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Polydopamine (PDA), a synthetic melanin, has recently emerged as a photoreactive material, contrasting
with its conventional role in photoprotection. In particular, its photochemical reactivity under visible light
offers a new perspective on the role of melanin and opens up potential applications in biomedical
engineering and energy conversion. However, the mechanism of the visible light-induced reactions is
still not well understood, necessitating further systematic investigation. To address this challenge, we
carefully investigated its photoredox catalysis under visible-light irradiation, focusing on electron transfer
processes in the presence of triethanolamine as an electron donor. We explored various aspects,
including its size-dependent reactivity, electrochemical and photophysical properties, and the
characterization of generated radical species. Furthermore, we sought to optimize photoinitiated

polymerization under various reaction conditions, such as different concentrations, monomers, and
Received 4th July 2025 atmospheres. The use of water as a solvent is generally considered safe and poses minimal risk to
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human health and safety compared to many organic solvents. These results are crucial for advancing the
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Introduction

Visible-light photoredox catalysts have been widely utilized in
areas such as synthetic chemistry, energy conversion, photo-
therapy, and wastewater treatment because of their ability to
efficiently harness visible light as a renewable source of chem-
ical energy.'® These catalysts enable chemical reactions to
proceed under mild conditions, thereby minimizing undesir-
able side products and promoting environmentally friendly
chemical processes.” By decreasing the reliance on harsh
reagents and conditions, they foster more sustainable and
green chemistry practices while also driving the development of
novel synthetic methodologies.*® Notably, organic photoredox
catalysts have gained significant attention for their ability to
expand the redox window and their applications in biomedical
applications, such as phototherapy, cell encapsulation, and
tissue engineering. This is largely due to their low cytotoxicity,
structural flexibility, and compatibility with a wide range of
functional groups.’®*® These features make them ideal for
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photoredox catalytic mechanism and for
biocompatible photoreactive materials.

developing innovative

biological systems, where decreasing toxicity is crucial, and
their tunable structures allow them to be adapted for a wide
range of biological environments and reactions. For example,
visible-light photopolymerization initiated by organic photo-
redox catalysts has been used to encapsulate individual
mammalian cells in polymeric shells, shielding them from
environmental stresses and immunological attack while sup-
porting cell survival and function.""*

Recently, organic polymers have emerged as a promising
alternative to small-molecule organic photoredox catalysts
because of their facile synthesis and tunable optical and elec-
tronic properties.”” These properties can be precisely adjusted
by altering the monomer units or varying polymer chain
lengths, making them highly versatile for a range of catalytic
applications.”®?® Among organic polymers, polydopamine
(PDA), as a biomimetic polymer, is a promising photoredox
catalyst due to its ease of formation both in solution and on
surfaces, its abundance of functional groups, and its high molar
absorptivity across a broad range of visible light.*** Recently,
Stenzel and coworkers demonstrated the effectiveness of PDA
particles in dimethyl sulfoxide (DMSO) as a visible-light pho-
toredox catalyst, highlighting its potential in this field.>® The
authors proposed that the initiation of the radical reaction
resulted from a photoinduced electron transfer between
diphenyliodonium (electron acceptor) and the semiquinone
radical anion (SQR) (electron donor). Furthermore, the
increased concentration of the SQR species was presumably
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caused by proton-coupled electron transfer (PCET) between 5,6-
dihydroxyindole (QH,) and 5,6-indolequinone (Q) units within
the PDA particle under visible-light irradiation.****

However, a systematic investigation is still lacking, and
further elucidation of the catalytic mechanism is essential for
expanding its application across diverse areas.>® In addition,
investigating the photocatalytic efficacy of PDA in aqueous
solution is crucial for its potential use in green chemistry, bio-
conjugation, and biological applications.>”*® Herein, we inves-
tigate the photoredox catalysis of PDA in the presence of
triethanolamine (TEOA), serving as an electron donor in water
to obtain a better understanding of its catalytic mechanism
under different reaction conditions. The photocatalytic efficacy
of PDA is evaluated through radical polymerization, a method
that enables efficient monitoring of catalyst activity while
offering valuable insights into the underlying mechanism.*
Compared with the prior work by Stenzel et al., we employ an
electron donor and thus propose a new mechanism involving
PCET between the excited state of PDA and TEOA, supported by
spectroscopic characterization (e.g., time-resolved photo-
luminescence). In addition, conducting the reaction in water
offers potential applications in areas such as chemobiosensors,
cell encapsulation, and drug delivery systems.***

Results and discussion
Synthesis and characterization of water-soluble PDA particles

Dopamine hydrochloride (100 mg) was dissolved in 50 mL of
a pH 11 buffer solution, and the pH gradually decreased to
approximately 8.5 without the need for additional reagents. The
solution was then shaken at 100 rpm for varying durations: 1
day (PDA 1), 15 days (PDA 15), 30 days (PDA 30) and 60 days
(PDA 60). After the designated incubation periods, each solu-
tion was centrifuged at 1350 rpm for 1 min to remove the
precipitated particles. The resulting supernatants were used as
photoredox catalysts under visible light. The obtained PDA
particles were initially characterized using FT-IR spectroscopy,
UV-Vis spectrometry, and particle size analysis. The FT-IR
spectrum was consistent with the literature, showing charac-
teristic bands at 3200-3500 cm ' (O-H and N-H stretching),
1475-1600 cm ' (N-H bending and aromatic C=C stretching),
and 1390 cm™' (C-N stretching) (Fig. S11).***® The precise
characterization of the PDA structure remains a topic of
discussion due to its inherent complexities.’” However,
numerous studies suggest that PDA is primarily composed of
QH,, Q, and dopamine units (Fig. 1). These units are believed to
be connected through both covalent bonds and non-covalent
interactions, such as w-m stacking, cation-m interactions, and
hydrogen bonding.***°

Aqueous PDA solutions (0.022 w/v%) were transparent,
indicating good water solubility (Fig. 2a). As the incubation time
increased from PDA 1 to PDA 60, the solution progressively
darkened, indicating the formation of larger particles. Dynamic
light scattering analysis confirmed this observation, revealing
mean particle sizes of 132 (£61) nm, 165 (£17) nm, 240
(£96) nm, and 328 (+206) nm for PDA 1, PDA 15, PDA 30, and
PDA 60, respectively (Fig. S21). Zeta potential measurements
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Fig. 1 lllustration of molecular structures of polydopamine (PDA),
protonated semiquinone radical (SQH), semiquinone radical (SQR),
and triethanolamine (TEOA).

were consistent with the particle size data, showing that larger
particles generally exhibit higher stability: —17 (+12) mV for
PDA 1, —14 (£15) mV for PDA 15, —37 (+7) mV for PDA 30, and
—42 (+6) mV for PDA 60. UV-Vis spectra also revealed a positive
correlation between absorbance in visible region and PDA
particle size. For example, at a concentration of 0.022 w/v%,
PDA 60 and PDA 30 showed absorbance values of 0.47 and 0.17
at 525 nm, respectively, whereas the other samples exhibited
absorbance values of 0.08 at the same concentration (Fig. 2b).
Even PDA 60 demonstrated absorption in the near-infrared
region.

Meanwhile, as the particle size increases, the An.x of the
absorption spectrum exhibits a blue-shift, progressively shifting
from 406 nm (PDA 1) to 399 nm (PDA 15), 391 nm (PDA 30), and
380 nm (PDA 60) (Fig. S37). In contrast, the emission spectrum
shows a red-shift with increasing particle size. These opposing
behaviors are characteristic of H-aggregate formation.*»**

Based on this, we assume that the growth of PDA with pro-
longed incubation time is primarily driven by non-covalent

(a) A 19 DA 30DA 60
LA

"~ 400 500 600 700 800

Wavelength (nm)

Fig. 2 (a) Representative images of the PDAs (0.022 w/v%) in water
and (b) UV-Vis spectra of the PDAs (0.022 w/v%) in water. The scale bar
indicates 1.5 cm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Investigation of photoinitiated free-radical polymerization of OEGMA in the presence of PDAs and TEOA under various conditions with
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Entry Type of PDA Conc. of cat. (w/v%) [OEGMA]: [TEOA] (mM) Conversion” (%) M, (kDa) My/M, Atmosphere
1 PDA 1 0.022 500:50 0 <1 n.a. Air
2 PDA 15 0.022 500:50 27 +£7 635 3.93 Air
3 PDA 30 0.022 500:50 60 + 11 =767¢ 3-4 Air
4 PDA 60 0.022 500:50 98 +1 =767 3-4 Air
5 PDA 60 0.0011 500:50 74 £ 4 =767 3-4 Air
6 PDA 60 0.0055 500:50 93 £2 =767 3-4 Air
7 PDA 60 0.011 500:50 96 +1 =767 3-4 Air
8 PDA 60 0.044 500:50 70£5 =767 3-4 Air
9 PDA 60 0.088 500:50 51+2 =767 3-4 Air
10 PDA 60 0.11 500:50 21+£3 332 3.48 Air
11 None 0 500:50 0 <1 n.a. Air
12 PDA 60 0.022 300:50 86 £ 10 =767 3-4 Air
13 PDA 60 0.022 500:30 94 +1 =767 3-4 Air
14 PDA 60 0.022 500:0 0 <1 n.a. Air
15 PDA 60 0.022 500:50 96 + 2 =767 3-4 Ar
16 PDA 60 0.022 500:50 0 <1 n.a. O,
17 Fluorescein 0.022 500:50 89 +1 12 2.77 Air
18 Eosin Y 0.022 500:50 98 +1 11 1.73 Air

“ Reactions were conducted for 3 h in a standard NMR tube sealed with a cap under aerobic conditions and in a J-Young NMR tube with a valve
containing 0.5 mL of solution for Ar (g) and O, (g) atmospheres at room temperature. © Monomer conversions were determined by 'H-NMR
using calcium formate as an internal standard, as detailed in the ESI. Data were reported as mean =+ standard deviation (n = 3). © Experimental
molecular weights and polydispersity (M.,/M,) were determined by GPC analysis using PMMA standards for calibration with DMF containing
1 mM LiBr as the eluent, as detailed in the ESI ¢ The upper detection limit. n.a.: not applicable.

interactions rather than covalent bonding, leading to an
extended conjugated 7t-system.

Visible-light induced photopolymerization

Initially, we evaluated the photoredox catalytic performance of
PDAs through photoinitiated, free-radical polymerization,
exhibiting rapid reactivity. The photopolymerization of oligo(-
ethylene glycol) methyl ether methacrylate (OEGMA, 500 mM)
was initiated using a green light-emitting diode (LED) (520 +
30 nm, 4.2 W cm™ ) in aqueous solution, containing PDA (0.022
w/v%) and TEOA (50 mM) under aerobic conditions for 3 h
(Table 1, entries 1-4). TEOA was chosen as a co-initiator due to
its role as an electron donor. Our results showed a clear corre-
lation between PDA size and polymerization efficiency: larger
particles led to increased reactivity (Fig. 3a). Specifically, PDA 60
exhibited superior vinyl conversion (98 + 1%) and apparent
first-order rate coefficient (kuypp = 4.7 £ 0.1 x 107" s7') as
determined by 'H-NMR spectroscopy (Fig. S4 and S5at). In
contrast, PDA 30 and PDA 15 achieved vinyl conversions of 60
(£11)% and 27 (£7)%, respectively, with corresponding kapp
values of 0.9 (£0.5) x 10™*s™" and 0.2 (£0.1) x 10"*s™*. PDA 1
and the negative control (i.e., without PDA) exhibited no vinyl
conversion (Fig. S5at). We assume that this trend can be

© 2025 The Author(s). Published by the Royal Society of Chemistry

affected by absorptivity in the visible-light region and the
effectiveness of PDA as a free-radical inhibitor. For example,
PDA 60 exhibited a 2.7-fold higher absorbance value at 520 nm
compared to PDA 30 (Fig. 2b). In addition, the larger size of the
PDA particle reduces their scavenging ability for free radicals
due to the lower surface area-to-volume ratio.** After the pho-
topolymerization, the formed polymers were characterized by
gel permeation chromatography (GPC) with DMF containing
1 mM LiBr as an eluent. The number-average molecular weight
(M,,) of the obtained polymers followed a similar trend to the
vinyl conversion, with the maximum detectable M, approxi-
mately 767 kDa (based on poly(methyl methacrylate) (PMMA)
standards), limited by the viscosity of poly(OEGMA).

Given the superior performance of PDA 60, we further
investigated its concentration effect in the presence of OEGMA
(500 mM) and TEOA (50 mM) under visible-light irradiation for
3 h (Table 1, entries 5-10). Consistent with the previous report,*
the polymerization rate increased with rising PDA 60 concen-
tration up to a certain point, after which it began to decline
(Fig. 3b). For example, the vinyl conversions for 1.1 x 10> w/v%
and 1.1 x 10> w/v% PDA 60 were 74 (+£4)% and 96 (+1)%, with
corresponding kap, values of 0.7 (£0.2) x 10~* s~ and 3.6
(£0.2) x 10™* s7', respectively (Fig. S5bf). However, at

Chem. Sci., 2025, 16, 15499-15509 | 15501
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Fig. 3 Photoredox catalytic performance as a function of (a) PDA
particle size and (b) concentration of PDA 60. k,: apparent first-order
rate coefficient.

concentrations exceeding 2.2 X 10> w/v%, the vinyl conversion
rate decreased. For example, the vinyl conversions for 4.4 x
102 w/v% and 8.8 x 10~ w/v% PDA 60 were 70 (£5)% and 51
(£2)%, with corresponding k,pp, values of 0.9 (£0.1) x 10~ * s~
and 0.3 (£0.2) x 10~* s, respectively. This result can be
attributed to the reduced light penetration at higher PDA
concentrations.>® As the concentration of PDA 60 increased, we
observed a corresponding decrease in penetration depth (Table
S17). Furthermore, we assume that higher PDA concentrations
increase the concentration of radical species, which in turn
promotes radical termination. As a negative control, we could
not observe the vinyl conversion in the absence of PDA 60 (Table
1, entry 11). Consequently, the optimal concentration of PDA 60
is required for efficient photopolymerization.

We examined the concentration effect of OEGMA and TEOA
for the photopolymerization with PDA 60 (0.022 w/v%) under
the visible-light irradiation for 3 h (Table 1, entries 12-14).
Typically, as their concentrations increased, the vinyl conver-
sion and k,p,, value increased. For example, 500 mM of OEGMA
exhibited 2 times higher vinyl conversion rate than 300 mM of
OEGMA (kapp = 1.6 £ 0.1 x 10" ™) in the presence of PDA 60
and TEOA (50 mM) (Fig. S6at). Furthermore, 50 mM of TEOA
showed a slightly higher vinyl conversion rate (kypp = 4.7 + 0.1
x 10~* s7') of OEGMA (500 mM) than 30 mM of TEOA (kapp =
3.7 £ 0.2 x 107* s7') with PDA 60 (Fig. S6bt). As a negative
control, no vinyl conversion was observed in the absence of
TEOA after 3 h. Taken together, the suitable concentrations for
the photopolymerization were approximately 0.022 w/v% of PDA
60, 500 mM of OEGMA, and 50 mM of TEOA. As a negative
control, no vinyl conversion was observed under these

15502 | Chem. Sci., 2025, 16, 15499-15509
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optimized reaction conditions in the absence of visible-light
irradiation, even after 100 days under ambient conditions
(Fig. S77).

Under optimized concentration conditions, we also con-
ducted the photocatalysis of PDA 60 in different atmospheres.
In an argon (g) atmosphere, the photopolymerization rate was
slightly faster than that observed under an aerobic atmosphere
(Fig. 4a, blue line). For example, vinyl conversion at 10 min was
nine times greater in the argon atmosphere (Table 1, entries 15
and 16). This result suggests that PDA-based photoredox catal-
ysis is inhibited by molecular oxygen, unlike the eosin Y-based
system, where molecular oxygen facilitates the regeneration of
the dye.*® To confirm this, we carried out the reaction under an
0, (g) atmosphere. As a result, no vinyl conversion was observed
under continuous O, (g) purging conditions (Fig. 4a, red line).
However, when O, (g) was supplied once for 1 h without
continuous purging, vinyl conversion occurred after an initial
delay. Specifically, no conversion was observed during the first
1.5 h of irradiation; however, after 6 h, the conversion reached
96% (Fig. 4a, green line).

The significant suppression of the reaction in the presence of
oxygen indicates the scavenging activity of molecular oxygen.
We assume that PDA mediates the conversion of molecular
oxygen to hydrogen peroxides under both dark and irradiation
conditions. Thus, the generated reactive oxygen species inhibit
the radical reactions until the available oxygen is consumed.**
In addition, the introduction of excess oxygen led to a decrease
in the photocatalytic performance of PDA, consistent with the
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Fig. 4 PDA-based photoredox catalysis (a) under different atmo-
spheric conditions and (b) with temporal light control.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Monomer scope and optimization in the PDA/TEOA system under aerobic conditions with green LED irradiation®

Entry Monomer Additive (conc. mM) Conversion® (%) M,‘ (kDa) M, /M,
1 MA None 5 <1 n.a.
2 HEMA None 5 <1 n.a.
3 NIPAmM None <1 <1 n.a.
4 MEDSAH None 71 =767 3-4
5 HEMA PEG 0 (50) 5 <1 n.a.
6 HEMA PEG 0, (100) 60 163 3.51
7 HEMA PEG 00 (250) 74 214 2.58
8 HEMA Glycerol (250) 6 <1 n.a.
9 HEMA Glycerol (400) 61 202 3.56
10 NIPAm PEG 400 (250) 44 156 4.08
11 MA PEG,00 (250) 18 <1 n.a.

“ Reactions were conducted for 3 h in a standard NMR tube sealed with a cap, containing 0.5 mL of a solution of PDA 60 (0.022 w/v%), monomer (0.5
M), and TEOA (50 mM) dissolved in D,0 under aerobic conditions at room temperature. > Monomer conversions were determined by "H-NMR using
calcium formate as an internal standard. ¢ Experimental molecular weights and polydispersity (M,,/M,) were determined by GPC analysis using
PMMA standards for calibration with DMF containing 1 mM LiBr as the eluent. ¢ The upper detection limit. MA: methacrylic acid, HEMA: 2-
hydroxyethyl methacrylate, NIPAm: N-isopropylacrylamide, MEDSAH: [2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide,

and PEG: poly(ethylene glycol).

PDA oxidation observed in photobleaching experiments
detailed below. Meanwhile, excellent temporal control in the
photopolymerization process was demonstrated through light
“ON” and “OFF” experiments at 20 min intervals (Fig. 4b).
During the cycles, the vinyl conversion occurred under visible-
light irradiation, whereas no vinyl conversion was observed in
the absence of the irradiation.

We also compared the photoredox catalytic performance of
PDA with that of fluorescein and eosin Y, both well-known
organic photoredox catalysts (Fig. S81). Under the identical
reaction conditions, fluorescein exhibited lower photocatalytic
efficacy than PDA 60. For example, the monomer conversion
reached 89 (+1)%, with a corresponding k,p, value of 1.9 (40.1)
x 10~* s~ and M,, of 12 kDa (M,,/M,, = 2.77) (Table 1, entry 17).
Eosin Y showed a photocatalytic efficacy comparable to PDA 60,
achieving a monomer conversion of 98 (+1)%, kpp, value of 4.4
(£0.3) x 107* s, and M,, of 11 kDa (M,,/M,, = 1.73) (Table 1,
entry 18). The relatively low M,, values are attributed to the high
concentrations of the dyes.

We determined the reaction quantum yield of this photo-
polymerization. The quantum yield (@) of a photochemical
reaction is defined as the ratio of the number of products
formed (Nproquets) to the number of photons absorbed at
a specific wavelength (Npnotons, abs(4)).** To determine the
number of Nproducts, We measured the monomer conversion
using 'H-NMR spectroscopy. The experiment was performed
under the conditions described in Table 1, entry 4, and yielded
a monomer conversion of 3% after 60 s of irradiation. The
corresponding value of Ny oqucts Was calculated to be 0.015 M.
The value of Nppotons Was calculated based on our previous
report.*® Accordingly, the calculated value of the Nphotons Was
0.013 M. Thus, the quantum yield of the photopolymerization
was 1.15.

We also determined the kinetic chain length (v = propaga-
tion rate (R)/initiation rate (R;)) of PDA 60. The R, value was
obtained from polymerization kinetics measured by '"H-NMR
spectroscopy. Based on triplicate experiments under the

© 2025 The Author(s). Published by the Royal Society of Chemistry

conditions described in Table 1, entry 4, the R, value was
calculated to be 6.0 (0.6) x 107> M s~ (Fig. S97). The R; value
was determined using a previously reported method.*” Briefly,
the R; value refers to the average initiation rate during the
inhibition period of PDA 60. The concentration of 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO), used as a radical inhib-
itor, was plotted against inhibition time (¢,,). The R; value was
calculated as the inverse slope of the resulting line ([TEMPO]/
tinn) and was found to be 3.5 (£0.3) x 107> M s~ ' (Fig. S97).
Accordingly, the kinetic chain length was calculated to be 1727
(£86), which is similar to the M,, value measured by GPC.

To expand the monomer scope, we investigated the poly-
merization of various water-soluble monomers under the opti-
mized conditions as shown in Table 2. Our findings reveal
a strong correlation between the molecular weight of the
monomer and its vinyl conversion. Monomers with a relatively
high molecular weight exhibited significantly higher conversion
rates compared to those with a low molecular weight. For
example, methacrylic acid (MA), 2-hydroxyethyl methacrylate
(HEMA), and N-isopropylacrylamide (NIPAm) displayed vinyl
below 5%, while [3-(methacryloyloxy)ethyl]
dimethyl-(3-sulfopropyl)Jammonium hydroxide (MEDSAH) ach-
ieved 71% conversion after 3 h of irradiation (Table 2, entries 1-
4). We assume that viscosity plays a key role in these results,
given that PDA acts as an inhibitor. As the viscosity of the
solution increases, the termination rate of polymerization
decreases (i.e., Trommsdorff effect).”® To test this assumption,
we introduced poly(ethylene glycol) (M,, = 400 Da, PEG,0) as
a viscosity-enhancing agent. As expected, PEG,q, significantly
improved the conversion of low-molecular-weight monomers.
For example, the vinyl conversion of HEMA increased from
negligible levels to 60% (M, = 163 kDa) and 73% (M,, = 214
kDa) with 100 mM and 250 mM of PEG ¢, respectively (Table 2,
entries 5-7, Fig. S107t). To further confirm the effect of viscosity,
glycerol was used as an alternative to PEG (Table 2, entries 8 and
9). The vinyl conversion of HEMA reached 61% (M,, = 202 kDa)
at a glycerol concentration of 400 mM (Fig. S107). Furthermore,

conversions

Chem. Sci., 2025, 16, 15499-15509 | 15503
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Scheme 1 Plausible mechanism of photoredox catalysis of polydop-
amine (ag) under visible-light irradiation. PCET: proton-coupled
electron transfer; PT: proton transfer; SET: single-electron transfer.
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the vinyl conversion of NIPAm increased significantly to 44% in
the presence of 250 mM PEG,, (Table 2, entry 10). In contrast,
the vinyl conversion of MA showed only a modest increase to
18% with PEG,, (250 mM), presumably due to a pH effect
(Table 2, entry 11). The excess amount of MA can convert TEOA
to a quaternary ammonium salt, thereby hindering the single-
electron transfer (SET) between TEOA and the PDA.

Plausible mechanism

Based on our results, we propose the following photoredox
catalytic pathway. Upon exposure to visible light, a PDA chain -
composed predominantly of covalently bonded QH, and Q units
- transitions to a singlet or triplet excited state, denoted as */ °’[Q/
QH,]*. In the presence of an electron donor such as TEOA,
a protonated semiquinone radical (SQH) is generated through
proton-coupled electron transfer (PCET) between “*[Q/QH,]*
and TEOA (ie., intermolecular PCET) (Scheme 1). In this
process, the excited Q species accepts an electron from the
excess TEOA. Subsequently, the SQH species rapidly loses
a proton to form a semiquinone radical anion (SQR), which is
stabilized by the negative charge on its conjugate base.*
However, our investigation of monomer conversion under dark
conditions suggested that this SQR, which also forms in the
absence of light,** rarely initiates radical reactions in this
system. The SQR then returns to [Q/QH,] through SET. These
two sequential steps are collectively referred to as intraparticle
PCET. Following the intermolecular PCET, TEOA generates an
a-amino radical by first forming an amino radical cation, which
subsequently undergoes proton abstraction, thereby initiating
radical reactions.

Analysis using electron paramagnetic resonance (EPR)
spectroscopy

It has been reported that several radical species are involved in
the photoreactions of melanin-based compounds.**>***** EPR
spectroscopy was employed to track the radical species gener-
ated during the photoreaction of PDA. Fig. 5a and b show the
EPR spectra of aqueous PDA 60 (0.55 w/v% in water) solutions
under dark conditions and after 10 minutes of visible-light
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Fig. 5 Solution EPR spectra obtained from aqueous solutions of PDA
60 + TEOA + DMPO at room temperature under visible-light irradia-
tion: (a) PDA 60 in water, (b) PDA 60 + hv in water, (c) PDA 60 + DMPO
in 70% aqueous DMSO, (d) PDA 60 + DMPO + hv in 70% aqueous
DMSO, (e) PDA 60 + DMPO + TEOA in 70% aqueous DMSO, and (f)
PDA 60 + DMPO + TEOA + hv in 70% aqueous DMSO. Experimental
conditions: microwave frequency, 9.413-9.427 GHz; microwave
power, 6.32 mW; modulation amplitude, 1.00 G; modulation
frequency, 100 kHz; time constant, 0.08192 s; and [PDA 60] = 0.55 w/
v%, [TEOA] = 0.1 M, and [DMPO] = 0.1 M.

irradiation, respectively. In both the spectra, broad EPR
signals ca. g = 2.0040-2.0050 were observed. These can be
assigned to carbon-based radical (CCR) or SQR of PDA.?*245152
And it is noticed that the visible-light irradiation increased the
signal intensity.

To detect open-shell species such as oxygen- and carbon-
centered radicals, generated during the photoreaction of PDA,
we adapted spin-trap EPR spectroscopy using 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) as a spin trap. DMPO is particularly
effective for characterizing these unstable radical intermedi-
ates, as its spin adducts exhibit distinctive EPR parameters.
Fig. 5c-f display the spin-trap EPR spectra obtained from the
aqueous PDA 60 solutions containing 0.1 M DMPO either with
or without 0.1 M TEOA and either after 10 minutes of visible-
light irradiation or dark conditions. 70% aqueous DMSO was
used to prepare DMPO-containing samples for ensuring
adequate solubility. We observed that DMPO adducts were
decomposed and/or rearranged under the irradiation condi-
tions.*>** To minimize the degradation of the DMPO adducts,
each sample in a vial was irradiated with a green LED for 10 min
prior to the addition of DMPO to the solution. After adding
DMPO, the samples were stirred under dark conditions for
30 min before EPR measurements to ensure sufficient reaction.
The visible-light irradiation of the samples was conducted
outside the equipment.

Comprehensive simulations on the spin-trap EPR spectra
(Fig. 5c-f) found six radical species; CCR, SQR, DMPO-C*,
DMPO-OH, N*, and DMPO-OPh (Fig. 6). Their EPR simulation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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parameters are listed in Table 3. Comparing the simulated
spectra before and after the irradiation, two distinctive changes
are noticed. One is the increase of the SQR signal intensity by
visible light. This is presumably due to the light-induced PCET
process.” Most importantly, the EPR spectra of PDA + DMPO
and PDA + DMPO + TEOA solutions after irradiation exhibited
distinctive EPR signals corresponding to the DMPO-OPh
adduct with g = 2.0068, A(N) = 13.2 G, A(Hp) = 10.4, and A(H,) =
1.4 G.* These signals were absent before the irradiation. We
assume that the light-induced PCET generated SQH species,
which was subsequently trapped by DMPO. These findings
support the light-induced mechanism in PDA-based photoredox
catalysis.

In the case of DMPO-OH, PDA can generate hydrogen
peroxides even in the absence of the irradiation under an
aerobic atmosphere.** To verify this, we conducted quantitative
analysis of hydrogen peroxide production using a colorimetric
method with N,N-diethyl-p-phenylenediamine sulfate (DPD)
and peroxidase (POD) (ESIt).>* After 10 min of irradiation,
hydrogen peroxide concentrations were 6.7 pM in an oxygen-
rich atmosphere and 5.5 pM in an ambient atmosphere
(Fig. S111). We assume this difference to the varying oxygen
concentrations in the samples. In the absence of the irradiation,

(a) PDA+DMPO (b) PDA+TEOA+DMPO
A \
|, Laf\ TN
W/‘."‘f\pl lw‘;lm,.. Experiment W:"'-‘;,",I‘ ‘ I,\,-'"(lp-....,,
| ot | S PR
N | TN { A
VN | VA Simulation N
| | | | ! |
I 1‘
DMPO-OPh
A—A—Ar N A—A—Ar
DMPO-OH
DMPO-C*
\/ SQR /\ \

A

4 v CCR '\ ~

3320 340 330 3380 3400 3320 3340 3360 330 3400
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Fig. 6 EPR spectra obtained from aqueous solutions, along with their
corresponding numerical simulations, for (a) PDA 60 + DMPO, (b) PDA
60 + TEOA + DMPO, (c) PDA 60 + DMPO + hv, and (d) PDA 60 + TEOA
+ DMPO + hv. The experimental spectra are the same as in Fig. 5. The
simulated spectra are the sum of the individual spectra shown in Table
3.
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Table 3 EPR simulation parameters for the spectra shown in Fig. 5

Hyperfine
coupling
constants (G)
Peak-to-peak

Radicals Ziso N Hpg H, linewidths (G)
DMPO-OPh®? 2.0068 132 104 1.4 1.1
N# 2.0066 13.9 — — 15
DMPO-OH” (ref. 55-57) 2.0066 14.2 127 — 1.3
DMPO-C* (ref. 58-61)  2.0065 14.8 21.9 — 1.0
SQR?3:24:30:51 2.0044 — — — 35
CCR>324°051 2.0049 — — — 6.0

“ This signal might be attributed to the degradation of DMPO. * We
assume that the redox reaction (comproportionation equilibrium) is
responsible for hydrogen peroxide generation, subsequently converted
into hydroxyl radicals. ¢ The hyperfine coupling constants are close to
the values found from the DMPO spin adduct of carbon-based
radicals (e.g., methyl radicals and the defect sites of the PDA
backbone (Ndef')).**>

hydrogen peroxide was generated at a consistent concentration
of 4 uM regardless of the atmosphere. We assume that the
comproportionation equilibrium between Q and QH, accounts
for hydrogen peroxide generation without employing irradia-
tion. The resulting hydrogen peroxide is subsequently con-
verted into hydroxyl radicals.®

The hyperfine coupling constants are close to the values
found from the DMPO spin adduct of carbon-based radicals.
Two possibilities are suggested for the signal. DMSO can be
decomposed by the hydroxyl radical, generating methyl radicals
that subsequently form DMPO-CH;.%* Other possibility is that
DMPO forms spin adducts with the defect sites of the PDA
backbone (Ndef").>*

Analysis using time-resolved photoluminescence and
electrochemical potentials

We also characterized the photophysical and electrochemical
properties of the PDAs to support the photoinduced electron
transfer (PET) between the PDA and TEOA (Table 4). According
to the literature, photoreactions of melanin, which has a struc-
ture similar to that of PDA, occur via its triplet excited state.®
Thus, we assume that the triplet excited state of PDA primarily
involved in the PET process. PDA 1 exhibited insufficient
emission intensity for time-resolved photoluminescence
measurements (FLS1000, Edinburgh Instruments Ltd, UK). As
the size of PDA (aq) increased, the emission bands showed a red
shift (Fig. S31). At 77 K, phosphorescence was observed for PDA
30 and PDA 60, while PDA 15 showed no such emission. The
phosphorescence maximum wavelengths (Ap) were 544 nm for
PDA 60 and 514 nm for PDA 30, with corresponding lifetimes of
0.8 (£0.2) ms and 0.4 (+0.3) ms, respectively (Fig. 7a, b, S12 and
S137). Furthermore, PDA 60 exhibited higher phosphorescence
intensity than PDA 30 under identical conditions, suggesting
a higher triplet quantum yield for PDA 60 (Fig. 7a). This result
likely accounts for the superior photoredox catalytic perfor-
mance of PDA 60. Based on the Ap values, the triplet excited state
energies (Ej o) were determined to be 2.41 eV for PDA 30 and
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Table 4 Summary of photophysical and electrochemical properties of PDAs®

Substrate PDA 15 PDA 30 PDA 60

Dexyis (NM) 396 392 379

Apyis (NM) 477 482 483

g (ns) 8 (0.2, 73%) 2.2 (£0.5, 79%) 7 (£0.3, 73%)
0 (0.4, 27%) 9.4 (+£0.3, 21%) 10.8 (£0.4, 27%)

Ap (nm) n.a. 514 544

p (ms) n.a. 0.4 (+£0.3, 85%) 0.8 (£0.2, 84%)

3 (£5, 15%) 3 (3, 16%)

ES (V/SCE)? —0.59 —0.67 —0.69

Ego (eV) n.a. 2.41 2.28

AGpgr (eV)? n.a. —0.89 —0.73

“ Determined in aqueous solution containing PDA (0 022 w/v%). ” Determined in pH 11 buffer (aq) containing PDA (0.011 w/v%). ©
E,x(TEOA™ /TEOA)],

under cryogenic conditions. ¢ AGppr = —|EL.4(dye’ /dye ™) —
TEOA) = 0.86 eV, which was determined in 1 mM NaOH (aq.).

2.28 eV for PDA 60. Furthermore, the fluorescence lifetimes at
room temperature were measured as 2.8 (£0.2) ns for PDA 15,
2.2 (+0.5) ns for PDA 30, and 3.7 (+0.3) ns for PDA 60 (Fig. 7c,
S12 and S147%).

In the presence of TEOA, we observed a 100-fold increase in
the phosphorescence lifetime of PDA 60, reaching 82 (£16) ms
(Fig. S13ct). This observation is consistent with previous reports
demonstrating that electron donation can significantly enhance
the phosphorescence lifetime.* This effect is presumably due to
weakened vibrational relaxation of the triplet excited state and
facilitated intermolecular interactions that reduce non-
radiative relaxation.®® In contrast, the fluorescence lifetime of
the PDA remained largely unchanged in the presence of TEOA
(Fig. S1471). These results suggest a mechanism of photoinduced
electron transfer between TEOA and the triplet excited state of
the PDA as shown in Scheme 1.

We determined the reduction potential of PDAs and the
oxidation potential of TEOA (0.86 eV) using linear sweep vol-
tammetry analysis (Fig. S151). As a result, the reduction
potential increased with increasing PDA size, with values of
—0.59 for PDA 15, —0.67 eV for PDA 30, and —0.69 for PDA 60.
With these experimental results, we were able to determine the

(@) 750

__ ppaso (D) 1000
——PDA 60

Counts
Counts

10

| v
"" ‘M!"‘I ey lm " 10

Determined

E.;(dye"/dye’) = Ereq(dye/dye ™) + Ejf, and E.(TEOA™/

Gibbs free energy of the photoinduced electron transfer
(AGpgr). AGpgr represents the driving force for the intermolec-
ular electron transfer between the PDA and TEOA, based on
Marcus theory. According to the theory, the rate constants for
electron transfer increase with increasing —AG° values until
reaching a maximum, and then decrease in the inverted region.
The AGpgr values for PDA 30 and PDA 60 were —0.89 eV and
—0.73 €V, respectively. These values suggest that the PET
between the PDAs and TEOA is a spontaneous reaction. Based
on the literature on photoredox catalysis using TEOA, we
assume that these large negative AGpgr values fall within the
inverted region. Kinetically, we believe that PDA 60 exhibits
a superior rate constant for the electron transfer compared to
the other PDAs. Consequently, PDA 60 demonstrated superior
properties, including absorptivity in the visible range, triplet
quantum yield, and electron transfer rate, contributing to its
enhanced photoredox catalytic performance.

Photobleaching of PDA

The photobleaching of PDA is primarily attributed to its irre-
versible oxidation, ultimately leading to oxidative degradation.®”
Thus, photochemical reactions involving PDA can significantly
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Fig. 7 Photoluminescence profiles of PDAs in water. (a) Time-gated phosphorescence spectra of PDA 30 (black line) and PDA 60 (red line) at 77
K with a delay time of 0.8 ms. (b) Phosphorescence decay profiles of PDA 30 (green line) and PDA 60 (blue line) at 77 K. Red lines represent the
best-fit curves, and the black line indicates the instrument response function (IRF). (c) Fluorescence decay profiles of PDA 15 (purple line), PDA 30
(green line), and PDA 60 (blue line) at room temperature. Red lines represent the best-fit curves, and the black line indicates the instrument
response function (IRF).
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Fig. 8 Photobleaching of PDA 60 under different conditions.

influence its oxidation rate. To further support our proposed
photocatalytic mechanism, we examined the photobleaching
behavior of PDA under different conditions such as different
atmospheres. The degree of photobleaching was evaluated by
monitoring the change in the summed absorbance values of
PDA 60 (0.022 w/v%) within the 500-550 nm range, corre-
sponding to the wavelength of the LED light source, over time
under the irradiation (Fig. 8). Under aerobic conditions with
TEOA present, no photobleaching of the PDA was observed in
a dark room (black solid line), whereas 70% photobleaching
occurred after 8 h of irradiation (green solid line). Without
TEOA, photobleaching of PDA 60 was still substantial (50%)
(green dotted line). However, under an argon atmosphere, the
photobleaching was nearly negligible, and TEOA slightly
increased photobleaching (blue lines). These results indicate
that oxygen mainly contributes to photobleaching. To further
confirm the role of oxygen, the photobleaching study was con-
ducted under an oxygen atmosphere (red lines). As a result,
photobleaching of PDA increased by 20% compared to aerobic
conditions (red solid line). These results highlight the crucial
role of oxygen in PDA photobleaching, which ultimately
diminishes its photocatalytic performance. Furthermore, the
presence of TEOA increased photobleaching under both air and
oxygen atmospheres. This result is assumed to result from the
interactions between PDA and TEOA, such as intermolecular
PCET.

Conclusions

In addition to its biocompatible and adhesive properties, poly-
dopamine serves as a visible-light photoredox catalyst, enabling
photochemical reactions in aqueous solutions under mild
reaction conditions. The photoredox catalytic performance of
polydopamine particles (PDAs) of various sizes was systemati-
cally investigated through photoinitiated radical polymeriza-
tion. Our findings demonstrate that PDAs act as electron
acceptors in the presence of TEOA under visible-light irradia-
tion and are regenerated via PCET, progressing through SQH
and SQR intermediates. The SQH species was characterized
using EPR spectroscopy with a spin-trapping agent. Upon the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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intermolecular PCET, TEOA first forms an amino radical cation,
which subsequently undergoes proton abstraction to generate
an oa-amino radical, thereby initiating radical reactions.
Notably, larger PDAs exhibited superior photoredox catalytic
performances. For example, PDA 60 showed higher absorptivity
and phosphorescence intensity in the visible-light range than
the smaller ones. Additionally, its more red-shifted emission,
leading to a lower triplet state energy, resulted in a less negative
AGpgr value relative to the others. The combination of this
finding and the electrochemical analysis of the PDA and TEOA
provides evidence that the triplet excited state of PDA is favor-
able for the PET process.

Furthermore, the photobleaching study of PDA 60 supports
the proposed photocatalytic mechanism. Our investigation
exhibited that light irradiation and molecular oxygen play
crucial roles in the photobleaching process. In the absence of
oxygen, the photobleaching of PDA was nearly negligible, even
in the presence of light irradiation and TEOA, suggesting that
the photoredox catalysis of PDA is more favorable under an
inert atmosphere. Additionally, no photobleaching was
observed in a dark room even with oxygen and TEOA present,
which corresponded to no monomer conversion. These findings
indicate the light selectivity of the PDA/TEOA system. TEOA was
found to increase the extent of PDA photobleaching under the
bleaching conditions, presumably due to the intermolecular
PCET between TEOA and PDA. We envision that these experi-
mental results of visible-light photoredox catalysis with PDA will
help elucidate its mechanism and play a key role in exploiting
the diverse optoelectronic applications of melanin derivatives.
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