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ABSTRACT: In the realm of polymer-based 3D photo printing, challenges arise from the side effects, notably the persistent
presence of photocatalyst residues and metal contamination. These impurities pose significant risks in various applications,
including electronics, biological tissues, and medical implants. At the same time, spatial-/time-/light-controlled 3D photo
printing has been hindered by low-efficiency polymerization concerning both initiation and monomer conversion. To address
these critical issues, a pioneering concept, “degradation-inhibited quench,” is introduced and implemented within photopol-
ymerization to solve the problems mentioned above. This innovative approach aims to produce pure polymers via higher-
efficilency Atom Transfer Radical Polymerization (ATRP) with a unique class of diketopyrrolopyrrole (DPP) derivatives as
organo-photocatalysts at an extremely low concentration (as low as 50ppm). Through this approach, pure polymers with
ultra-high molecular weight (UHMW) have been successfully synthesized. For instance, poly(methyl methacrylate) (PMMA)
achieved a monomer conversion of > 50%, a molecular weight of 2.1 million, and a dispersity of 1.38 after 12 h additional
dark reaction. Notably, this novel photopolymerization method demonstrates applicability across a broad spectrum of mon-
omers, with or without solvents, including acrylate, acrylic, styrene, and acrylonitrile. Mechanism insights revealed that the
production of UHMW PMMA stemmed from the degradation of intermediate complex DPP*'/Br, which originated from the
photo initiation. This degradation inhibited the oxidative quenching of active propagating chain radicals, thereby significantly
extending their lifespan. This groundbreaking concept embraces the potential for further development of highly effective
organo-photocatalysts and reactive systems specifically tailored for 3D photopolymerization. Moreover, this novel spatial-
/time-/light-controlled polymerization approach does not require any additional purification, offering energy and cost-sav-
ing manufacturing technology.

A novel degradation-inhibited-quench effect was applied in photopolymerization to produce pristine polymers with
ultra-high molecular weight by manipulating the organo-photocatalyst intermediate’s reaction.
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Introduction

In the past decade, the field of 3D printing technology has
experienced significant progress across a multitude of appli-
cation domains.!-* Among numerous 3D printing methods, the
photochemical approach stands out due to its capability to
fabricate objects through monomers/oligomers photopoly-
merization reactions, offering notable advantages in terms of
environmental sustainability and economic efficiency.*®
Therefore, photo-induced polymerization emerges as a partic-
ularly promising technique for 3D-printing applications, as it
allows for precise control over light exposure, spatial arrange-
ment, and time at room temperature.’-® However, the applica-
tion of the 3D photo printing technique in critical sectors like
tissue engineering and electrical components has been hin-
dered. Challenges such as metal contamination, catalyst resi-
due, toxicity, and color retention have been noted in associa-
tion with many reported photo-initiator systems.?

The need to remove photocatalysts (PCs) and obtain pure
polymer products during the 3D photo printing process is ur-
gent and crucial, especially for applications relying on poly-
mers that can only made from photopolymerization.10-12 De-
spite this urgency, this photopolymerization process also has
been plagued by low reaction efficiency, partially in the initia-
tion and monomer conversion stages. Noteworthy efforts have
been made in this area. For instance, Miyake!? and his col-
leagues successfully prepared PMMA by utilizing 5,10-diphe-
nyl-5,10-dihydrophenazines as a photocatalyst and ethyl a-
bromophenylacetate (EBP) as an initiator, achieving notable
dispersion and initiator efficiencies of 1.23 and 99.3%, respec-
tively. Similarly, Congreve'# et al. synthesized gel-form PMMA
using tetratertbutylperylene (TTBP). However, these poly-
mers retained residual catalysts and suffered color retention
issues, leading to additional discoloration. The elimination of
catalysts used in photopolymerization has been inherently
challenging, and current purification techniques predomi-
nantly rely on precipitation, which cannot be implemented for
producing thermosets in 3D photopolymerization. While re-
ducing the catalyst loading can mitigate contamination and
residue, it substantially decelerates the kinetics of the
polymerization reaction. Therefore, a pressing need for a tech-
nique that efficiently eliminates residual PCs while ensuring
continued polymer chain growth. This method is crucial to at-
tain pure polymers through highly efficient photopolymeriza-
tion, obviating the necessity for excessive purification pro-
cesses.

In this study, we propose the utilization of organo-photo-
catalyst self-degradation and simultaneous monomer initia-
tion and chain growth to produce pure polymers by photo-re-
dox, a concept defined as degradation-inhibited quench. Based
on our in-depth understanding of photopolymerization!® and
the structure-performance relationship of organo-photocata-
lysts,16-17 we have deliberately chosen N-unsubstituted diketo-
pyrrolopyrrole (DPP) derivatives as catalysts for visible-light-
induced polymerization systems, diverging from the com-
monly reported N-alkyl-substituted DPP. In the photopoly-
merization process, the key intermediate to control the bal-
ance of degradation and catalysis is complex PC**/Br , pro-
duced by the reductive initiation of the DPP catalyst and the
initiator (Scheme 1). This complex undergoes degradation
through reactive oxygen species while simultaneously being
oxidatively quenched by propagated polymer chain radicals.
Consequently, pure polymer production with ultra-high

molecular weight (UHMW) has been realized through simulta-
neous regulation of both the lifetime of polymer chain radicals
and the degradation rate of complex PC*"/Br during photopol-
ymerization. This approach is not only feasible but also scien-
tifically justifiable.

Results and Discussion
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Scheme 1 Comparison of previously reported photo-ATRP
system and our work. Schematic processes and principals for
combining photopolymerization and self-degradation with
DPP as the organo-photocatalyst (PC).

In recent years, photopolymerization has emerged as a val-
uable supplement to conventional polymerization due to its
capability to offer control over light, time, and spatial aspects
alongside its mild operation conditions. Organic photocata-
lysts offer several advantages, such as environmental friendli-
ness and precise control over product composition and distri-
bution. However, the utilization of organic catalysts can poten-
tially introduce color, unknown toxicity, and exhibit relatively
low initiation efficiency. To address these issues, we propose
a concept where the organo-catalysts undergo self-degrada-
tion subsequent to initiation, thereby enhancing the potential
applications of the resulting polymers. The entire process and
idea were illustrated in Scheme 1 (bottom). Specifically, DPP
catalysts can be excited by photo energy, generating highly re-
ductive lowest unoccupied molecular orbital (LUMO) and
electron-deficient highest occupied molecular orbital (HOMO).
Initiation in photopolymerization relies on the reductive
dehalogenation of an alkyl halide initiator via outer-sphere
electron transfer from a photoexcited organic catalyst.'8 In the
reductive initiation pathway, when the PCs become photoex-
cited by light irradiation, they generated the strongly reducing
excited state (PC"), which will directly reduce the initiator,
producing reactive carbon radicals to initiate the monomers,
thereby initiating polymer chain propagation. After reacting
with the initiator, the electron-deficient PC cation radical (PC"")
composited with the bromine anion (Br) simultaneously to
form the intermediate PC"'/Br complex.!’-12 This complex
plays a crucial role in polymer chain growth by tending to de-
activate the propagating polymer chain radicals and cause
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termination of propagation. Simultaneously, this complex un-
dergoes another pathway where it can be degraded by highly
reactive oxygen species, resulting in mineralization into small
molecules. Consequently, the degradation of unstable PC com-
plex intermediate dramatically affects the termination of the
propagating polymer chain and consequently influences the fi-
nal polymer product.

Regarding the reactive oxygen species acting degradation,
the excited DPP undergoes electron/energy transfer reactions
with Oz and H:0, generating singlet oxygen (102), superoxide
radical (02 ), and hydroxyl radical (¢OH) species. These re-
sultant species exhibit highly oxidizing activity on the unstable
PC”'/Br complex, thereby contributing to the self-degradation
of DPP.1? This process allows for effective control over the in-
itiation and degradation of organo-photocatalysts through the
application of photopolymerization techniques, thus facilitat-
ing the production of pure polymers.

In this study, we extensively investigated the photophysical
and electrochemical properties of DPP compounds, as well as
exploring both the steady-state and reactive species in DPP so-
lutions. Furthermore, we have revealed the kinetics and ther-
modynamics governing DPP degradation and photopolymeri-
zation.

Photocatalyst Characteristics

Photophysical characteristics. The careful selection of ap-
propriate compounds is pivotal in achieving a delicate equilib-
rium between DPP degradation and DPP catalysis, as both pro-
cesses are substantially influenced by the stability of molecu-
lar structure and the efficient electrons/energy transfer to in-
itiators. Two DPP catalysts were meticulously chosen to con-
duct photopolymerization in comparison: phenyl DPP
(PhDPP) and thiophene DPP (TDPP).1¢ The optical properties
of N-H unsubstituted DPPs were characterized using UV-vis
and steady-state fluorescence spectroscopy, as shown in Fig.
1a and collected in Table 1. As expected, both DPPs showed
strong absorption in the visible-light region. TDPP func-
tioned with thiophene-functionalized?%-?1, exhibited maxi-
mum absorbance at 528 nm, featuring two shoulder peaks at
491 nm and 460 nm. While PhDPP displayed an absorbance
peak at 503 nm, with two shoulder peaks at 469 nm and 441
nm, respectively. The presence of shoulder peaks typically in-
dicates H-aggregation caused by m - m stacking, which
strengthens the excited-state DPP molecular interaction and
facilitates the degradation itself.??2 Notably, the fluorescence
spectra of each DPP derivative exhibited mirrored its absorp-
tion spectrum, indicating vibronic transitions arising from
similar energy level distributions in the ground state and the
first excited state.??

The excited states of TDPP were further investigated using
femtosecond time-resolved transient absorption (fs-TA) spec-
troscopy in DMF solution (10-4 M), which revealed distinct
ground-state bleaching (GSB), stimulated emission, and
photo-induced absorbance (Fig. 1b). Specifically, the photo-in-
duced absorbance was assigned to singlet excited state ab-
sorption at 750 nm, exhibiting a sharp positive peak that ini-
tially increased in intensity for several picoseconds (ps) be-
fore decaying as the GSB decreased. The spectrum also
showed three negative peaks at around 490 nm, 530 nm, and

580 nm, corresponding to the GSB effect,?42> while the feature
at 580 nm ascribed to stimulated emission. Notably, even at 3
ns, the spectrum retained three negative peaks at 490 nm, 530
nm, and 580 nm, alongside positive peaks around 750 nm,
strongly indicating the presence of a triplet state of TDPP.26-27
Moreover, the time-resolved fluorescence of DPP in DMF solu-
tion was measured to determine the excited-state lifetime (Fig.
1c), yielding values of 5.75 ns for TDPP and 5.92 ns for PhDPP,
respectively, as summarized in Table 1. The absolute quantum
yields provided further evidence of the extended lifetimes of
excited-state DPP, rendering them suitable for photogener-
ated catalysis. These findings lay the groundwork for reduc-
tion reactions involving substrates through efficient energy
and electron transfer processes.
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Fig. 1 Photophysical and electrochemical properties of catalysts
TDPP and PhDPP. Normalized absorption and fluorescence spec-
tra (a, DMF, 2.5x10-5mol-L-, excitation at 450 nm), transient ab-
sorption (b), transient fluorescence (c), and electrochemical cy-
clic voltammograms (d) at the scanning rate of 100 mv s,

Electrochemical characteristics. The electrochemical re-
dox characteristics of TDPP and PhDPP were evaluated using
cyclic voltammetry (CV) tests conducted at the scan rate of
100 mV s-t.28 [llustrated in Fig. 1d, TDPP and PhDPP exhibited
similar redox characteristics, featuring two sets of reversible
oxidation and reduction peaks. For TDPP, the reduction peaks
were situated at -0.69 V and -1.01 V, while for PhDPP, those
peaks were located at -0.63 V and -0.97 V. On the other hand,
the oxidation peaks were located at -0.77 V and 0.79 V for
TDPP and -0.70 V and 0.85 V for PhDPP, respectively. Addi-
tionally, the reducing potential of these catalysts in their ex-
cited state (E"(PC""/PC")) was assessed based on fluorescence
emission and the onset potential of oxidation (as detailed in
Table S1). TDPP exhibited a reducing potential (E**(PC" /PC"))
of -1.42 V, while PhDPP had a reducing potential of -1.52 V.
Despite the excited states of both TDPP and PhDPP being less
reductive compared to commonly used metal PCs, such as fac-
Ir(ppy)s (-1.73 V vs SCE),?*-30 these DPP derivatives still
demonstrated the capability to reduce ethyl 2-bromoisobutyr-
ate (EBiB, a commonly used initiator). These findings provide
significant insight into the reducing capabilities of the DPP cat-
alysts in their excited states.
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Table 1 Photophysical, redox, and excited-state properties of TDPP and PhDPP.

€ b
PC A abs (nm) Aem (nm) (L- (mol - cm)-1) T2 (ns) QY Ec(V)
TDPP 528 581 3.64x10 * 5.748 83.6% -1.42
PhDPP 503 553 3.6x10 4 5.923 98.0% -1.52

A abs, Absorption maximum; A em, Emission maximum; ¢, Extinction coefficient. 2 The excited state singlet lifetime of DPP in DMF
(10-5 M). Excitation: 450 nm. b The absolute quantum yield without using reference. ¢ Calculated the excited state reduction

potentials.
Photopolymerization Reactions and Polymer Properties

Polymer Properties. Before systematically exploring the
photocatalytic performance of DPP in a photopolymerization
system, we conducted preliminary control experiments to val-
idate the catalytic role of DPP in polymerization (entries
18~23 in Table 2 and entries 4, 5, 9, 10 in Table S2). Methyl
methacrylate (MMA) and styrene (St) were selected as the
model monomers. The number-average molecular weights
(Mn) increased over extended reaction times. Both TDPP and
PhDPP demonstrated effective catalytic activity in photopoly-
merization, producing high molecular weight (M) PMMA with
substantial monomer conversion and low dispersity (Mw/Mn)
ranging from 1.3 to 2.6. The photopolymerization process
could also be effectively conducted with different initiators
(Fig. S2) or under white light irradiation (Table S2). Incorpo-
rating cross-linking agents (ethylene glycol dimethacrylate,
EGDMA) into the reaction system significantly enhanced MMA
conversions as high as 98%, which exhibited promising poten-
tial application in photo printing. Particularly noteworthy was
the achievement of monomer conversion > 95% for MMA with
TDPP catalyst, leading to the production of ultra-high molec-
ular weight PMMA (709.9 kDa, entry 6). Notably, employing
the PhDPP catalyst resulted in PMMA with an Mn as high as
2106.5 kDa (entry 12 and Fig. S3), marking the highest M, of
PMMA ever reported in photopolymerization (Table 3).31-32
The PMMA with UHMW led to the reaction solution transition-
ing into a translucent gel (Fig. S1, S2) with certain elasticity
(Fig. S3). Furthermore, the gel could also be obtained without
the addition of a solvent, suggesting the potential application
of this photopolymerization technique in 3D photocuring, es-
pecially upon copolymerized with cross-linkable monomers.
The attainment of high-purity terminal polymers from the
photocuring reaction is crucial for the successful implementa-
tion of 3D photopolymerization.3* Notably, in this research,
the produced polymer gels and PMMA/PS powders were ob-
tained without any catalyst residues, confirmed by 'H-NMR

(refer to Fig. 2, Fig. S7-S14).3435 As seen in Fig. 2, PMMA and
PS samples precipitated from methanol directly without any
purification, exhibiting typical features of PMMA and PS with-
out any impurity. These results collectively confirmed the ef-
fective catalytic role of TDPP and PhDPP in photopolymeriza-
tion for high-purity polymers with ultra-high molecular
weights.

a CDCls
c/e
»! DMI

| e
| =g d q
r'; - d ¢ ¢ 1
o yi <t S B 0
ol . | f \
| I | LI Lsl KA
| ; n'a \ b

[ —_—
= a4

: = @

- = R

85 80 75 7.0 65 60 55 50 45
f1 (ppm)

40 35 3.0 25 20 15 10

DMI

N —_—
MG ¢ ) e 2
———————————
S\ NS— 1235 1225 1215
d 2 1 (ppm)
R

cocl 428 4.20 b

o
zs
ERS

z

0,02«
6.544
4904
0,06~

= 1654

80 75 70 65 60 55 50 45 40 35 30 25 20 15 L
f1 (ppm)

Fig. 2 'H-NMR spectra of PMMA and PS prepared by DPP cat-
alyzed photopolymerization without purification. (a TDPP
catalytic reaction for 4 hours; b, PhDPP catalytic reaction for
6h).

Table 2 Results of the polymerization of methyl methacrylate (MMA) and styrene (St) using TDPP and PhDPP as the photo-

catalysts.
entry PC Monomer Initiator Time (h) Conv. ® (%) M ¢ (kDa) Muw/Mn©
1 TDPP MMA EBiB 2 8.51 90.3 1.65
2 TDPP MMA EBiB 3 16.78 101.2 1.58
3 TDPP MMA EBiB 4 26.45 112.5 1.73
4 TDPP MMA EBiB 5 32.19 121.8 1.65
5 TDPP MMA EBiB 6 36.13 1333 1.52
6 TDPP MMA EBiB2 6+12 95.23 709.9 1.87
7 PhDPP MMA EBiB 2 8.84 100.9 1.58
8 PhDPP MMA EBiB 3 17.11 119.5 1.79
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9 PhDPP MMA EBiB
10 PhDPP MMA EBiB
11 PhDPP MMA EBIiB
12 PhDPP MMA EBiB?
13 TDPP St EBIiB
14 TDPP St EBIiB
15 PhDPP St EBIiB
16 PhDPP St EBIiB
17 PhDPP St EBIiB
18 TDPP MMA -

19 PhDPP MMA -

20 TDPP St -

21 PhDPP St -

22 - MMA EBiB
23 - St EBIiB

4 26.7 122.6 2.55
5 32.19 128.7 2.56
6 34.51 135.1 1.54
6+12 50.68 2106.5 1.38
4 4.60 16.3 1.84
6 10.10 219 2.12
3 1.16 18.9 2.03
4 2.67 23.4 1.95
6 12.37 41.4 1.95
6 - - -
6 - - -
6 - - -
6 - - -
6 - - -
6 - - -

Note: DMF (10 mL) served as the solvent in a quartz bottle (50 mL), and the reaction ingredients were: [C] / [I] / [M] = 0.01: 7:

100 at room temperature under blue light (450 nm, 20W).

a[C] / [1] / [M] = 0.01: 0.7: 100. 6h light irradiation followed by 12h dark reaction. [C], [I], and [M] represent the concentrations
of catalyst, initiator, and monomer, respectively. ® Determined gravimetrically. ¢ Molecular weight and polydispersity were de-
termined by gel permeation chromatography (GPC), using THF as eluent.

Table 3 Comparative results of the O-ATRP mediated by different metal-free photocatalysts (PCs).

PC Monomer (M) M, (kDa) 1\1>1/[W/ (T}g“e Light [Cl/[/M]*  Refs
DPP MMA 2106.5 1.38 6+12 450 nm 0.01:0.7:100 This
(dark) work
TTBP MMA 46.0 1.80 4 450 nm 1:75:550 14
diphenyl
dihydrophena- MMA 17.9 1.17 8 sunlight 1:10:1000 36
zine
O-doped an- MMA 14.9 1.23 10 400 nm 0.5:1:100 37
thanthrene
Eosin Y MMA 15.1 1.33 2 401101;500 0.1:1:200 38
Erythrosin B MMA 90.0 1.20 2 40;)1;5 00 0.1:1:200 38
TBOC-QA MMA 437 1.55 10 Blue light 0.4:1:200 39
Pyrene MMA 16.4 15 2 350 nm 1:0.1:100 40
41
perylene MMA 11.9 1.82 6 400-700 nm 1:10:1000 "
TT-TPA MMA 31.2 1.35 4 350 nm 0'125(’]0'25:10 43
phenoxazine DBMM/MMA 8.0 1.22 24 White light 1:10:1000 44
phenylpheno- MMA 15.4 1.32 7 380 nm 1:1:1000 45
thiazine

a[C], [1], and [M] represent the concentrations of catalyst, initiator, and monomer, respectively.

Polymerization kinetics. To confirm the temporal control
role of light in polymerization propagation, a pulsed light se-
quence was conducted. A cyclic pattern of 1 h of irradiation
followed by an hour of the dark period was performed using a
reactant ratio of [PC]: [EBiB]: [MMA] = 0.01:0.7:100. This ex-
perimental procedure conclusively established that polymeri-
zation propagation strictly proceeded during light irradiation,

with no discernible monomer consumption observed during
the dark periods (Fig. 3 and S7). Notably, the high chain-end
fidelity was also confirmed by the polymer structural analysis
of TH-NMR (Fig. S8-S15). Meanwhile, the polymerization grad-
ually decelerated after 6 hours due to the self-degradation of
photocatalysts and the real-time consumption of monomers
throughout the polymerization process. Moreover, this
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polymerizing technique and light-controlled effect also ap-
plied to other monomers and block copolymer, e.g., acrylate,
acrylic, styrene, and acrylonitrile, showing broad monomer
applicability (Fig. 3c and 3d).
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systems catalysed by DPPs.

PMMA

The kinetics of the photopolymerization process were fur-
ther analyzed and presented in Fig. 4. The GPC elution traces
(Fig. 4a, S5a, and S6) notably displayed a shift to the higher

molecular species, suggesting the chain extension during
a

polymerization.” Detailed Kinetic plots of In([M]o/[M]:) over
time (Fig. 4b) revealed the first-order kinetic of the reaction
process, signifying that the rate of monomer consumption was
proportional to the remaining monomer concentration
throughout the polymerization. Fig. 4c and Fig. S5b illustrate
alinear increase in the number-average molecular weight (Mn)
of the resulting polymer as the monomer conversion pro-
ceeded for both TDPP and PhDPP. Notably, the molecular dis-
persion (Mw/Mxs) showed s tendency to decrease after the
monomer conversion reached around 30%, likely attributed
to the bimolecular termination of short polymer propagating
chains. This aspect also contributes to the achievement of the
ultra-high molecular weight (UHMW) characteristic. Moreo-
ver, as observed in Figures 4d and 4f, the polymer chains un-
derwent continuous growth even after cessation of the light
irradiation. 6h light irradiation on the starting reaction system
yielded the complete degradation of DPPs and simultaneously
a transparent polymer solution with Mn value of 189.2 kDa.
Subsequent 12h dark reaction leaded continuous polymeriza-
tion of MMA and produced PMMA with higher molecular
weight of 2,106.5 kDa. This significant discovery highlighted
the persistent activity of polymer radicals and their crucial
role in achieving PMMA with ultra-high molecular weight
(UHMW). Consequently, the polymerization reaction contin-
ued after DPPs were completely degraded, facilitating uninter-
rupted growth of the polymer chains. Overall, the analysis of
photopolymerization kinetics provided valuable insights into
polymer chain growth and molecular weight distribution, con-
firming the effectiveness of TDPP and PhDPP catalysis in fa-
cilitating light-initiated controlled polymerization with ultra-
high molecular weight.
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polymerization of MMA under continuous irradiation (c). (Catalyst: 0.15 mg/mL; monomer: initiator = 100: 7; blue light). The
experimental process of light/dark reaction (d) and the responding molecular weight distributions (MWDs) (f). (Catalyst: 0.15

mg/mL; monomer: initiator = 100: 0.7; blue light).

Reaction Mechanism

Kinetics of photocatalytic DPP self-degradation. The as-
sessment of DPP degradation was conducted by monitoring
the gradual reduction in the absorption maximum at 528 nm
for TDPP and 503 nm for PhDPP, respectively, observed
through UV-vis spectroscopy.*¢ To capture the active species
generated during the degradation process, various quenchers
were introduced, as shown in Fig. 5. Specifically, phenol,
TEMPO, carotene, and high-concentration sorbitol acted as h*,

*OH, 102, and triplet-state scavengers were utilized, respec-
tively.47-48

The degradation process of DPP derivates (10~50 ppm)
could be completely accomplished within a 40-minute dura-
tion. However, the addition of quenchers slowed down the
rates of photocatalytic degradation, resulting in degradation
rates ranging from 0.011 to 0.092 for TDPP and from 0.009 to
0.120 for PhDPP, respectively. The introduction of quenchers
effectively regulated the degradation rates, highlighting the
role of specific reactive species, including h*, «OH, 102, 02, and
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triplet states in the degradation process.*° In particular, when
N2 and TEMPO were present simultaneously, the degradation
rate constants decreased to 0.012 for TDPP and 0.009 for
PhDPP, respectively. This pointed towards the participation
of oxygen (02) gas as a crucial factor in the degradation, which
also played a significant role in controlling the photopolymer-
ization reaction as a radical quencher. Noticeably, the additive
EBiB, functioning as an initiator for photopolymerization,
should react with the singlet-state DPP through one-electron
transfer to form carbon radical (C*) and DPP complex
(DPP+*/Br ), yet it did not exhibit any effect on the degrada-
tion kinetics. This strongly suggests that intermediate com-
plex DPP**/Br  could also undergo degradation like the DPP
precursor.
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Fig. 5 Photo-initiated degradation of TDPP and PhDPP (10
ppm in DMF, blue light) under different additives and the cor-
responding degradation rate constants.
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Fig. 6 EPR-trapping tests for different radicals and ROS under
DPP degradation systems with DMPO as the scavenger
(TEMPO for 102).

Furthermore, electron spin resonance (EPR) trapping was
conducted to directly validate the generation of reactive oxy-
gen species (ROS) and radicals in photocatalysis.#>-5° In the
case of PhDPP solution, EPR signals corresponding to carbon
radicals (C*), *OH radicals, singlet oxygen (102), and superox-
ide radicals (02 *) were all detected during light irradiation
(Fig. 6,S16 and S17). Upon light irradiation of 30 minutes, car-
bon radical (C*) was detected, indicating the production of C*
during the decomposition process of DPP (Fig. 6a). Similar

signals were also found after the addition of initiator EBiB. Es-
pecially, the peak signals changed significantly between 10
min- and 30 min-irradiation, demonstrating the involvement
of EBiB in C* generation, which serves as the radical to make
the photopolymerization of monomers proceed and under-
goes degradation itself during light irradiation. Another possi-
bility of this time-dependent EPR signal change is the involve-
ment of Br-in formation of DPP**/Br , which would be cross
corroborated in the following parts.51-52 The typical 1:2:2:1
signal in Fig. 6b demonstrated photocatalytic production of
*OH radical by DPP.53 Clearly, adding TEMPO showed no im-
pact on the generation of «OH radicals, as they result from the
reaction of holes (h*) with water molecules (Hz20). Addition-
ally, Fig. 6¢ depicted the typical 1:1:1 singlet oxygen (102) de-
riving from the excited triplet states of DPP.5* The superoxide
radical (0z*) signal was also detected in Fig. 6d, and the
TEMPO addition exhibited little impact on the Oz output. It is
noteworthy that after the nitrogen-gas purging, all ROS sig-
nals observed were notably resuced, once again highlighting
the significant role of oxygen in the degradation process.>%
These results directly confirmed the generation of ROS and
radicals during the DPP photocatalysis, supporting their in-
volvement in the self-degradation of DPP and the initiation of
the photopolymerization process.

Thermodynamics and mechanism of photocatalytic DPP
self-degradation.

The investigation into the thermodynamics of photocata-
lytic self-degradation of DPP was conducted to examine the ca-
talysis mechanism.5¢ Specifically, the degradation of TDPP and
PhDPP, both in the absence and presence of initiator EBiB,
were conducted across different solution temperatures. The
first-order rate constant (k) was determined by the change of
the absorption maximum (Fig. 7a and Fig. S18) upon light-ir-
radiated degradation. Subsequently, utilizing the linear repre-
sentation of the Arrhenius equation (equation 1), In k was
plotted against 1/T (Fig. 7b and 7c). The intercept and slope
were used to derive the values of activation energy (Eact), as
shown in Table S3. More information can be found in the Sup-
porting Information.

lnk:-(%)x(%)+lnA (1)

The k values ranged from 0.101 min? to 0.122 min~ for
TDPP and from 0.133 min* to 0.169 min-! for PhDPP, respec-
tively. These observed variations in values of the rate constant
k underscore the impact of temperature on the degradation
process. The enhanced photocatalytic degradation activity at
elevated temperatures was most likely ascribed to the ther-
mal-induced acceleration of molecular movements. Of partic-
ular attention, following the addition of EBiB, the k values
ranged from 0.134 min to 0.193 min'! for TDPP and from
0.163 min! to 0.210 min! for PhDPP, respectively. The acti-
vation energy (Eact) changed from 5.04 k] mol! to 9.50 k] mol-
1 for TDPP and from 6.19 k] mol-! to 6.54 k] mol-! for PhDPP,
respectively. The rise in the activation energies (Fig. 7d) is at-
tributed to the change of involved degraded species from DPP
to DPP complex (DPP**/Br ) subsequent to the addition of in-
itiator EBiB, as employed in the photopolymerization. It is crit-
ical to note that the degradation reaction was non-spontane-
ous, as evidenced by the positive values of the free energy
change (AG) listed in Table S3. Consequently, these reactions
required external photo energy input to initiate the
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degradation, and the direct involvement of the DPP complex
(DPP+*/Br ) was imperative.
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Fig. 7 Degradation of PhDPP and EBiB (a) at different temper-
atures under 450 nm and the temperature dependency of deg-
radation rate (b), the plot of In k (min-1) against 1/T (K-1). Deg-
radation rates (c) of TDPP and PhDPP at different tempera-
tures under 450 nm, the plot of In k (min-1!) against 1/T (K-1).
(d) The comparison of activation energy in photodegradation
between DPP*and DPP**/Br-.

For a more comprehensive understanding of the degrada-
tion species, the DPP solutions were subjected to GC-MS anal-
ysis (Supporting Information) both before and after light

. O Opt=0-

2 HCOOH

I

a b
N Il] NH
~ ) I S, —
/ | / —>
V :
) 2 HCOOH
H
m/z: 300.00 h 1

exposure. As depicted in Scheme 2, several small molecules (c-
g and j-m) were observed during TDPP and PhDPP degrada-
tion in DMF solvent. Additionally, in an aqueous environment
(H20), TDPP and PhDPP were not dissolved and exhibited
nanosheet morphology (Fig. S19). Consequently, a gradual re-
duction in total organic carbon (TOC) was observed during the
light irradiation of 5 and 10 hours ( as depicted in Fig. S20),
confirming gas production and mineralization effects in DPP
degradation. To ascertain the primary dissociation site within
the DPP molecule, DFT calculations were employed to present
electrostatic potential (ESP), frontier orbitals, Fukui function,
and Laplacian bond order (Fig. 8). Upon excitation, the elec-
tron transition occurred from HOMO to LUMO, locating the
least stable part of a molecule. In DPP molecules, HOMO and
LUMO were predominantly located on the diketo-
pyrrolopyrrole ring rather than the adjacent group. Moreover,
the ESP mapping indicated a distinctive node of positive and
negative charge in the diketopyrrolopyrrole ring, specifically
between the nitrogen atom and carbon atom (-C=0). 57 These
features strongly indicated the instability and dissociation
tendency of the diketopyrrolopyrrole ring. Furthermore, the
smallest Laplacian bond order (0.83) and discrepancy (Af) of
the Fukui function collectively confirmed the specific dissoci-
ation site, the N-C (-C=0) bond, as shown in Scheme 2a and
2h.58-60 The dissociated products (b and i) were further vali-
dated through FT-IR spectra (Fig. S21).

.
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Scheme 2 Schematic process of the DPP catalysts self-decomposition.
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Fig. 8 Charge distribution, frontier orbitals, Fukui function,
and Laplacian bond order of organo-photocatalysts PhDPP
and TDPP.

Mechanism of producing pure polymers with ultra-high
molecular weight

A comprehensive analysis was conducted to understand
the relationship between the self-degradation of DPP and
photopolymerization, emphasizing the production of pure
polymers featuring UHMW, as illustrated in Scheme 3. Spe-
cifically, the DPP catalysts exhibit efficient photon absorp-
tion capabilities, becoming excited upon exposure to visible
light (DPP"). Upon photoexcitation, these catalysts yield a
strongly reducing excited state (Erpep = -1.42V vs Ag/AgCl,
Epnopp = -1.52 vs Ag/AgCl), characterized by a sufficiently
long lifetime (zrppp=>5.75 ns, Tehopp=5.92 ns) and high quan-
tum efficiency (QYrprp = 0.84, QYpnorp = 0.98) (Table 1), en-
suring efficient activation of the R-Br bond in an initiator.
The alkyl bromide initiators were activated by DPP* through
single-electron transfer, leading to the generation of carbon
radicals (C*) and DPP complex (DPP**/Br ). These carbon
radicals (C*) will initiate monomers repeatedly to produce
propagating polymer radicals (P»* and Pn+m®), which can also
result in back electron transfer (oxidative quenching) with
DPP**/Br , thereby reversibly terminating the polymeriza-
tion and regenerating the ground-state DPP simultaneously.

As clearly illustrated in Scheme 3, the oxidative quench-
ing effect, stemming from Pn.m® and Pn+m*-Br, is significantly
influenced by the destiny of the complex DPP-Br. This com-
plex effectively interrupts the growth of the polymer chain

by reacting with Pn:me, resulting in the release of ground-
state DPP. In our study, the destiny of DPP-Br is mediated
primarily by self-degradation rather than by the oxidative
deactivation typical of the polymerization process. In other
words, the oxidative degradation process of DPP-Br pre-
vents oxidation quenching and enables continuous addition
of monomers to the propagated active polymer chain (Px
and Pn+m*) without termination. This mechanism facilitates
the formation of pure polymers with ultra-high molecular
weight, a comprehensive elucidation of which is presented
in this research.

DPP*

DPP

degradation

oxidation quench

Scheme 3 Illustrated mechanism of producing the pure pol-
ymer with ultra-high molecular weight (UHMW) through
DPP degradation and photo-initiated polymerization. DPP",
photoexcited DPP; Pn-Br and Pn+m-Br: quenched propagat-
ing polymer chain; Pn* and Pn+nm®, active propagating poly-
mer chain; M: monomer; DPP-Br, DPP intermediate after in-
itiation.
Conclusions

The exploration of N-unsubstituted DPP derivatives as
highly efficient self-degradable photo-redox catalysts has
proven instrumental in mitigating the quenching effect in
photopolymerization through self-degradation, enabling
the production of pure polymers with ultra-high molecular
weight (Mw). By employing significantly low catalyst load-
ings (50 ~ 150 ppm), the DPP catalysts have demonstrated
excellent control over self-degradation and photo-initiation
throughout the photopolymerization process across vari-
ous monomers, consistently yielding translucent PMMA gel
features with ultra-high Mw (Mx > 2000 kDa) and low dis-
persibility (P = 1.38) after 12 h additional dark reaction. In-
depth mechanistic investigations have revealed that the in-
termediate complex DPP**/Br- conducted two distinct reac-
tion pathways: self-degradation and quenching propaga-
tion of polymer chain radical. Consequently, the degrada-
tion of the DPP**/Br- complex prevents propagated polymer
chain quenching and prolongs the lifetime of chain radicals,
thus resulting in pure polymers with ultra-high Mw. This de-
velopment obviates the need for additional purification and
signifies the capacity to produce UHMW polymer without
the necessity for cross-linkable-monomer addition. Fore-
seeing the potential impact, we anticipate that such DPP
photo-redox catalysts, alongside the concept of degrada-
tion-inhibited-quench, will significantly contribute to the
advancement of light-curing resins and well-defined mate-
rials constructed with light-/time- /spatial-control manners,
particularly in their applications in 3D photopolymerization.
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