq. A2)

where ks = kisi + kusi + kisc, kr = k11 + kw1 + krisc, 1 1s the intensity of excitation, and a is the

absorption coefficient; the solutions are

S1(6) = 220 [(Az = k) exp( — Ar) + (ks = Ay) exp( = Az)] (cq. A3)
T,(8) = 22 [exp( — Ayt) — exp( = A;0)] (cq. A4)

and the total intensity is obtained as
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I(t) = ky5,51(t) + Ky, Ty (£) (eq. AS)

1) = 2 [k, 5. (Ay = As) + by, kisc) exp( = Aqt) + (kps, (ks = Ay) = ke kise) exp( = Ayt)] (eq. A6)
Ay—Ay

The exponents A;» (which correspond to the reciprocal values of the prompt/delayed PL lifetime

constants, i.e., Tprpr |, respectively) are given by

Az = %(ks +ky F ey — ke)\/1 + 4 kysckpisc/ (kr = ks)?) (eq. A7)

The total PL quantum yield @p; is given as the sum of fluorescence and phosphorescence quantum
yields (@pr = @r+ Dpy), where @r consists of a prompt fluorescence (@ pr) and delayed fluorescence

(®pr) part; the prompt part is defined by

kT',51
ks

Ppr = (eq. A8)

In the presence of large number of TADF cycles, the total @ (along with @py) under steady state is

obtained as,"!

1

@ = E——
F PE (1-miscmrisc)

(eq. A9)

where 7sc = kisc/ks and nrisc = krisc/kr are the efficiencies for ISC and RISC, respectively. Similarly,

®py 1S obtained as

®py = —nscken (eq. A10)

"~ kr(1-MiscMRIsC)

The condition for strong TADF emitters translates to krisc >> kiti, kneti, SO that mrisc = 1; the
phosphorescence lifetime of 4DP-IPN at 65 K is about 407 ms, therefore, the sum of k.11 and ku. 11 1S
about 2.5 s at 65 K. This simplifies eq. (S17) to

Dpp @pp ks®pr _ kr.sq (eq. All)

D, = ~ = =
F= -msenrise) ~ (1=mise) (krs,+knrs,)  (Krsy+knrs;)

Furthermore, for TADF compounds with a non-negligible AEst = 0.1 eV (which is indeed the case for

the 4DP-IPN as discussed further up), RISC is much smaller than ISC; i.e. krisc << kisc. Under these
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conditions, with a Taylor expansion (y =v1+x~ 1+ g for x << 1), the solutions for A;, simplify

to

1 kisck
by =1yt = E(ks +hy = (kp = k)L + 4 Kischpse/(ky = ks)?) = ks = %};{fc % ks (eq. Al2)

41 Kisck
fy =1t = E(ks +ky + (k= kY1 + 4 kischpse/(kr = ks)?2) = Ky (1 - %:;SC) ~ kpsc(1 = msc)  (eq. A13)

Finally, the radiative rate constant k,. s can be estimated from the Strickler-Berg formula, which in its

simplified form reads,””

3 3
s, 58 = 0.667(s™1em?) S5 n2 f = 434+ 107 (s eV ™2) T2 n2f (eq. Ald)

A,vert A,vert

where f is the TD-DFT calculated oscillator strength of vertical absorption, n is the refractive index
of solventand E is the energy of vertical absorption and emission respectively for the lowest energetic

CT transition.

In summary, the photophysical rate constants of PCs in jablonski diagram were evaluated by
experimental (i.e., prompt/delayed fluorescence decays) and computational method (i.e., TD-DFT),

which each relation is simplified to

3
ks, = 4.34 - 107(5-1eV‘2)§§—:‘;n2 f (eq. A15)
kr. 1
knrs, = d,_il —krs, = ks, (¢_p - 1) (eq. Al6)
1k,
kisc = Tpp Tt — (eq. A17)
TpF "
krisc = PR — (eq. A18)

where f,n, E, ®g, Tpr, and tpr have been defined earlier.
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Appendix 5. GC and NMR data of dehalogenation products
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Figure A5.1 Gas chromatography (GC-FID) spectra for photoredox reductive dehalogenation of 4-

iodobenzonitrile. Yield was measured by GC-FID using TMB as an internal standard.
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Figure A5.2 'H NMR data of photoredox reductive dehalogenation for 4-iodobenzonitrile (400 MHz,
DMSO-ds); TMB: 6 6.09 (s, 3H), 3.71 (s, 9H).
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Figure A5.3 GC-FID spectra of photoredox reductive dehalogenation for 3-iodobenzonitrile. Yield was

measured by GC-FID using TMB as an internal standard.
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Figure A5.4 'H NMR data of photoredox reductive dehalogenation for 3-iodobenzonitrile (400 MHz,
DMSO-ds); TMB: 6 6.09 (s, 3H), 3.71 (s, 9H).
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Figure A5.5 GC-FID spectra of photoredox reductive dehalogenation for 2-iodobenzonitrile. Yield was

measured by GC-FID using TMB as an internal standard.
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Figure A5.6 'H NMR data of photoredox reductive dehalogenation for 2-iodobenzonitrile (400 MHz,
DMSO-ds); TMB: 6 6.09 (s, 3H), 3.71 (s, 9H).
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Figure A5.7 GC-FID spectra of photoredox reductive dehalogenation for methyl-4-iodobenzoate. Yield
was measured by GC-FID using TMB as an internal standard.

110



Substrate screening (methyl 4-iodobenzoate), 0 h
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Figure A5.8 '"H NMR data of photoredox reductive dehalogenation for methyl 4-iodobenzoate (400

MHz, DMSO-dg); TMB: § 6.09 (s, 3H), 3.71 (s, 9H).
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Figure A5.9 GC-FID spectra of photoredox reductive dehalogenation for methyl-3-iodobenzoate. Yield

was measured by GC-FID using TMB as an internal standard.
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Figure A5.10 '"H NMR data of photoredox reductive dehalogenation for methyl 3-iodobenzoate (400
MHz, DMSO-ds); TMB: 6 6.09 (s, 3H), 3.71 (s, 9H).
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Figure AS5.11 GC-FID spectra of photoredox reductive dehalogenation for methyl-2-iodobenzoate.
Yield was measured by GC-FID using TMB as an internal standard.
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Figure A5.12 '"H NMR data of photoredox reductive dehalogenation for methyl 2-iodobenzoate (400
MHz, DMSO-ds); TMB: 6 6.09 (s, 3H), 3.71 (s, 9H).

115



4200
2800
1400

6000
4000
2000

5400
3600
1800

4800
3200
1600

4800
3200
1600

4DP-IPN (0.01 mol%)

H DIPEA (10.0 equiv.) H
CH,CN, 455 nm, RT, 24 h
o}
A
i 3.21
|- /B
I ‘ ‘ ‘ ‘ 679 ‘
F CHyCN— /PIPEA A 8% 1,3,5-trimethoxybenzene
L \\ /1
i ‘ ‘ ‘ ‘ 677 ‘
I 3.17
/L 6.18
T | I B
r 3.16 6.76
I 6.16
Ju ] L
r 3.17 6.76
' N o1
0 1 2 3 5 6 7 s 9

Time (min)

Oh

8h

18 h

24 h

Figure AS.13 GC-FID spectra of photoredox reductive dehalogenation for 4-iodobenzaldehyde. Yield

was measured by GC-FID using TMB as an internal standard.
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Figure A5.14 '"H NMR data of photoredox reductive dehalogenation for 4-iodobenzaldehyde (400 MHz,
DMSO-ds); TMB: 6 6.09 (s, 3H), 3.71 (s, 9H).
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Figure AS.15 GC-FID spectra of photoredox reductive dehalogenation for 2-bromobenzonitrile. Yield
was measured by GC-FID using TMB as an internal standard.
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Figure A5.16 '"H NMR data of photoredox reductive dehalogenation for 2-bromobenzonitrile (400 MHz,
DMSO-ds); TMB: 6 6.09 (s, 3H), 3.71 (s, 9H).

119



/©/Br 4DP-IPN (0.005 mol%)
NG DIPEA (10.0 equiv.)

CH4CN, 455 nm, RT, 8 h

oy
NC

A B

5700 | 3.37
3800 - B
1900 /] "

0 T T T T T T T T
5700 - CH.CN DIPEA 6.77
3800 R / A \ 5.30 1,3,5-trimethoxybenzene 0h
1900 | /‘ 7

0 T — 1 T B — T 1 1
5400 - 3.36 6.76
3600 - i A 1 8h
1800

0 T M N N N N N N

0 1 2 3 4 5 6 7 8 9
Time (min)

Figure A5.17 GC-FID spectra of photoredox reductive dehalogenation for 4-bromobenzonitrile. Yield

was measured by GC-FID using TMB as an internal standard.
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Figure A5.18. '"H NMR data of photoredox reductive dehalogenation for 4-bromobenzonitrile (400
MHz, DMSO-ds); TMB: 6 6.09 (s, 3H), 3.71 (s, 9H).
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Figure A5.19 GC-FID spectra of photoredox reductive dehalogenation for 3-bromobenzonitrile. Yield

was measured by GC-FID using TMB as an internal standard.
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Figure A5.20 '"H NMR data of photoredox reductive dehalogenation for 3-bromobenzonitrile (400 MHz,

DMSO-ds); TMB: § 6.09 (s, 3H), 3.71 (s, 9H).

123



4DP-IPN (0.005 mol%)

H,C [ - H,C H
\H% DIPEA (10.0 equiv.) \H/”

CH4CN, 455 nm, RT, 6 h

A B

4200 - 4.91
2800 - B
1400 | }[

0 1 1 1 1 1 1 1 1
5700 6.74 7.96
300 CHaON — J DIPEA 1,3,5-trimethoxybenzene A oh

0 T T T T T T T h
7200 | 4.93 6.75
4800 6 h
2400 jL ,/L

o , , , , ; ,

0 1 2 3 4 5 6 7 8 9
Time (min)

Figure AS5.21 GC-FID spectra of photoredox reductive dehalogenation for 1-iodododecane. Yield was
measured by GC-FID using TMB as an internal standard.
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Figure A5.22 'H NMR data of photoredox reductive dehalogenation for 1-iodododecane (400 MHz,

CDCls); TMB: § 6.09 (s, 3H), 3.71 (s, 9H).
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Figure A5.23 GC-FID spectra of photoredox reductive dehalogenation for methyl 4-bromobenzoate.
Yield was measured by GC-FID using TMB as an internal standard.
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Figure A5.24 '"H NMR data of photoredox reductive dehalogenation for methyl 4-bromobenzoate (400

MHz, DMSO-dg); TMB: § 6.09 (s, 3H), 3.71 (s, 9H).
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Figure AS5.25 GC-FID spectra of photoredox reductive dehalogenation for methyl 3-bromobenzoate.

Yield was measured by GC-FID using TMB as an internal standard.
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Substrate screening (methyl 3-bromobenzoate), 0 h
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Figure A5.26 '"H NMR data of photoredox reductive dehalogenation for methyl 3-bromobenzoate (400
MHz, DMSO-ds); TMB: 6 6.09 (s, 3H), 3.71 (s, 9H).
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Figure AS5.27 GC-FID spectra of photoredox reductive dehalogenation for methyl 2-bromobenzoate.
Yield was measured by GC-FID using TMB as an internal standard.
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Figure A5.28 '"H NMR data of photoredox reductive dehalogenation for methyl 2-bromobenzoate (400
MHz, DMSO-ds); TMB: 6 6.09 (s, 3H), 3.71 (s, 9H).
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Figure A5.29 GC-FID spectra of photoredox reductive dehalogenation for 4-bromoacetophenone. Yield
was measured by GC-FID using TMB as an internal standard.
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Figure A5.30 'H NMR data of photoredox reductive dehalogenation for 4-bromoacetophenone (400

MHz, DMSO-dg); TMB: § 6.09 (s, 3H), 3.71 (s, 9H).
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Figure A5.31 GC-FID spectra of photoredox reductive dehalogenation for 4-chlorobenzonitrile. Yield
was measured by GC-FID using TMB as an internal standard.
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Substrate screening (4-chlorobenzonitrile), 0 h
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Figure A5.32 '"H NMR data of photoredox reductive dehalogenation for 4-chlorobenzonitrile (400 MHz,
DMSO-ds); TMB: 6 6.09 (s, 3H), 3.71 (s, 9H).
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Figure A5.33 GC-FID spectra of photoredox reductive dehalogenation for 4-iodoanisole. Yield was

measured by GC-FID using TMB as an internal standard.
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Figure A5.34 '"H NMR data of photoredox reductive dehalogenation for 4-iodoanisole (400 MHz,
DMSO-ds); TMB: 6 6.09 (s, 3H), 3.71 (s, 9H).
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Figure A5.35 GC-FID spectra of photoredox reductive dehalogenation for methyl 4-chlorobenzoate.
Yield was measured by GC-FID using TMB as an internal standard.
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Substrate screening (methyl 4-chlorobenzoate), 0 h

H NMR (400 MHz, DMSO-dg):

Cl
/©/ 5 8.00-7.95 (dd, 2H), 7.61-7 57 |
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Substrate screening (methyl 4-chlorobenzoate), 24 h

H NMR (400 MHz, DMSO-dy):

H
8 7.99-7.97 (m, 2H), 7.68-7.63 (it, 1H), ‘
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Figure A5.36 '"H NMR data of photoredox reductive dehalogenation for methyl 4-chlorobenzoate (400

MHz, DMSO-dg); TMB: § 6.09 (s, 3H), 3.71 (s, 9H).

139



4200
2800
1400

4200
2800
1400

4200
2800
1400

Cl 4DP-IPN (0.5 mol%) H
HN DIPEA (10.0 equiv.) HN
CH,CN, 455 nm, RT, 24 h
0 o
A
B
i DMF
i - 6.34/ B
A\ ) . . . . g . .
: CH,CN DIPEA 1,3,5-trimethoxybenzene 6,73 7.50
~ // ™ \\ A

r /
i 6.75
I 6.31
0 1 2 3 4 5 6 7 8 9

Time (min)

Oh

24 h

Figure A5.37 GC-FID spectra of photoredox reductive dehalogenation for 4-chlorobenzamide.
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Substrate screening (4-chlorobenzamide), 0 h

¢ "HNMR (400 MHz, DMSO-dj):
5 8.08-7.95 (broad, 1H),
HN 7.90-7.88 (dd, 2H), 7.55-7.48
(dd, 2H), 7.45-7.38 (broad, 1H)

—
104 210 210 102
8‘.2 S‘. 1 8‘.0 7‘.9 7‘.8 7‘.7 7‘.6 7‘.5 7‘.4 7‘.3
f1 (ppm) ' ‘
|
‘ |
|
|
|
A L Jk JK L L . L L \‘A

T LN f 1

o on o ]

R K g

0o ds  do 85 o 75 7o 65 60 55 50 45 40 35 30 25 2o 15 10 05 0o

f1 (ppm)

Substrate screening (4-chlorobenzamide), 24 h

H 'HNMR (400 MHz, DMSO-dg):
5 7.98-7.91 (broad, 1H), 7.90-7.85
H,N (dd, 2H), 7.55-7.50 (dd, 1H), 7.45—
7.41 (t, 1H),
o) 7.35-7.29 (broad, 1H)
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Figure A5.38 'H NMR data of photoredox reductive dehalogenation for 4-chlorobenzamide (400 MHz,
DMSO-ds): TMB: & 6.09 (s, 3H), 3.71 (s, 9H). Yield was measured by 'H NMR using TMB as an

internal standard.
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Figure A5.39 GC-FID spectra of photoredox reductive dehalogenation for 1-bromonaphthalene.
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Substrate screening (1-bromonaphthalene), 0 h

H NMR (400 MHz, DMSO-dj):
58.17-8.12 (d, 1H) 8.01-7.96 (dd, 2H)
7.92-7.87 (d, 1H) 7.73-7.67 (dt, 1H)
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Substrate screening (1-bromonaphthalene), 12 h

H

H NMR (400 MHz, DMSO-d):
57.95-7.86 (dd, 4H), 7.54-7.46 (dd, 4H)

l
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Figure A5.40 '"H NMR data of photoredox reductive dehalogenation for 1-bromonaphthalene (400 MHz,
DMSO-ds); TMB: & 6.09 (s, 3H), 3.71 (s, 9H). Yield was measured by 'H NMR using TMB as an

internal standard.
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Figure A5.41 GC-FID spectra of photoredox reductive dehalogenation for 1-chloronaphthalene.
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Substrate screening (1-chloronaphthalene), 0 h

o H NMR (400 MHz, DMSO-dg):
5 8.23-8.15 (d, 1H) 8.05-8.00 (d, 1H)
OO 7.98-7.90 (d, 1H) 7.73-7.61 (m, 3H),

7.54-7.49 (t, 1H)
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Substrate screening (1-chloronaphthalene), 12 h

H
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Figure A5.42 'H NMR data of photoredox reductive dehalogenation for 1-chloronaphthaelene (400
MHz, DMSO-ds); TMB: & 6.09 (s, 3H), 3.71 (s, 9H). Yield was measured by '"H NMR using TMB as

an internal standard.
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Figure A5.43 GC-FID spectra of photoredox reductive dehalogenation for 2-bromopyridine.
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Substrate screening (2-bromopyridine), 0 h

NooBr 'H NMR (400 MHz, DMSO-d):
| / 88.4 (m, 1H), 7.78-7.75 (dt, 1H),
= 7.65-7.63 (d, 1H), 7.48-7.43 (m, 1H)
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Substrate screening (2-bromopyridine), 24 h

Na—" "H NMR (400 MHz, DMSO-dg):
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Figure A5.44 '"H NMR data of photoredox reductive dehalogenation for 2-bromopyridine (400 MHz,
DMSO-ds); TMB: 8 6.09 (s, 3H), 3.71 (s, 9H). Yield was measured by 'H NMR using TMB as an

internal standard.
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Figure A5.45 GC-FID spectra of photoredox reductive dehalogenation for 2-chloropyridine.
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Substrate screening (2-chloropyridine), 0 h

N_  _cl 'HNMR (400 MHz, DMSO-dg):

| N 58.4 (m, 1H), 7.88-7.82 (td, 1H),
_ 7.5 (d, 1H), 7.42-7.38 (dd, 1H)
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Substrate screening (2-chloropyridine), 24 h
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Figure A5.46 '"H NMR data of photoredox reductive dehalo

genation for 2-chloropyridine (400 MHz,

DMSO-ds); TMB: & 6.09 (s, 3H), 3.71 (s, 9H). Yield was measured by 'H NMR using TMB as an

internal standard.
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Figure A5.47 GC-FID spectra of photoredox reductive dehalogenation for 1-bromododecane.



Substrate screening (1-bromododecane), 0 h

G g 'HNMR (400 MHz, CDCl,): |
3 \H/ 5 3.60-3.40 (t, 2H), 1.19 (g, 2H), 1.50-1.40 (m, Y
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Substrate screening (1-bromododecane), 6 h

H3C\H,H H NMR (400 MHz, CDCl,):
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Figure A5.48 '"H NMR data of photoredox reductive dehalogenation for 1-bromododecane (400 MHz,
CDCl3); TMB: 6 6.09 (s, 3H), 3.71 (s, 9H). Yield was measured by 'H NMR using TMB as an internal

standard.
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Figure A5.49 GC-FID spectra of photoredox reductive dehalogenation for bromobenzene. Due to high
injection-temperature of GC-FID, benzene product was not observed in our GC-FID system. Therefore,

we evaluated the conversion and yield from '"H NMR using TMB as an internal standard.
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Substrate screening (bromobenzene), 0 h

B" 14 NMR (400 MHz, DMSO-dj):
5 7.60—7.53 (m, 2H), & 7.42-7.31 (m, 3H)
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Figure A5.50 'H NMR data for photoredox reductive dehalogenation for bromobenzene (400 MHz,
DMSO-ds); TMB: & 6.09 (s, 3H), 3.71 (s, 9H). Yield was measured by 'H NMR using TMB as an

internal standard.
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Figure A5.51 GC-FID spectra for photoredox reductive dehalogenation for 2-bromoanisole.
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Substrate screening (2-bromoanisole), 0 h

H NMR (400 MHz, DMSO-dj):

5 7.58-7.55 (dd, 1H), 7.38-7.34 (dt, 1H),
7.15-6.95 (dd, 1H), 6.93-6.87 (dt, 1H),
3.85 (s, 3H)
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Substrate screening (2-bromoanisole), 48 h
H "H NMR (400 MHz, DMSO-dg):
0 7.35-7.25 (dt, 2H), 6.95-6.91
o (M 3H),375(s,3H)
“L WJUMM%,MLLWJLW
?.7 7‘.6 7‘.5 7‘.4 7‘.‘3 ?.2 7‘.1 ?.0 .6‘.9 6‘.8 6‘.7
Chemical shift (ppm) ‘
I,
I A W O (G T
b

Chemical shift (ppm)

Figure A5.52 '"H NMR data for photoredox reductive dehalogenation for 2-bromoanisole (400 MHz,
DMSO-ds); TMB: & 6.09 (s, 3H), 3.71 (s, 9H). Yield was measured by 'H NMR using TMB as an

internal standard.
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Figure AS5.53 GC-FID spectra for photoredox reductive dehalogenation for 4-bromoanisole.
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Substrate screening (4-bromoanisole), 0 h

"H NMR (400 MHz, DMSO-d):

Br
0 7.5-7.4 (dt, 2H), 6.95-6.87 (dt, 2H), )
|
\O 3.7 (s, 3H) I
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Substrate screening (4-bromoanisole), 48 h
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Figure A5.54 '"H NMR data for photoredox reductive dehalogenation for 4-bromoanisole (400 MHz,
DMSO-ds); TMB: & 6.09 (s, 3H), 3.71 (s, 9H). Yield was measured by 'H NMR using TMB as an

internal standard.
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Figure A5.55 GC-FID spectra for photoredox reductive dehalogenation for chlorobenzene. Due to high
injection-temperature of GC-FID, chlorobenzene and benzene product was not observed in our GC-FID
system. Therefore, we evaluated the conversion and yield from 'H NMR using TMB as an internal

standard.
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Substrate screenina (chlorobenzene). 0 h

Cl '
H NMR (400 MHz, DMSO-dj):
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Substrate screening (chlorobenzene), 48 h
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Figure A5.56 '"H NMR data for photoredox reductive dehalogenation for chlorobenzene (400 MHz,
DMSO-ds); TMB: & 6.09 (s, 3H), 3.71 (s, 9H). Yield was measured by 'H NMR using TMB as an

internal standard.
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Figure A5.57 GC-FID spectra for photoredox reductive dehalogenation for 2-chloro-4-fluoroanisole.
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Substrate screening (2-chloro-4-fluoroanisole), 0 h

F Cl 'H NMR (400 MHz, DMSO-d,):
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o 384(s,3H) |

I ‘
_ A A MU ooman
Lot
Ta 7 6.9 6.8

0.82

3 7.2 71 7.0
Chemical shift (ppm)

75 7.

A —— : ;,JALJ {__M J!U_ﬁ y \A—}I;

0.82 1.64 6.00 2.97 18.66

1o 5 1 7 13 5 L 5 P i b

Chemical shift (ppm)

Substrate screening (2-chloro-4-fluoroanisole), 48 h

F H  1H NMR (400 MHz, DMSO-dg):
5 7.12-7.07 (d, 2H), 6.95-6.91
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Figure A5.58 'H NMR data for photoredox reductive dehalogenation for 2-chloro-4-fluoroanisole (400
MHz, DMSO-ds); TMB: & 6.09 (s, 3H), 3.71 (s, 9H). Yield was measured by '"H NMR using TMB as

an internal standard.
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Figure A5.59 GC-FID spectra for photoredox reductive dehalogenation for 4-chloroanisole. Yield was
measured by '"H NMR using TMB as an internal standard.
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Substrate screening (4-chloroanisole), 0 h
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Figure A5.60 '"H NMR data for photoredox reductive dehalogenation for 4-chloroanisole (400 MHz,
DMSO-ds); TMB: 6 6.09 (s, 3H), 3.71 (s, 9H).
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Figure A5.61 GC-FID spectra for photoredox reductive dehalogenation for 2-chloroanisole.
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Substrate screening (2-chloroanisole), 0 h

Cl 'H NMR (400 MHz, DMSO-d,):
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Figure A5.62 '"H NMR data for photoredox reductive dehalogenation for 2-chloroanisole (400 MHz,
DMSO-ds); TMB: § 6.09 (s, 3H), 3.71 (s, 9H). Yield was measured by 'H NMR using TMB as an

internal standard.
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