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ABSTRACT: Since the seminal work of Zhang in 2016, donor-acceptor cyanoarene-based fluorophores, such as 1,2,3,5-tetrakis(car-
bazol-9-yl)-4,6-dicyanobenzene (4CzIPN), have been widely applied in photoredox catalysis, and used as excellent metal-free alter-
natives to noble metal Ir- and Ru-based photocatalysts. However, all the reported photoredox reactions involving this chromophore
family are based on harnessing the energy from a single visible light photon, with a limited range of redox potentials from -1.92 V to
+1.79 V. Here, we document the unprecedented discovery that this family of fluorophores can undergo consecutive photoinduced
electron transfer (ConPET) to achieve very high reduction potentials. One of the newly synthesized catalysts, 2,4,5-tri(9H-carbazol-
9-yl)-6-(ethyl(phenyl)amino)isophthalonitrile (3CzEPAIPN), possesses a long-lived (12.95 ns) excited radical anion form,
3CzEPAIPN--* which can be used to activate reductively recalcitrant aryl chlorides (Ered = -1.9 to -2.9 V) under mild conditions. The
resultant aryl radicals can be engaged in synthetically valuable aromatic C-B, C-P, and C-C bond formation to furnish arylboronates,
arylphosphonium salts, arylphosphonates, and spirocyclic cyclohexadienes, respectively.

Aryl chlorides are versatile building blocks in organic synthesis,
being widely utilized as electrophilic partners in nucleophilic
aromatic substitutions, in transition metal catalysis, and as pre-
cursors to organometallic complexes. Compared to the corre-
sponding bromides or iodides, aryl chlorides are more abun-
dant (Figure 1A), are frequently present in natural products
and pharmaceutical molecules, and are often lower in cost,
more stable, serving as excellent functional group handles for
selective coupling? or late-stage derivatizations.?

Photoredox catalysis offers numerous opportunities for the
convenient synthesis of active organic radical species through
single electron transfer (SET), which is complementary to con-
ventional two-electron processes.3-6 However, compared to
aryl bromides and iodides, aryl chlorides in photoredox cataly-
sis have been largely underexplored due to the high energetic
barrier for C(sp2)-Cl bond activation (PhCl at approximately 95
kcal/mol).78 Upon absorption of a photon, the excited photore-
dox catalyst promotes the single-electron reduction of aryl hal-
ides. Subsequent C-X bond cleavage delivers carbon-centered
radicals, which can participate in a plethora of transformations.
The reaction scope is therefore restricted by the energy of a
photon. Visible light (e.g., a 440 nm blue photon possesses an
energy of 2.8 eV) can activate only aryl chlorides possessing a
strong electron-withdrawing substituent,® and activation of
more challenging nonactivated aryl chlorides requires carcino-
genic high-energy ultraviolet (UV) light (Figure 1A).10.11

Several strategies have been developed during the past sev-
eral years to address these challenges and enable the activation
of aryl chlorides under visible light irradiation and mild condi-
tions, such as consecutive photoinduced electron transfer
(ConPET), sensitization-initiated electron transfer (Senl-ET),
electrophotocatalysis, and solvated electrons.”12-14 Among
these strategies, ConPET represents the most operationally
simple and green method!2 and does not require additives such
as metal catalysts,!> additional photosensitizers,1¢ micelles,!”
electrolytes, or specialized electrochemical equipment.1819 The

ConPET strategy relies on a photocatalyst and a sacrificial elec-
tron donor that, upon visible light irradiation, results in a long-
lived radical anion, which can be excited by a second photon to
induce a much more powerful reducing species.2® The Konig
group pioneered this field by developing a perylene bisimide
(PDI) photocatalyst whose photoreduced form can undergo
consecutive absorption of a second photon to achieve a much
stronger reducing species for aryl halide reduction.2! Subse-
quently, several other organic dyes, including rhodamine 6G,22
9,10-dicyanoanthracene (DCA),23 anthraquinone,24 acridinium
salts (Mes-Acr+),25 and benzo[ghi]perylene (BPI),26 were dis-
closed to be competent ConPET catalysts for aryl halide reduc-
tion, Birch reduction,26 and sulfonamide cleavage.25 However,
the majority of these ConPET catalysts are still effective only
for electron-poor aryl chlorides,21-24 and efficient catalytic sys-
tems for reductively recalcitrant aryl chlorides are rare2s but
highly desirable.2”

Carbazoyl dicyanobenzenes were first reported as highly ef-
ficient thermally activated delayed fluorescence (TADF) emit-
ters by Adachi and coworkers.28 Among these donor-acceptor
fluorophores, 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanoben-
zene (4CzIPN) has been widely applied as a versatile metal-free
photoredox catalyst to replace Ru- and Ir-polypyridyl photo-
catalysts.2930 [ts photophysical and electrochemical properties
can be fine tuned by structural modification of the electron do-
nor or electron acceptor moieties of the cyanobenzene scaffold
to expand the redox window (-1.92 V to +1.79 V).31 Upon ab-
sorption of a blue photon, the excited 4CzIPN can be quenched
via single-electron reduction, resulting in the formation of the

radical anion 4CzIPN*~. In the established 4CzIPN-based pho-

toredox catalysis process, this radical anion species is typically
oxidized to regenerate the parent catalyst to complete the cat-
alytic cycle (Figure 1B, left cycle). We herein report an unprec-
edented discovery that donor-acceptor cyanoarenes can effec-
tively undergo a ConPET process to achieve a very strongly
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Figure 1. (A) Photocatalytic activation of aryl halides. (B) Disclosure of donor-acceptor cyanoarenes as efficient ConPET catalysts
for aryl chloride activation. ?«Commerecial availability of different arene sources: SciFinder, accessed April 2nd, 2021. SCE = saturated

calomel electrode.

reducing photocatalytic system that can effectively reduce un-
activated and electron-rich aryl chlorides (with reduction po-
tentials, Ered, as low as -2.94 V) for aromatic C-B, C-P, and C-C
bond formation (Figure 1B, right cycle). This strategy features
advantages such as not requiring transition metals, being oper-
ationally simple, proceeding under mild conditions, and func-
tioning with a wide range of aryl halides including complex
pharmaceutical molecules for late-stage derivatization.

Our study was first inspired by the observation that the rad-
ical anion of 4CzIPN (4CzIPN*~) generated from photoexcited

4CzIPN* and an electron donor N,N-diisopropylethylamine
(DIPEA) is a long-lived radical anion species (stable for more
than 3 h under argon in the dark; see details in the SI). This spe-
cies can be further excited by 456 nm light to give a fluores-
cence band (A5% = 448 nm) which is distinctly different from
that of 4CzIPN* (AZ%, = 545 nm, Figure S6). The reductive po-

tential of 4CzIPN [E1/2(PC/PC*~) = -1.24 V vs SCE] is more neg-
ative than those of DCA, PDI, and Mes-Acr+* and similar to that
of BP], indicating that 4CzIPN*~* is a powerful reducing species
that can effectively reduce difficult aryl halides (Figure S8).25

We first attempted to develop a synthetically useful boryla-
tion reaction of chloroarenes32-34 based on the proposed Con-
PET process. Our initial optimization revealed that when
4CzIPN was used as a photocatalyst, with a catalytic amount of
4-cyanopyridine, sodium oxalate as an electron donor, and
KsPO4 as a base, borylation of para-chlorotoluene 1 afforded
the corresponding boronic ester 3 in 76% yield under 40 W
blue LED irradiation (Table 1A, entry 2). 4CzIPN was not stable
and decomposed during the reaction process, which may cause

alower reaction efficiency. We thus synthesized a group of new
donor-acceptor dicyanobenzenes through a straightforward
two-step procedure2935in order to increase the stability of the
photocatalyst during the ConPET process. Remarkably, an im-
proved yield was obtained when using tri(9H-carbazol-9-yl)-6-
(methyl(phenyl)amino)isophthalonitrile (3CzMPAIPN) as the
photocatalyst (entry 3), and further improvement to 95% iso-
lated yield could be achieved by replacing the methyl substitu-
ent with an ethyl group (3CzEPAIPN, entry 1). Notably, none of
the photocatalysts has a sufficiently strong reducing singlet ex-
cited state to reduce para-chlorotoluene 1 (Ered = -2.84 V) (Ta-
ble 1B). When DIPEA was used as the electron donor instead of
sodium oxalate, a moderate yield (52%) was achieved due to
competing dechlorinated byproduct formation (Table 14, entry
4). Using sodium ascorbate as the electron donor afforded the
same efficiency as that with sodium oxalate (entry 5); thus, in-
expensive sodium oxalate was employed in the scope study.
Eliminating the catalytic 4-cyanopyridine led to a substantially
reduced yield (entry 6), indicating its important role for the sta-
ble boryl radical formation.3¢ The reaction became less efficient
in the absence of K3POs (entry 7). Control experiments re-
vealed the essential roles of both sodium ascorbate and pho-
toirradiation as no product was detected in the absence of ei-
ther of them (entries 8 and 9). Gram-scale synthesis was easily
achieved by employing more intensive light irradiation and a
longer reaction time (entry 10), demonstrating the synthetic
practicality of this method.

With the optimized conditions in hand, we examined the
scope of borylation of aryl chlorides through the ConPET pro-
cess. We found that this protocol was effective with not only



activated aryl chlorides (15-25) but also challenging nonacti-

vated aryl chlorides (14) and electron-rich aryl chlorides (3-13)

that possess very negative reduction potentials (up to -2.94 V,
Table 2A). A number of functional groups were well tolerated,
including ethers (8-11), phenols (12), sulfides (13), trifluoro-
methyl (24), and borates (25), as well as those potentially sen-
sitive to strongly reducing conditions, such as aryl fluorides
(16-19), nitriles (20-22), esters (23), indoles (26), and epox-
ides (27). Diborylation products (25,28,29), which have found
wide application in materials science, were obtained

Table 1. Optimization of Conditions for the Visible Light-
Driven Borylation of Aryl Chlorides

A) iti for reaction

3CZEPAIPN (5 mol%), 4-CN-Py (10 mol%)

Me Me
. Na,C,04 (1.5 equiv), K3POy (2.0 equiv)
+ B,Pin,
Cl MeCN (1 M), Blue LED (2 x 40 W, 456 nm) BPin

1 2 rt, 24h 3
0.2 mmol 2.0 equiv
Entry Variation to standard conditions Yield of 3 (%)?

1 none 96 (95)°
2 4CzIPN instead of 3CZEPAIPN 76

3 3CzMPAIPN instead of 3CzEPAIPN 85

4 DIPEA (2.4 equiv) instead of Na;C,0,4 and K3PO, 52

5 L-AscNaj (1.5 equiv) instead of Na,C,04 95

6 no 4-CN-Py 26

7 no K3POy, 33

8 no Na,C,0,4 0

9 no light, or no 3CzEPAIPN 0

10° 6 mmol of 1 instead of 0.2 mmol 79°(1.03 g)

B) Synthesis and characterization of new donor-acceptor dicyanobenzenes
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Photocatalyst  Eq2(PCIPC) E,, (PCTPC™) Eop  Afh% (Mm) g, (nm) e, o, (Mlem™) y(ns)

4CzIPN -1.24V +1.42V 2,66V 430 545 6942 127
3CzMPAIPN (R = Me) -1.40 V +1.29V 269V 426 597 8451 0.48
3CzEPAIPN (R = Et) -1.42V +1.25V 267V 427 597 7270 0.51

aYields based on analysis of the 'H NMR spectra of the crude
product mixture using CHz2Br2 as an internal standard. ?Blue
LED (4 x40 W, 456 nm); the reaction was performed for 36 h. ¢
Isolated yields. 4-CN-Py = 4-cyanopyridine; L-AscNaz = L(+)-
ascorbic acid disodium salt; Eoo = excited state energy; €max =
molar extinction coefficient at the maximum absorption wave-
length; t¢ = lifetime of the excited state; CzH = carbazole.

good to excellent yields when dihaloarenes were employed,
probably because the generated monoborylated chloride inter-
mediates were more reducible than dihaloarenes. Aryl borates
other than pinacolborate could be smoothly generated using
the corresponding diboron esters (30-32, Table 2B). However,
B2(OH)4 was not compatible with our method due to its insolu-
bility in acetonitrile (33).

A wide range of pharmaceutical compounds performed well
under a slightly modified borylation protocol by using DIPEA
as the electron donor, which possesses multiple Lewis basic at-
oms and heterocyclic moieties that can potentially coordinate
and be problematic in transition metal catalysis (Table 2C).

Borylated derivatives of loratadine (34), meclizine (35), indo-
methacin (36), carbinoxamine (37), chloropyramine (38),
cloperastine (39), chlorpromazine (40), and clofibrate (41)
were generated in moderate to good yields. Some of the boryla-
tion products were isolated as organotrifluoroborate salts as a
part of the workup procedure to assist product isolation.

The scope of this carbazoyl dicyanobenzene-promoted Con-
PET strategy could be extended to the formation of C-P bonds
by employing phosphines or phosphites as radical trapping
Table 2. Scope of Visible Light-Induced Borylation of Aryl
Chlorides®

3CzEPAIPN (5 mol%), 4-CN-Py (10 mol%)

‘ A . Na,C,04 (1.5 equiv.), K3PO, (2.0 equiv.) A
I +  ByPin, > \//
R cl MeCN (1 M), Blue LED (2 x 40 W, 456 nm) R BPin

0.2 mmol 2.0 equiv. rt, 24h
A) Scope of aryl chlorides
BP
@\ in BPin BPin BPin
Me”<% >BPpin \©\ \©/ /©/ ©/
Me

4,0, (Epeq = -2.15 V), 82% 6, (Ereq=-2.92V) 7,42% 8, (Ereqg=-2.90V) 9, (Ereq = -2.04V)
5, m-, (Ereq = -2.09 V), 89% 90% 75% 31%

3, p-, (Ereq = -2.84 V), 95%

MeO. i
/©/BPin \Q/BP'" /©/BPin /@/BPin BPin
EtO HO MeS ©/

OMe
10, (Ereq = -2.94 V) 11, 40%" 12, 30%"° 13, 38%" 14, (Ereq = -2.90 V)
70% 95%
N BPin .
BPin @\ @\ BPin
ph/C F<Z BPin . . NC<Z BPin Meooc/C
15, (Ejeq = -2.43 V) 16, 0-, 63% 19, 89% 20, o-, 74% 23,70%
42%b 17, m-,90% 21, m-,62%
18, p-, 84% 22, p-, 87%
: BPin : BPin PN MIHB O.
FaiC PinB Bn PinB Q BPin
24, 86% 25,95% 26,61% 27,90% 28,63%°
BPin =
BPin Coal cl Brin
25¢ >95%  80% 95% 29° 64% 80% 65%

B) Scope of boronate esters

O\ 0~ o
Me B 2 Me E ) Me@g
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30, 95% 31,85% 32, 65% 33
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OEt
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X N
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from Py i from clop from chlorpr from clofibrate
38, 60% 39,57% 40, 65% 41,51%

aReaction conditions: aryl chloride (0.2 mmol), B2Pin2 (2.0
equiv), 4-CN-Py (10 mol%), Na2C204 (1.5 equiv), K3PO4 (2.0
equiv), and 3CzEPAIPN (5 mol%) in MeCN (1 M) under irradi-
ation with Kessil light (456 nm, 40 W) at r.t. for 24 h under Na.
Isolated yields. ®The reaction was performed for 36 h. <Only di-
borylation products were obtained. 4Reaction conditions were
slightly modified; see details in SI.



A) phory’ of aryl with C) Intramolecular dearomative hydroarylation
3CZEPAIPN (5 mol%) SCIEPAIPN (5 mol%
N DIPEA (50 mol%) ZEPAIPN (5 mol%)
| + > DIPEA (5 equiv), KsPO, (3 equiv)
R<A ¢l MeCN (0.5 M), blue LED (2 x 40 W, 456 nm)
MeCN (0.1 M), blue LED (2 x 40 W, 456 nm)
0.2 mmol 2 equiv cl rt, 24h
) ® 0.2 mmol
an3 PPhJ Me pph3 PPhJ Pth pp@r|3 PP@h:‘ via X=0 X =NMe X =NBn
©/C' /©/ \©/ c® c® /©/°' /©/°' @ 61,53% 62, 85% 63, 64%
MeO F
42,87% 43,75% 44,90% 45,60% 46, 80% 47, 40%° 48,80% o -
® Sen 3CZEPAIPN (5 mol%)
PP’U PPh, o’ F DIPEA (5 equi
o S cl (5 equiv)
cl cl Nc@—eF > NC
NC FMeCN (0.5 M), blue LED (2 x 40 W, 456 nm)
0.2 mmol it 24h 64, 50%
49,73% 50, 70% 51, 90% 52, 54% 53,85 % 54, 80%
B) Phosphorylation of aryl chlorides with phosphites E ) Scale-up by £
3CZEPAIPN (5 mol%)
0,
O\ DIPEA (2 equiv) \p-OMe
+ P(OMe) - X D = D = .
R a1 ° MeCN (0.5 M), blue LED (2 x 40 W, 456 nm) | OMe cl O'D' = 1/8 inch, I'D' = 0.062 inch o
) 2 R +  PPhy coil =6.2m, )
0.2 mmol 15 equiv rt, s ©
) T c
o ° F oo 0 9 om 1.0 equiv 1.2 equiv &= s
‘p-OMe E ‘p-OMe b-OMe - OMe pone 3CZEPAIPN (2.5 mol%), . 42
©/ OMe \©/ OMe ‘ome /©/ OMe /©/ OMe DIPEA (0.5 equiv) tr = 300 min
40 - 42°C, MeCN (0.3 M 78% yield
MeO PhO,S 03 M) 5.0 g/day
55, 80% 56, 62% 57,67% 58, 75% 59, 64% 60, 88%

Figure 2. Various transformations promoted by the donor-acceptor cyanoarene-catalyzed reductive ConPET process. 2Using 4CzIPN

instead of 3CzZEPAIPN.
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cm path length). (B) Emission profiles (excitation at 390 nm) for 3CzEPAIPN and 3CzEPAIPN*~ (3.3x10-5 M, 1.0 cm path length). (C)
Experimental and simulated EPR spectra to support the presence of 3CzZEPAIPN*~. (D) Quadratic dependency of the dechlorination

product yield on the irradiation density to support the overall two-photon absorption process. R? is the coefficient of determination,
known as the goodness of fit. (E) NMR spectroscopic evidence supporting the proposed ConPET process. (F) Determination of the

average lifetime (to) of the excited state of 3CZEPAIPN*~ by time-correlated single-photon counting measurements. (G) Measurement

of the electron transfer rate constant (ket) between various concentrations of chlorobenzene and 3CzEPAIPN*~" by time-resolved

emission quenching experiments. T is the lifetime of 3CZEPAIPN*~" in different concentrations of chlorobenzene. (H) Plausible mech-

anism of borylation of aryl chlorides through the ConPET process.

agents. Arylphosphonium salts are widely used as organocata-
lysts, phase transfer reagents, ionic liquids, etc. In addition,
they can also be used as functional handles for further C-0, C-S,
C-N, and C-C bond formation.3” However, existing methods for
the preparation of arylphosphonium salts from aryl halides or
pseudohalides rely on transition metal catalysis and high-tem-
perature processes.38 We herein developed a metal-free syn-
thesis of arylphosphonium salts under ambient conditions us-
ing 3CzEPAIPN as the photocatalyst and substoichiometric
DIPEA as the electron donor (Figure 2A). Notably, this reactiv-
ity enabled engagement of both electron-rich and electron-
poor aryl chlorides (42-51), as well as various arylphosphines
(52-54), delivering the desired phosphonium salts in good to
excellentyields. Moreover, exposure of aryl exclusively in chlo-
rides with trimethyl phosphite to slightly modified conditions
enabled a visible light promoted Arbuzov reaction for the gen-
eration of aryl phosphonates (55-60, Figure 2B).39

The synthetic utility of this ConPET protocol was further ex-
tended to dearomative hydroarylation of aryl chlorides to pro-
duce spirocyclic cyclohexadienes (61-63), probably through a
reductive radical-polar crossover mechanism, as reported by
Jui4o (Figure 2C). The catalytic system could also be applied to
reductive  defluorination of trifluoromethylarenes to
methylarenes (64, Figure 2D).4! Moreover, the developed
phosphorylation was amenable to scale-up with an operation-
ally simple continuous-flow setup, which resulted in phospho-
nium salts in good yield and gram scale production with re-
duced amounts of PhsP (1.2 equiv) and photocatalyst (2.5
mol%), highlighting the excellent efficiency of microtubing
flow reactors in photochemical synthesis (Figure 2E).

To gain more insight into the proposed ConPET process, var-
ious spectroscopic studies and control experiments were per-
formed (Figure 3). First, upon irradiation of a solution of
3CzEPAIPN and DIPEA with a 456 nm LED, a color change from
yellow to brown was observed. UV-visible (UV-Vis) spectros-
copy demonstrated a redshift of the maximum absorption peak
(Figure 3A). The emission of these mixtures clearly underwent
a hypsochromic shift (Af}%, from 597 to 488 nm, Figure 3B) re-
sulted from the formation of a new species, which is similar to
the result observed for 4CzIPN. To verify that this new species
was the long-lived radical 3CZEPAIPN*-, electron paramagnetic
resonance (EPR) spectroscopy was conducted. The experi-
mental EPR spectrum matches well with the simulated spec-
trum of 3CzZEPAIPN*- (Figure 3C).42 The quadratic dependency
of dechlorination reaction yield on the irradiation intensity fur-
ther supported that the aryl radical formation mechanism in-
volves an overall two photon excitation (Figure 3D).43

Direct evidence of the ConPET process was obtained by 'H
NMR investigation (Figure 3E). The characteristic NMR signals

of 3CzEPAIPN were detected with a mixture of the photocata-
lyst and DIPEA in CDsCN (step 1). Upon directly exposing the
solutions within the NMR tube to blue light, line broadening
and signal disappearance were observed, probably due to the
generation of unpaired electron species (step 2), which have a
strong influence on NMR resonance transverse relaxation rates
of neighboring protons, indicating the generation of
3CzEPAIPN--. This radical anion species was stable under ar-
gon for at least 3 h, and could be quenched by air to convert
back to the ground state catalyst (Fig. S14). The addition of aryl
chlorides showed no effect on the radical anion species in the
absence of light (step 3). However, in the presence of light, they
quenched the radical anion species back to 3CzEPAIPN, and the
dehalogenation product was detected by 19F NMR spectra,
which is consistent with our proposal that photoexcited
3CzEPAIPN*-" is capable of reducing aryl chlorides to reactive
aryl radicals.

The long lifetime of unexcited 3CzEPAIPN-- allows it to ab-
sorb a photon using an LED light source to generate the excited
state, whose properties were explored by time-correlated sin-
gle photon counting (TCSPC) (Figure 3F). Excitation of
3CzEPAIPN*- by irradiation at 375 nm resulted in a character-
istic emission band of 3CZEPAIPN:-* (A4, = 488 nm), whose
average lifetime was measured to be 12.95 ns, much longer
than the 6.33 ns of 4CzIPN*-*. The time-resolved emission
quenching experiments revealed a linear photoluminescence
lifetime quenching of 3CzEPAIPN*-* by aryl chlorides, which
further supported the ConPET process (Figure 3G).

In light of all the experimental data, a plausible mechanistic
pathway was proposed using aryl borylation as a representa-
tive example (Figure 3H). Following light excitation,
3CzEPAIPN engages in single-electron transfer with an elec-
tron donor to generate a long-lived radical anion species, which
is then excited by visible light irradiation again to afford excited
3CzEPAIPN*-*, 3CzEPAIPN*-* possesses strong reductive po-
tential to undergo electron transfer with reductively recalci-
trant aryl chloride, which generates a reactive aryl radical after
fragmentation and reforms 3CzZEPAIPN in the ground state. The
resulting aryl radical then couples with a Lewis base stabilized
boryl radical,3s yielding the desired arylboronate product (see
SI for the proposed mechanisms for C-P and C-C bond for-
mations).

In conclusion, we have disclosed that donor-acceptor cy-
anoarene-based fluorophores can undergo ConPET to access
catalysts with exceedingly high reducing power, which comple-
ments the well-established single-photon-promoted redox
chemistry associated with this family of fluorophores. A new
catalyst 3CzZEPAIPN can be activated through this strategy to
enable robust and efficient activation of aryl chlorides with
very negative reduction potentials for C-B, C-P, and C-C bond

5



formations to furnish a broad scope of arylboronates, ar-
ylphosphonium salts, arylphosphonates, and spirocyclic cyclo-
hexadienes. The ConPET process has been unambiguously sup-
ported by various spectroscopic investigations. The ad-
vantages associated with cyanoarene-based fluorophores such
as being inexpensive, metal-free, and modular, allow wide ap-
plications in the synthetic community and provide a platform
to further explore and understand the design principles for
more potent photocatalysts based on the ConPET process.
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