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ABSTRACT: We  demonstrated  the  photoredox  catalytic  activity  of  iodine-
functionalized  polydopamines  (IPDAs)  with  varying  iodine  contents  under
green-  and  red-light  irradiation  in  aqueous  solution.  IPDAs  were  readily
prepared  through  post-polymerization  iodination  of  PDA  and  characterized
by  X‒ray  photoelectron  spectroscopy,  UV‒vis  spectroscopy,  FT‒IR
spectroscopy,  and  dynamic  light  scattering.  Compared  with  intact  PDA,
IPDAs  exhibited  enhanced  photocatalytic  performance  in  radical
photopolymerization of  water-soluble acrylate monomers in the presence of
triethanolamine. In particular, I15PDA showed the highest activity under both
green and red light, whereas intact PDA was essentially inactive under red-
light irradiation. Kinetic analysis, reaction quantum yield, initiation efficiency,
and  monomer-scope  studies  consistently  confirmed  the  superior  catalytic
performance  of  I15PDA.  Phosphorescence  intensity  increased  with  iodine
content, indicating enhanced intersystem crossing via the heavy-atom effect.
These  findings  establish  iodine  functionalization  as  an  effective  strategy  to
enhance  the  photoredox  activity  of  PDA  and  provide  fundamental
mechanistic  insights  that  enable  the  rational  design  of  melanin-inspired
organic photocatalysts.
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 1    Introduction
Polydopamine (PDA) is a synthetic melanin-like polymer, inspired
by  the  adhesive  proteins  of  mussels  [1, 2].  PDA  has  attracted
considerable  attention  owing  to  its  facile  formation  through  the
oxidative  polymerization  of  dopamine  under  mild  aqueous
conditions  [3].  The  resulting  polymer  consists  of  a  complex
network  primarily  composed  of  5,6-dihydroxyindole  (QH2),  5,6-
indolequinone  (Q),  and  dopamine-derived  units.  This  chemical
architecture imparts PDA with unique physicochemical properties,
such  as  strong  adhesion  to  diverse  substrates,  metal  chelation,
broadband  light  absorption,  redox  activity,  and  free-radical
inhibition [4, 5].  Although the precise molecular structure of PDA
remains an active subject of investigation, it is generally regarded as
a  heterogeneous  polymer  composed  of  the  oligomeric  units

interconnected  through  non-covalent  interactions,  including  π–π
stacking, cation–π interactions, and hydrogen bonding [3, 6, 7].

Because of these versatile properties, PDA has found widespread
applications across multiple fields. For example, PDA coatings have
been  widely  used  as  universal  surface  modifiers  for  metals,
polymers, and inorganic materials [8, 9]. In addition, the abundant
catechol  groups  enable  pre- and  post-polymerization  through
Michael-type  addition  and/or  Schiff-base  reactions,  allowing  the
incorporation  of  diverse  functional  molecules  [10−13].  PDA  has
therefore  been  applied  in  areas  including  antibacterial  coatings,
drug/protein  delivery,  biosensing,  photothermal  therapy,  catalysis,
and  energy  conversion/storage  [14−19].  Notably,  PDA,  as  a
biocompatible  material  with  low  cytotoxicity,  has  also  been
explored for biomedical applications such as cell encapsulation and
cell  surface  engineering,  where  the  biocompatibility  and  mild
polymerization  conditions  allow  conformal  coating  of  living  cells
and  biological  substrates  [20, 21].  For  example,  Choi  and  co-
workers  successfully  demonstrated  the  encapsulation  of  individual
living  cells  with  a  polymeric  film  by  first  coating  the  cell  surface
with PDA, followed by immobilization of a polymerization initiator
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and subsequent surface-initiated polymerization [22]. The resulting
polymer-coated  cells  exhibited  suppressed  cell-division  activities
and a prolonged lag phase.

PDA  also  exhibits  intriguing  photoactive  and  photoredox
properties  [23].  Especially,  the  broad  absorption  spectrum
extending from the UV to the near-infrared region enables PDA to
interact efficiently with visible light [24, 25]. For example, Meredith
and  co-workers  demonstrated  protonic  electrical  conductivity
arising  from  the  formation  of  semiquinone  radical  anion  (SQR)
species, whose concentration increases via proton-coupled electron
transfer (PCET) between QH2 and Q units (i.e., intraparticle PCET)
under  visible-light  irradiation  [26].  Stenzel  and  co-workers
employed  this  mechanism  to  explain  the  visible-light  photoredox
catalytic  activity  of  PDA  in  DMSO,  where  free-radical
polymerization  is  initiated  by  phenyl  radical  species  generated
through  single-electron  transfer  between  diphenyliodonium
(electron-accepting  co-initiator)  and  SQR  (electron  donor)
produced  via  intraparticle  PCET  [27].  Meanwhile,  we  reported
visible-light  photoredox  catalysis  of  PDA  (aq)  in  the  presence  of
triethanolamine  (TEOA,  electron-donating  co-initiator)  and
proposed that intermolecular PCET between the excited state of the
Q  moiety  and  TEOA  plays  a  key  role  in  initiating  free-radical
polymerization [28].

Despite  these  advances,  the  mechanism  of  visible  light-induced
photoredox  catalysis  of  PDA  remains  unclear,  and  further
systematic  investigations  are  still  required  to  comprehensively
understand it.  In this context,  elucidating the relationship between
its structure and photocatalytic activity will not only provide deeper
mechanistic  insight,  but  also  enable  the  development  of  more
efficient  PDA-based  photoredox  catalysts  with  broader  practical
applications,  such  as  synthetic  chemistry  and in  vivo
bioconjugation.  In  addition,  red-light  photoredox  catalysis  has
emerged  as  a  compelling  alternative  to  green-light  systems,  owing
to  its  reduced  phototoxicity  and  byproduct  formation,  enhanced
penetration depth, and wavelength-selective reactivity [29−32]. For
example,  red-light  irradiation  enabled  erythrocyte  surface  labeling
cells  in  whole  blood,  whereas  blue-light  irradiation  exhibited  poor
photoredox catalytic activity, due to limited penetration [31].

Herein,  we  synthesized  iodine-functionalized  PDAs  (IPDAs)
with  varying  iodine  contents  and  then  studied  their  photoredox
catalytic  performance  under  green- and  red-light  irradiation.  The
photocatalytic  activities  of  IPDAs  were  evaluated  through  free-
radical photopolymerization of acrylate monomers in the presence
of  TEOA  in  aqueous  solution.  The  radical  polymerization  was
employed  as  a  model  reaction  because  its  high  reactivity  and
pseudo-first-order  behavior  provide  an  ideal  platform  for  kinetic
modeling  and  mechanistic  studies  of  the  photoredox  catalysis.
Furthermore,  this  versatile  polymerization  strategy  is  applicable  to
intracellular  polymerization,  chemobiosensors,  single-cell
nanoencapsulation,  and  the  fabrication  of  biomedical  scaffolds  for
tissue engineering and drug delivery [33−36].

 2    Results and discussion

 2.1    Synthesis  and  characterization  of  iodinated
polydopamine (IPDA) particles
IPDAs  were  synthesized  by  post-polymerization  modification
(Fig.  1).  Initially,  PDA  was  prepared  by  dissolving  dopamine
hydrochloride  (100  mg,  0.53  mmol)  in  50  mL  of  a  pH  11  buffer

solution. Without employing additional reagents, the pH gradually
adjusted to approximately 8.5. After shaking at 100 rpm for 60 days,
the  resulting  solution  (30  mL,  corresponding  to  0.32  mmol  based
on  dopamine  hydrochloride)  was  subjected  to  iodination  by
treatment  with  N-iodosuccinimide  (NIS)  dissolved  in  DMSO
(30 mL) at room temperature for 24 h under an argon atmosphere
[37].  The  amount  of  NIS  was  varied  as  follows:  2  equiv.
(0.63 mmol) for I2PDA,  4  equiv.  (1.26 mmol) for I4PDA,  8  equiv.
(2.52 mmol) for I8PDA, and 15 equiv. (4.73 mmol) for I15PDA. The
solvents were removed under reduced pressure by lyophilization for
36  h.  The  resulting  powder  was  purified  with  ethanol  to  remove
unreacted  and  residual  species,  including  succinimide  derivatives
and  iodine-derived  species  generated  from  NIS.  Specifically,  the
powder  was  dispersed  in  ethanol  (6  mL)  by  vortexing  for  10  s,
followed  by  sonication  for  30  s.  The  suspension  was  then
centrifuged  at  1350  rpm  for  1  min,  and  the  supernatant  was
discarded. This washing procedure was repeated six times, and the
absence  of  residual  species  in  the  supernatant  was  confirmed  by
ultraviolet−visible  (UV−vis)  analysis.  For  example,  after  a  single
wash of crude I15PDA, the supernatant exhibited strong absorption
bands  in  the  250−550  nm  range,  attributable  to  succinimide  and
iodine derivatives (Fig. S1 in the Electronic Supplementary Material
(ESM)).  In  contrast,  these  characteristic  absorption  bands
disappeared  upon  six  washing  cycles.  After  lyophilization  of  the
precipitate, the purified IPDA was obtained as a black powder with
yields of 82 (±1) mg for I2PDA, 87 (±1) mg for I4PDA, 99 (±4) mg
for I8PDA,  and  105  (±1)  mg  for I15PDA based  on  three
independent syntheses.

While the precise structure of PDA remains under debate due to
its  inherent  complexity  and  characterization  challenges,  it  is
generally accepted that PDA is primarily composed of QH2, Q, and
dopamine  units  [7].  Thus,  IPDAs  were  carefully  characterized  by
UV–vis  spectrometry,  X-ray  photoelectron  spectroscopy  (XPS),
particle  size  analysis,  and  Fourier  transform  infrared  (FT-IR)
spectroscopy.  The  XPS  spectra  of  IPDAs  revealed  characteristic
iodine peaks at 631.8–632.8 eV for I 3d3/2, and 620.3‒621.2 eV for I
3d5/2 [38], which were absent in intact PDA (Fig. 2(a)). Furthermore,
deconvolution  analysis  exhibited  a  noticeably  higher  atomic
percentage of the I 3d signal for I15PDA indicating a greater iodine
content than that of I2PDA. For example, normalization of the I 3d
to C 1s atomic ratio showed that I15PDA contained approximately
4.4-fold more iodine than I2PDA (Fig S2 in the ESM). These results

 

Figure 1    Schematic depiction of the synthesis of IPDAs.
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confirm  the  successful  incorporation  of  iodine  into  the  PDA
structure.  Based  on  prior  literature,  we  assume  that  iodination
predominantly occurs at the C3 position of the indole moieties [39].
Furthermore, the amines derived from dopamine units participate in
non-covalent interactions (e.g., cation‒π interactions) within the PDA
framework  [8],  which  significantly  reduces  their  nucleophilicity.
Although  these  protonated  amines  can  be  deprotonated  under
alkaline  conditions  (pH > 10)  [8],  the  reactions  in  this  study were
conducted  at  pH  8.5,  where  the  amines  are  predominantly
protonated.  Consequently,  electrophilic  iodination  at  the  amine
sites  is  unlikely  to  occur.  We  further  hypothesize  that  undesired
iodinated  amine  species  promotes  disassembly  of  the  PDA
framework, leading to their removal during washing processes.

Dynamic  light  scattering  analysis  of  aqueous  IPDA  solutions
(0.025 w/v%) exhibited an inverse relationship between particle size
and  the  amount  of  NIS  added.  For  example,  the  mean  diameters
were 148 (±57) nm for I15PDA, 253 (±16) nm for I8PDA, 448 (±45)
nm for I4PDA,  594  (±112)  nm for I2PDA,  and  847  (±80)  nm for
intact  PDA  (Fig.  S3(a)  in  the  ESM).  We  suggest  that  iodination
disrupts the non-covalent interactions within PDA, as evidenced by
the  observed  decrease  in  particle  size  following  treatment  with
iodine (aq) (Fig. S3(b) in the ESM).

The  UV–vis  spectra  of  IPDAs  (aq)  showed  significantly
enhanced  absorption  intensity  across  the  entire  spectral  range
compared with intact PDA (aq) at equivalent concentrations.

Specifically, at a concentration of 0.011 w/v%, the absorbance of
intact  PDA  at  400  nm  was  0.13,  while  the  IPDAs  demonstrated
substantially  higher  values  exceeding  0.7  (Fig.  2(b)).  This
enhancement  is  presumably  attributed  to  iodination  of  the  PDA
structure.  For  IPDAs,  however,  the  absorption  intensity  above
400  nm  gradually  decreased  with  increasing  iodine  incorporation.
For example, at 550 nm, the absorbance values were 0.4 for I2PDA,
0.25 for I4PDA, and 0.1 for both I8PDA and I15PDA. Notably, this
trend contrasts with the observed photoredox catalytic activity. This
suggests  that  absorptivity  is  not  the  primary  determinant  of  the
catalytic  performance,  as  discussed  in  detail  below.  Furthermore,
the  FT-IR  spectrum  of I15PDA exhibited  characteristic  bands  of
PDA  at  3200–3500  cm−1 corresponding  to  O–H  and  N–H
stretching vibrations, 2846–2920 cm−1 attributed to C–H stretching
vibrations,  and  1475–1600  cm−1 assigned  to  N–H  bending  and
aromatic C=C stretching (Fig. S4 in the ESM) [40].

 2.2    Green- or red-light-induced photopolymerization
Photoinitiated,  free-radical  polymerization  was  employed  as  a
model reaction to evaluate the photoredox catalytic performance of
IPDAs  (aq.),  due  to  its  fast  and  well-defined  reaction  kinetics.
Oligo(ethylene  glycol)  methyl  ether  methacrylate  (OEGMA)  was
used  as  the  water-soluble,  biocompatible  monomer,  while  TEOA
served as both an electron donor and a co-initiator [41]. The free-
radical  photopolymerization  of  OEGMA  was  carried  out  under
green (520 ± 30 nm, 4.2 W·cm−2) or red light-emitting diode (LED)
(660  ±  30  nm,  5.9  W·cm−2)  irradiation  under  various  reaction
conditions,  including  different  atmospheres  and  concentrations  of
IPDAs. Calcium formate was employed as an internal standard for
1H NMR analysis, as the methyl proton signal of OEGMA partially
overlapped with the broad signals from the ethylene glycol moieties,
leading  to  an  underestimation  of  the  monomer  conversion.  The
presence  of  calcium  formate  had  a  negligible  effect  on  the
polymerization.

Under  green-light  irradiation for  1  h,  IPDAs exhibited superior
photoredox  catalytic  performance  relative  to  intact  PDA.  At  a
concentration of 0.022 w/v%, PDA achieved 69% ± 3.8% monomer
conversion  with  an  apparent  first-order  reaction  rate  (kapp)  of
0.1 × 10−4 s−1,  whereas IPDAs yielded ≥ 77% monomer conversion
(kapp ≥  3.0(±0.4)  ×  10−4 s−1)  (Table  1,  entries  1‒5,  Fig.  S5(a)  in  the
ESM)  under  identical  conditions.  Notably,  increasing  the  NIS
concentrations resulted in a progressive increase in both monomer
conversion  and kapp (Fig.  3(a)).  Accordingly, I15PDA showed  the
highest  catalytic  activity,  achieving  96%  ±  0.6%  of  monomer
conversion (kapp = 13(±0.3) × 10−4 s−1), outperforming I4PDA (89% ±
0.6%)  and I8PDA (93%  ±  0.1%)  (Table  1,  entries  3‒5).  Increasing
the  concentration  of I15PDA led  to  a  slight  acceleration  of
polymerization  (Fig.  3(b),  with kapp values  of  21(±1.4)  ×  10−4 s−1 at
0.066  w/v%,  24(±0.5)  ×  10−4 s−1 at  0.110  w/v%,  and  28(±0.5)  ×
10−4 s−1 at 0.154 w/v% (Table 1, entries 6‒8, Fig. S5(b) in the ESM).
However,  intact  PDA  did  not  reach  comparable  activity  even  at
higher concentration;  for example,  a  monomer conversion of  77%
±  1.5%  (kapp =  2.0(±0.7)  ×  10−4 s−1)  was  obtained  at  0.066  w/v%
(Table  1,  entry  9,  Fig.  S5(b)  in  the  ESM).  Control  experiments
confirmed that no polymerization occurred in the absence of either
the photocatalyst or light irradiation (Table 1, entries 10 and 11, Fig.
S5(c) in the ESM).

Under  red-light  irradiation,  IPDAs  exhibited  dramatically
increased  reactivity  compared  with  intact  PDA.  No  monomer
conversion  was  observed  for  intact  PDA  (0.066  w/v%), I2PDA

 

Figure 2    Characterization  of  IPDAs:  (a)  XPS  spectra  of  PDA, I2PDA,  and
I15PDA and (b) UV–vis spectra of PDA and IPDAs.
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(0.022 w/v%), or I4PDA (0.022 w/v%) even after 3 h of irradiation
(Table  1,  entries  12‒14, Fig.  3(c) and  Fig.  S6(a)  in  the  ESM).  In
contrast,  at  0.022  w/v%, I8PDA and I15PDA achieved  4%  ±  2.1%
(kapp ≤ 0.1 × 10−4 s−1) and 64% ± 5.6% (kapp = 0.1 × 10−4 s−1) monomer
conversion, respectively, after 3 h of irradiation (Table 1, entries 15
and  16, Fig.  3(c) and  Fig.  S6(a)  in  the  ESM).  Increasing  the
concentration  of I15PDA accelerated  polymerization;  however,  the
reactivity  reached  a  plateau  above  0.066  w/v%  (Fig.  3(d)).  For
instance, monomer conversions of 98% ± < 0.1% (kapp = 4(±0.4) ×
10−4 s−1) and 98% ± 0.6% (kapp = 5(±0.4) × 10−4 s−1) were obtained at
0.066  w/v%  and  0.154  w/v%,  respectively  (Table  1,  entries  17‒19,
Fig. S6(b) in the ESM). Decreasing the TEOA concentration slightly
reduced  the  polymerization  rate;  for  example,  30  mM  TEOA
afforded 95% ± 0.6% monomer conversion (kapp = 3(±0.2) × 10−4 s−1)
(Table 1, entries 17 and 20, Fig. S6(b) in the ESM). Negative control

experiments confirmed that no polymerization occurred after 12 h
of  irradiation  in  the  absence  of  either  IPDAs  or  TEOA  (Table  1,
entries  21  and  22,  Fig.  S6(c)  in  the  ESM).  Notably,  the  molecular
weights  of  PEGMA  exceeded  the  upper  calibration  limit  of  gel
permeation chromatography (GPC) (approximately Mn ≥ 767 kDa,
Ð =  2.94)  even  at  30%  monomer  conversion  (eluent:  DMF
containing 1% LiBr and PMMA standards) (Fig. S7 in the ESM).

We  further  examined  whether  the  iodine  sources  could  initiate
polymerization.  No monomer  conversion was  observed after  12  h
of red-light irradiation in solutions containing NIS (333 mM) or I2

(167  mM)  with  OEGMA  (500  mM),  either  in  the  absence  or
presence  of  TEOA  (50  mM).  Similarly,  no  monomer  conversion
was detected when these solutions were irradiated for 12 h, either in
the  presence  or  absence  of  PDA  (0.066  w/v%)  (Table  S1  in  the
ESM).  These  results  indicate  that  the  iodine  sources  alone  do  not

 

Table 1    Investigation of photoinitiated, free-radical polymerization of OEGMA with different IPDAs under various reaction conditions using green LED (520 ± 30 nm,
4.2 W·cm−2) or red LED (660 ± 30 nm, 5.9 W·cm−2) irradiationa

Entry Type of PDA Conc. (w/v%) [OEGMA]:[TEOA](mM) Conv.b,c(%) kapp
b,c(×10−4 s−1) Irrad.time (h) LED source Atm.

1 PDA 0.022 500:50 69 ± 3.8 0.1 ± < 0.1 1 Green Air

2 I2PDA 0.022 500:50 78 ± 1.0 3 ± 0.4 1 Green Air

3 I4PDA 0.022 500:50 89 ± 0.6 7 ± 0.6 1 Green Air

4 I8PDA 0.022 500:50 93 ± 0.1 11 ± 0.9 1 Green Air

5 I15PDA 0.022 500:50 96 ± 0.6 13 ± 0.3 1 Green Air

6 I15PDA 0.066 500:50 97 ± 0.6 21 ± 1.4 1 Green Air

7 I15PDA 0.110 500:50 98 ± 0.1 24 ± 0.5 1 Green Air

8 I15PDA 0.154 500:50 98 ± 0.1 28 ± 0.5 1 Green Air

9 PDA 0.066 500:50 77 ± 1.5 2 ± 0.7 1 Green Air
10 None 0 500:50 0 0 4 Green Air

11 I15PDA 0.066 500:50 0 0 12 None Air

12 PDA 0.066 500:50 0 0 12 Red Air

13 I2PDA 0.022 500:50 0 0 3 Red Air

14 I4PDA 0.022 500:50 0 0 3 Red Air

15 I8PDA 0.022 500:50 4 ± 2.1 < 0.1 3 Red Air

16 I15PDA 0.022 500:50 64 ± 5.6 0.1 ± < 0.1 3 Red Air

17 I15PDA 0.066 500:50 98 ± 0.1 4 ± 0.4 3 Red Air

18 I15PDA 0.110 500:50 98 ± 0.1 4 ± 0.4 3 Red Air

19 I15PDA 0.154 500:50 98 ± 0.6 5 ± 0.3 3 Red Air

20 I15PDA 0.066 500:30 95 ± 0.6 3 ± 0.2 3 Red Air

21 I15PDA 0.066 500:0 0 0 12 Red Air

22 None 0 500:50 0 0 12 Red Air

23 I15PDA 0.066 500:50 97 3.8 3 Red Ard

24 I15PDA 0.066 500:50 0 0 3 Red O2
d

aPhotopolymerization was typically conducted in a standard NMR tube sealed with a cap, containing 0.6 mL of H2O under aerobic conditions at room
temperature. bMonomer conversion (%) was determined by 1H NMR spectroscopy using calcium formate as an internal standard. kapp: apparent first-order
rate coefficient. cData were reported as mean ± standard deviation (n = 3). dA J-Young NMR tube equipped with a valve was used for reactions under Ar (g)
and O2 (g) atmospheres. TEOA: triethanolamine.
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initiate  polymerization  and  that  IPDAs  serve  as  the  active
initiator/photocatalyst under red-light irradiation.

Under  optimized  conditions,  we  conducted  the  photoredox
catalysis  of I15PDA under  different  atmospheres.  Under  an  argon
atmosphere,  the  photopolymerization  rate  was  comparable  to  that
under  ambient  conditions  (Table  1,  entries  17  and  23).  However,
under oxygen-rich conditions in a J-Young NMR tube, an induction
period was observed, with polymerization proceeding only after the
consumption  of  dissolved  O2 (Fig.  S8  in  the  ESM).  Notably,  no
monomer conversion was observed during 3 h of irradiation under
continuous  O2 purging  in  a  vial  (Table  1,  entry  24,  Fig.  S8  in  the
ESM). These results indicate that IPDA-based photoredox catalysis,
similar  to  that  of  PDA,  is  inhibited  by  molecular  oxygen  [28].
Moreover,  we  conducted  temporal  control  (on–off  light)
experiments under identical conditions to those in Table 1, entries 6
and 17. Considering the difference in reactivity under green and red
light,  irradiation  intervals  of  3  min  (green  light)  and  20  min  (red
light)  were  applied.  The  light  source  was  periodically  switched  on
and  off  until  the  monomer  conversion  exceeded  85%,  while  no
detectable  monomer conversion occurred during  the  dark  periods
(Fig.  S9  in  the  ESM).  These  results  demonstrate  that  this
polymerization  proceeds  with  precise  temporal  control  through
light-mediated activation and deactivation.

 2.3    Characterization of photopolymerization
To  further  characterize  the  photopolymerization  mediated  by
IPDAs, several key parameters were determined. First, the reaction
quantum  yield  (Φrxn)  was  measured  to  gain  mechanistic  insights
into  this  photoredox  process. Φrxn is  defined  as  the  number  of
products formed per photon absorbed at a given wavelength and is
calculated  as  follows: Φrxn =  (molproduct)/(photon  flux·t·f)  [42].  Here,
the  number  of  product  molecules  formed  was  determined  by 1H
NMR  spectroscopy,  the  photon  flux  was  measured  by  chemical
actinometry  using  Reinecke’s  salt  as  a  standard  for  660  nm

irradiation, t is the irradiation time for polymerization, and f is the
fraction  of  light  absorbed by  IPDA (see  the  ESM for  details)  [43].
The Φrxn value increased with increasing iodine content and IPDA
concentration  (Fig.  4(c)).  For  example,  under  the  red-light
irradiation, Φrxn values  of  42(±1)  and  47(±4)  were  obtained  for
I15PDA at  0.033  and  0.066  w/v%,  respectively,  while  a  value  of  26
(±1) was observed for I8PDA at 0.066 w/v% (Fig. S10 in the ESM).
Given  the  chain- propagating  nature  of  this  photoinitiated  free-
radical  polymerization, Φrxn values  greater  than  1  are  expected,
confirming the involvement of a chain process [44].

The  initiation  efficiency  (Φi)  of  IPDAs  was  also  determined,
where Φi is defined as the ratio of the initiation rate (Ri) to the rate
of light absorption (Ia) [42]. The Ri value was determined using the
inhibition  period  method  (see  the  ESM  for  details).  Briefly,  the
concentration  of  2,2,6,6-tetramethylpiperidine-1-oxyl  (TEMPO),
used  as  a  radical  inhibitor,  was  plotted  against  the  inhibition  time
(tinh)  [45].  A  linear  increase  in tinh with  increasing  TEMPO
concentration was observed (Fig. S11 in the ESM), and the Ri value
was calculated from the slope of the plot ([TEMPO])/tinh) (Fig. 4(a)).
Under red-light irradiation in the presence of TEOA (50 mM) and
OEGMA (500 mM), the Ri values were determined to be 1.3(±0.1)
×  10−8 M·s−1 for I15PDA at  0.033  w/v%,  3.1(±0.1)  ×  10−8 M·s−1 for
I15PDA at 0.066 w/v%, and 1.8(±0.1) × 10−8 M·s−1 for I8PDA at 0.066
w/v%  (Fig.  4(c)),  indicating  that  the  initiation  rate  increases  with
both iodine content and IPDA concentration.

The rate of light absorption (Ia) was determined using the Beer-
Lambert  law  [Ia = I0(1 − 10−A)],  where I0 is  the  incident  light  flux
(determined by  chemical  actinometry)  and A is  the  absorbance  of
IPDA (see the ESM for details) [42]. Under red-light irradiation, the
calculated Ia values  were  5.2(±0.3)  ×  10−7 M·s−1 for I15PDA
(0.033 w/v%),  8.6(±0.3) × 10−7 M·s−1 for I15PDA (0.066 w/v%),  and
8.3(±0.2) × 10−7 M·s−1 for I8PDA (0.066 w/v%). Consequently, the Φi

values  were  found  to  be  0.03(±0.002)  for I15PDA (0.033  w/v%),
0.04(±0.002) for I15PDA (0.066 w/v%), and 0.02(±0.001) for I8PDA

 

Figure 3    Photoredox catalytic activity as a function of photocatalyst type (IPDAs and PDA) and I15PDA concentration under (a) and (b) green-light irradiation and (c)
and (d) red-light irradiation.
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(0.066  w/v%).  These  relatively  low  initiation  efficiencies  limit  the
overall polymerization rate (Fig. 4(c)).

The  theoretical  degree  of  polymerization  (DP)  was  estimated
from  the  kinetic  chain  length,  defined  as  the  ratio  of  the
propagation rate (Rp) to the initiation rate (Ri) [46].  The Rp values,
determined  by 1H  NMR  spectroscopy,  increased  with  both  IPDA
concentration  and  iodine  content.  For  example, Rp reached  7.3
(±0.9) × 10−5 M·s−1 for I15PDA (0.033 w/v%), 14.1(±< 0.1) × 10−5 M·s−1

for I15PDA (0.066  w/v%),  and  8.7(±0.2)  ×  10−5 M·s−1 for I8PDA
(0.066  w/v%)  (Fig.  4(b)).  Accordingly,  the  calculated  kinetic  chain
lengths were 5615(±814), 4548(±150), and 4833(±290), respectively
(Fig.  4(c)).  These  results  are  consistent  with  the  general  principle
that  lower  initiator  rates  lead  to  higher  DP  in  free-radical
polymerization,  in  agreement  with  the  experimentally  observed
high molecular weights (Mn ≥ 767 kDa).

 2.4    Investigation of monomer scope
We  further  evaluated  the  photopolymerization  of  various  water-
soluble  monomers  to  assess  the  monomer  scope  using I15PDA
(0.066  w/v%)  in  the  presence  of  TEOA  under  the  optimized
conditions described in Table 1. Under green-light irradiation for 1
h, I15PDA afforded  >  90%  monomer  conversion  for  all  tested
monomers  (Figs.  S12(a)  and  S12(b)  in  the  ESM)).  For  example,
monomer conversions of 95% (kapp = 24 × 10−4 s−1) for 2-acrylamido-
2-methyl-1-propanesulfonate (AMPS), 92% (kapp = 18 × 10−4 s−1) for
N-isopropylacrylamide  (NIPAm),  91%  (kapp =  7  ×  10−4 s−1)  for  3-
sulfopropyl methacrylate (SPMA), and 94% (kapp = 6 × 10−4 s−1) for 2-
hydroxyethyl methacrylate (HEMA) were achieved (Table 2, entries
1‒4). In contrast, intact PDA afforded substantially lower monomer
conversions of 51% (kapp = 0.4 × 10−4 s−1) for AMPS, 10% (kapp = 0.2 ×
10−4 s−1)  for NIPAm, and 59% (kapp = 0.6 × 10−4 s−1)  for SPMA. For
HEMA, no detectable conversion was observed after 1 h, although
57% conversion was achieved after 4 h of irradiation.

Under  red-light  irradiation,  intact  PDA  exhibited  negligible
monomer  conversion  for  most  monomers.  In  contrast, I15PDA
afforded  appreciable  monomer  conversions,  although  lower  than
those  observed  under  green-light  irradiation  (Figs.  S12(c)  and

S12(d)).  Specifically, I15PDA achieved  monomer  conversions  of
35% (kapp = 0.4 × 10−4 s−1)  for AMPS, 23% (kapp = 0.2 × 10−4 s−1)  for

 

Figure 4    Comparison  of  kinetic  parameters  of I8PDA and I15PDA in  the  presence  of  TEOA  under  ambient  conditions:  (a)  plots  of  inhibition  time  versus  TEMPO
concentration,  (b)  correlation  of  propagation  rate  (Rp)  with  irradiation  time,  and  (c)  summary  of  the  experimentally  determined  values.  TEMPO:  2,2,6,6-
tetramethylpiperidine-1-oxyl, Ri: initiation rate, Ia: light absorption, Φi: initiation efficiency, and Φrxn: reaction quantum yield.

 

Table 2    Investigation  of  monomer  scope  in  the  I15PDA/TEOA  system  under
aerobic conditions with green- or red-light irradiationa

Entry Monomer PC Conv.b (%) Irrad.
time (h) LED source

1 AMPS
I15PDA 95 1 Green

PDA 51 1 Green

2 NIPAm
I15PDA 92 1 Green

PDA 10 1 Green

3 SPMA
I15PDA 91 1 Green

PDA 59 1 Green

4 HEMA

I15PDA 94 1 Green

PDA 0 1 Green
PDA 57 4 Green

5 AMPS
I15PDA 35 3 Red

PDA 0 3 Red

6 NIPAm
I15PDA 23 3 Red

PDA 0 3 Red

7 SPMA
I15PDA 24 3 Red

PDA 0 3 Red

8 HEMA

I15PDA 16 3 Red

I15PDA 85 12 Red

PDA 15 3 Red
PDA 46 12 Red

aPhotopolymerization was conducted in a standard NMR tube sealed with
a cap under aerobic conditions at room temperature. The reaction solution
consisted of I15PDA (0.066 w/v%) or PDA (0.066 w/v%), TEOA (50 mM),
and monomer (500 mM) dissolved in H2O (total volume: 0.6 mL).
bMonomer conversion (%) was determined by 1H NMR spectroscopy using
calcium formate as an internal standard. AMPS = 2-acrylamido-2-methyl-
1-propanesulfonate, NIPAm = N-isopropylacrylamide, SPMA = 3-
sulfopropyl methacrylate, and HEMA = 2-hydroxyethyl methacrylate.
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NIPAm, 24% (kapp = 0.2 × 10−4 s−1) for SPMA, and 16% (kapp = 0.2 ×
10−4 s−1)  for  HEMA  after  3  h  of  irradiation  (Table  2,  entries  5‒8).
Notably, for HEMA, intact PDA afforded 15% (kapp = 0.1 × 10−4 s−1)
and 46% (kapp = 0.2 × 10−4 s−1) monomer conversion after 3 and 12 h,
respectively, whereas I15PDA achieved 85% conversion (kapp = 0.5 ×
10−4 s−1)  after  12  h  (Table  2,  entry  8).  These  results  confirm  that
I15PDA exhibits  broad  monomer  compatibility  and  markedly
enhanced  photoredox  catalytic  performance  compared  with  intact
PDA under both green- and red-light irradiation.

 2.5    Photophysical and electrochemical characterizations
We assume that the higher reactivity of IPDA compared with intact
PDA  is  attributed  to  the  heavy-atom  effect.  This  photophysical
phenomenon arises from the presence of heavy atoms (e.g.,  iodine
and  iridium),  which  enhance  spin-orbit  coupling  and  thereby
increase  the  intersystem  crossing  (ISC)  between  the  singlet  and
triplet  excited  states  [47].  In  organic  photoredox  catalysis,  single-
electron transfer (SET)—a key step—between electron donors and
electron  acceptors  predominantly  proceeds  via  the  triplet  excited
state  [48].  Thus,  the  efficiency  of  ISC  plays  a  pivotal  role  in
determining  photoredox  catalytic  activity  [49].  To  support  this
hypothesis,  we  measured  the  phosphorescence  spectra  of  IPDAs
and  PDA  using  time-resolved  photoluminescence  spectroscopy
(FLS 1000, Edinburgh Instruments Ltd., UK) at 77 K. Notably, the
intensity  of  phosphorescence,  which  reflects  the  population  of  the
triplet  excited  state,  serves  as  a  useful  indicator  of  ISC  efficiency.
Figure  5(a) exhibits  the  phosphorescence  spectra  of  IPDAs  and
PDA  at  0.011  w/v%  in  water.  The  phosphorescence  maxima  (λp)
were observed at 546 nm for I15PDA,  544 nm for I8PDA,  532 nm
for I4PDA,  530  nm  for  both I2PDA and  PDA.  Increasing  iodine
content  resulted  in  a  slight  red  shift  of λp.  The  corresponding
lifetimes,  obtained  from  the  major  decay  components,  were  86
(±1.4)  ms  (57%)  for I15PDA,  96(±2.7)  ms  (59%)  for I8PDA,  92
(±2.4)  ms  (62%)  for I4PDA,  100(±3.3)  ms  (61%)  for I2PDA,  and
121(±5.9)  ms  (77%)  for  PDA (Fig.  5(b)).  These  long  lifetimes
confirm  that  the  observed  emissions  originate  from  phosphore-
scence [50]. In contrast, the fluorescence lifetimes of approximately
3 ns were observed as the major components for all samples (Table 3,
Fig. S13 in the ESM). Notably, the phosphorescence intensity at λp

increased progressively with iodine content in the order I15PDA >
I8PDA > I4PDA > I2PDA >  PDA.  For  example,  the  emission
intensity  of I15PDA at λp was  approximately  threefold  higher  than
that  of  PDA  and  about  twofold  higher  than  that  of I4PDA.

Similarly, I8PDA exhibited  approximately  twofold  higher  intensity
than  PDA  and  about  1.5-fold  higher  than I4PDA.  These  results
indicate that iodine incorporation enhances ISC efficiency, thereby
increasing  the  triplet-state  population  and  improving  photoredox
catalytic performance.

In  addition  to  the  heavy-atom  effect,  the  thermodynamics  and
 

Figure 5    (a)  Time-gated  phosphorescence  spectra  of  IPDAs  (0.011w/v%  in
H2O)  and  PDA  (0.011  w/v%  in  H2O)  at  77  K  with  a  delay  time  of  2  ms.  (b)
Phosphorescence  decay  profiles  of  IPDAs  and  PDA  at  77  K,  where  solid  lines
represent  the  best-fit  curves,  and  the  lower  gray  line  denotes  the  instrument
response function (IRF).

 

Table 3    Summary of photophysical and electrochemical properties of IPDAs and PDAa

I15PDA I8PDA I4PDA I2PDA PDA

λex,vis (nm)a 319 320 320 320 326

λF,vis (nm)a 500 469 466 461 459

τF (ns)a 3 (±0.1, 78%)
19 (±0.8, 22%)

3 (±0.1, 80%)
17 (±0.8, 20%)

3 (±0.1, 77%)
14 (±0.9, 23%)

3 (±0.1, 83%)
16 (±0.5, 17%)

3 (±0.1, 79%)
17 (±0.5, 21%)

λp (nm)a,b 546 544 532 530 530

τP (ms)a,b 13 (±0.2, 43%)
86 (±1.4, 57%)

13 (±0.4, 41%)
96 (±2.7, 59%)

13 (±0.4, 38%)
92 (±2.4, 62%)

14 (±0.5, 39%)
100 (±3.3, 61%)

21 (±1.4, 23%)
121 (±5.9, 77%)

ET1
0,0 (eV) 2.27 2.28 2.33 2.34 2.34

Ered
1/2 (V, SCE)c −0.99 −0.89 −0.80 −0.78 −0.68

ΔGPET (eV)d −0.42 −0.53 −0.67 −0.70 −0.80
aDetermined in 0.011 w/v% in H2O. bDetermined in cryogenic conditions. cDetermined in 0.022 w/v% in pH 11 buffer (aq). dΔGPET = −[E*red(IPDA*/IPDA•‒) −
Eox(TEOA•+/TEOA)], E*red(IPDA*/IPDA•−) = Ered(IPDA/IPDA•−) + E T1

0,0, and Eox(TEOA•+/TEOA) = 0.86 eV.
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ET1
0,0

ET1
0,0

kinetics  of  the  photoinduced  electron  transfer  (PET)  process  were
investigated  to  elucidate  the  superior  photoredox  catalytic
performance of I15PDA. Because IPDAs in this work act as electron
acceptors,  the  Gibbs  free  energy  change  for  the  PET  (ΔGPET)  was
determined  using  the  following  equation:  ΔGPET = −F
[E*red(IPDA/IPDA•−) – Eox(TEOA•+/TEOA)],  where E*red(IPDA/
IPDA•‒)  = Ered(IPDA/IPDA•−)  + .  Here, F is  the  Faraday
constant,  and  represents  the  triplet  excited-state  energy  of
IPDA,  estimated  from λp [48].  Furthermore,  linear  sweep
voltammetry  (LSV)  was  employed  to  determine  the  reduction
potentials  of  IPDAs  (see  the  ESM  for  details).  The  reduction
potentials  of  IPDAs and PDA showed a  decreasing  trend: I15PDA
(−0.99  V), I8PDA (−0.89  V), I4PDA (−0.80  V), I2PDA (−0.78  V),
and PDA (−0.68 V) in aqueous solution (Fig. S14 in the ESM). The
oxidation  potential  of  TEOA  was  measured  to  be  0.86  eV  in
aqueous  solution  [28].  The  triplet  excited-state  energies  of  IPDAs,
estimated  from  phosphorescence  spectra,  showed  a  slight  increase
with decreasing iodine content: I15PDA (2.27 eV), I8PDA (2.28 eV),
I4PDA (2.33 eV), I2PDA (2.34 eV), and PDA (2.34 eV) in aqueous
solution. Consequently, the ΔGPET values became less negative with
increasing  iodine  content:  PDA  (−0.80  eV), I2PDA (−0.70  eV),
I4PDA (−0.67  eV), I8PDA (−0.53  eV),  and I15PDA (−0.42  eV)
(Table  3).  These  results  indicate  that  the  thermodynamic  driving
force for PET follows the order: PDA > I2PDA > I4PDA > I8PDA >
I15PDA. From a kinetic perspective, Stern-Volmer analysis suggests
that  the  electron  transfer  between  IPDAs  and  TEOA  is  likely
diffusion-limited (Fig. S15 in the ESM), a common characteristic of
intermolecular  electron  transfer  processes  in  liquid  solution
[51, 52]. Consequently, the intrinsic electron-transfer kinetics cannot
be  decoupled  from  diffusion  and  are  therefore  not  considered
further.  Notably,  although I15PDA is  the  least  thermodynamically
favorable  for  PET  among  the  series,  it  exhibits  the  highest
photoredox catalytic activity. Additionally, because the absorptivity
above 500 nm decreases with increasing iodine content (Fig. 1(b)),
these  results  indicate  that  the  enhanced  performance  of I15PDA
arises primarily from the heavy-atom effect.

 2.6    Photobleaching of I15PDA
The  photobleaching  behavior  of I15PDA was  investigated  under
different  atmospheric  conditions  to  support  the  proposed
mechanism.  Photobleaching  was  quantified  by  monitoring  the
decrease  in  integrated  absorbance  over  time  within  the  relevant
spectral windows (490–550 nm for green light and 630–690 nm for
red  light),  using  0.033  w/v%  of I15PDA.  No  photobleaching  was
observed  in  the  dark  under  any  conditions.  Under  green-light
irradiation, the photobleaching rate followed the trend: oxygen-rich
> air > argon. For example, after 4 h of irradiation in the presence
of  TEOA,  photobleaching  reached  85%  under  oxygen-rich
conditions,  73% under  ambient  conditions,  and  19% under  argon
(Fig.  6(a)).  In the absence of  TEOA, photobleaching reached 67%,
55%, and 20% under oxygen-rich, ambient, and argon atmospheres,
respectively.  A  similar  trend  was  observed  under  red-light
irradiation, although the overall photobleaching rate was lower than
that  under  green-light  irradiation.  For  instance,  after  10  h  of
irradiation in the presence of TEOA, photobleaching reached 73%,
68%, and 18% under oxygen-rich, ambient, and argon atmospheres,
respectively  (Fig.  6(b)).  In  the  absence  of  TEOA,  photobleaching
reached  45%,  35%,  and  20%  for  oxygen-rich,  ambient,  and  argon
atmospheres,  respectively.  Overall, I15PDA exhibited  behavior
similar to that of PDA but with a higher photobleaching rate [28].

These  results  suggest  that  molecular  oxygen  promotes
photobleaching,  thereby  diminishing  the  photocatalytic  activity
of IPDA.

 2.7    Plausible mechanism
We suggest the following photoredox catalytic mechanism based on
these results (Fig. 7). Upon green- or red-light irradiation, the IPDA
chains,  consisting primarily  of  covalently  linked QH2 and Q units,
are  excited  to  the  singlet  excited  state, 1[Q/QH2]*.  This  species
subsequently  undergoes  intersystem  crossing  to  the  triplet  excited
state, 3[Q/QH2]*.  In the presence of TEOA as an electron donor, a
protonated  semiquinone  radical  (SQH)  is  produced  via
intermolecular  proton-coupled  electron  transfer  (PCET)  between
3[Q/QH2]* and TEOA, where the excited Q unit accepts an electron
from  TEOA.  The  resulting  SQH  species  rapidly  deprotonates  to
form a semiquinone radical anion (SQR), stabilized by the negative
charge  of  its  conjugate  base  [53].  Notably,  control  experiments
conducted  in  the  dark  indicate  that  although  SQR  can  also  be
formed  in  the  absence  of  light  [26],  it  does  not  effectively  initiate
radical  reactions  in  this  system.  The  SQR  species  subsequently
returns to the ground state [Q/QH2]  through SET, completing the

 

Figure 6    Photobleaching of I15PDA (0.033 w/v% in H2O) under (a) green- and
(b) red-light irradiation across different experimental conditions.
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intraparticle  process.  Concurrently,  the  oxidized  TEOA  forms  an
amino radical cation, which loses a proton to generate a reactive α-
amino  radical.  This  species  serves  as  the  primary  initiator  for  the
subsequent polymerization process.

 3    Conclusions
In  summary,  we  synthesized  iodine-functionalized  polydopamines
bearing  different  iodine  contents  and  systematically  investigated
their  visible-light  photoredox  catalytic  properties  in  aqueous
solution.  The  IPDAs  exhibited  substantially  higher  photocatalytic
activity  than  pristine  PDA  for  free-radical  photopolymerization
under  both green- and red-light  irradiation,  with I15PDA showing
the  best  overall  performance.  Notably,  whereas  pristine  PDA
displayed  negligible  activity  under  red  light, I15PDA enabled
efficient  polymerization,  highlighting  the  significant  impact  of
iodine  incorporation  on  the  photoredox  behavior  of  PDA.
Furthermore, I15PDA exhibited  photocatalytic  efficiency
comparable  to  that  of  eosin  Y,  a  representative  metal-free  organic
photoredox  catalyst.  Comprehensive  photophysical  and  kinetic
studies  suggest  that  the  enhanced  photocatalytic  activity  of  IPDAs
arises  primarily  from  the  heavy-atom  effect.  Time-resolved
phosphorescence  measurements  showed  a  progressive  increase  in
triplet-excited  state  emission  with  increasing  iodine  content,
suggesting  more  efficient  intersystem  crossing.  In  contrast,
thermodynamic  analysis  revealed  that  the  driving  force  for  PET
with  TEOA  became  less  favorable  as  iodine  content  increased.
Thus,  the  superior  activity  of I15PDA cannot  be  explained  by
electron-transfer  thermodynamics  alone.  Instead,  the  enhanced

performance is attributed primarily to the heavy-atom effect, which
increases  triplet-excited  state  population  and  thereby  promotes
photoredox  catalysis.  We  envision  that  this  work  provides  new
mechanistic  insights  into  the  structure-photoreactivity  relationship
of  PDA-based  photocatalysts  and  demonstrates  that  halogen
functionalization is an effective strategy for tuning their photoredox
performance. Given the mild aqueous conditions, broad monomer
scope,  and  ability  to  operate  under  red-light  irradiation,  IPDAs
represent  promising  metal-free  photoredox  catalysts  for
applications  in  polymer  synthesis,  bio-related  materials,  and  light-
mediated functional materials design.

 Electronic  Supplementary  Material: Supplementary  material
(characterizations, FT-IR spectra, 1H NMR spectra, kinetic analysis,
particle size analysis, LSV curves, and fluorescence decay curves) is
available  in  the  online  version  of  this  article  at https://doi.org/
10.26599/NR.2026.94908814.
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