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Abstract: Recyclability and energy efficiency are inevitable requirements in today´s synthetic materials, as well as functional
efficiency. Network polymeric phthalocyanines (NP-Pcs) are versatile molecular frameworks which widely utilized in
energy and electron transfer demanding applications, but light hasn´t played a role before in their “design and degradation”.
Herein, we introduce photodynamic dibenzazepine moiety into NP-Pcs to obtain degradable heterogeneous photocatalysts
(NP-ZnPc and NP-CoPc). Singlet oxygen generation efficiency of NP-ZnPc is found to be high, almost completely
quenching the absorbance of diphenylisobenzofuran (DPBF) within 30 s upon red light (λ = 630 nm) irradiation.
Supplementary reactions show that NP-ZnPc has the capability to oxidize methylphenyl sulfide with 100% yield in 4 h
reaction time. Subsequently, PET-RAFT polymerization of 2-hydroxyethyl methacrylate is successfully initiated by NP-
ZnPc in the presence of a chain transfer agent upon red light (λ = 647 nm) irradiation. The linearity in the increase in
molecular weight (14,400–21,200 g/mol) and the decrease in monomer concentration (ln([M]0/[M]t = 0.6–3.4) demonstrate
the living characteristic of PET-RAFT polymerization. Thanks to its heterogeneous nature, NP-ZnPc is readily recovered
and reused after polymerization up to three consecutive cycles without significant loss of performance. Notably, complete
degradation of NP-Pcs was achieved under 254 nm light irradiation.

Introduction

Recycling is a fundamental strategy for resource conservation,
waste reduction, and environmental sustainability, contribut-
ing to a circular economy by extending the lifecycle of
materials.[1,2] Recycling of traditional polymers is challenging
because their covalent bonds are irreversible and require
energy-intensive processes.[3] However, it is not only crucial
for traditional polymers but also for any synthesized material
to ensure sustainable resource utilization, cost-effectiveness,
and minimal environmental impact.[4] Dynamic covalent
bonds (DCBs) are reversible covalent bonds that can break
and reform under certain conditions, and they provide a

revolutionary solution to recyclability, offering enhanced
material durability, repairability, and re-processability.[5–8]

Photo dynamic covalent bonds (PDCBs), which are a subclass
of DCBs, utilize the light energy to trigger reversible bond for-
mation under mild conditions, significantly reducing energy
consumption in material processing.[9,10] The regulation of
chemical bonds through light exposure provides a high degree
of versatility in modulating specific material properties in
addition to precise spatial and temporal control.[11,12] Stilbene,
coumarin and anthracene are significant representatives of
PDCB and have the ability to give [2 + 2] and [4 + 4]
cycloaddition reactions under certain light irradiation.[13] The
photocycloaddition reactions proceed by excitation of the
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Figure 1. Reversible reaction of Dibenzazepine upon light irradiation
above or below 300 nm.

conjugated alkene from the ground state into the excited
singlet state, which is followed by intersystem crossing into
the triplet state. The population of the triplet state can be
increased by energy transfer from the excited photosensitizer
(PS).[14–16] Dibenzazepine (DBA) is an aromatic compound
that is commonly known for its biological activity[17,18] but
it is capable of [2 + 2] photocycloaddition reactions due to
the conjugated alkene in the structure.[19] It can undergo
photodimerization upon light irradiation above 300 nm,
resulting in cyclobutane ring while transforming to its original
form below 300 nm wavelength.[20–22] DBA can be function-
alized through its reactive secondary amine, and its dimeric
derivatives can serve as a precursor for the synthesis of
next-generation photodynamic macromolecules (Figure 1).

Heterogeneous photocatalysts (HPCs) are also strategic
partners for recyclability and energy efficiency.[23,24] They
play a crucial role in sustainable chemistry, energy con-
version, and environmental remediation as they can be
readily recovered from the reaction medium and activated
photochemically.[25,26] Although traditional inorganic semi-
conductors such as TiO2 and ZnO have been extensively
employed as HPCs, ongoing research focuses on developing
advanced strategies to diversify photocatalytic performance
and extend light absorption into the visible spectrum.[27,28]

The incorporation of convenient PSs into HPCs not only pro-
motes the utilization of harmless and environmentally benign
light sources, but also imparts distinctive functionalities.[29]

PSs can facilitate many chemical and biological transfor-
mations by generating reactive species through energy or
electron transfer to surrounding molecules.[30] The chal-
lenge lies in incorporating extended π -conjugated molecules
into chemical architectures, as well as in overcoming the
relatively low photon energy associated with the visible
spectral region. The construction of covalent organic frame-
works (COFs) and metal–organic frameworks (MOFs) is
frequently employed for this purpose, necessitating the
synthesis of multifunctional aromatic building blocks such
as BODIPY[31] and porphyrin[32] derivatives. Among those
structures, phthalocyanines (Pcs) stand out for their ability
to exhibit strong absorption in the near-infrared (NIR)
region, exceptional chemical and photochemical stability, and
efficient triplet state population.[33,34] Molecular Pcs bearing
multiple amine, hydroxyl, or anhydride substituents have
also been successfully employed as building blocks in the
synthesis of visible-light-responsive networks.[35,36] Neverthe-

less, despite their favorable photophysical and electronic
properties, encouraging the integration of molecular Pcs
into MOF and COF architectures has been confined owing
to challenges associated with their efficient synthesis and
derivatization.[37,38] Whereas mono-phthalonitrile derivatives
are utilized in the synthesis of molecular Pcs, under the
same conditions, bis-phthalonitrile derivatives constitute net-
work polymeric phthalocyanines (NP-Pcs) in which organic
structures serve as bridging units, significantly influencing
the material’s properties in conjunction with the central
metal atom.[39–43] NP-Pcs represent a contemporary frontier
in heterogeneous photocatalysis, offering more sustainable
synthesis opportunities, facile purification, versatile function-
ality and efficient recyclability.[44,45] Even though a number of
structures, including triethylene glycol,[46] spirobifluorene,[47]

and naphthalene,[48] have served as bridging units in the
construction of photocatalytic NP-Pcs, no photodynamic
group has been investigated for this purpose.

Herein, we leverage photodynamic chemistry for the
preparation of NP-Pcs as efficient degradable heterogeneous
photocatalysts. Bis-phthalonitrile derivative incorporating the
DBA dimer was synthesized through a light-induced [2 + 2]
cycloaddition reaction at 368 nm, and this molecule was
subsequently utilized as an organic bridge in the construction
of network polymeric zinc and cobalt phthalocyanines (NP-
ZnPc and NP-CoPc). The characterization of the NP-Pcs
was completed by FTIR, Raman, UV–vis, TGA, XPS, and
SEM measurements. Moreover, the soluble molecular Pcs,
which were synthesized from mono phthalonitrile derivative,
were also characterized by NMR and MALDI-TOF-MS to
support the structure of NP-Pcs. The versatile functionality
of the characterized photocatalysts was investigated under
red light irradiation (630 and 647 nm). The singlet oxygen
generation ability of NP-Pcs was evaluated by monitoring
the photoreaction of diphenylisobenzofuran (DBF) via UV–
vis spectroscopy. The formation of singlet oxygen has also
been demonstrated in the oxidation reaction of methylphenyl
sulfide, and the performance of photocatalysts has been tested
in different conditions. Furthermore, detailed investigations
have been conducted on the energy transfer properties of NP-
Pcs during the PET-RAFT polymerization of 2-hydroxyethyl
methacrylate (HEMA) monomer. Contribution with their
heterogeneous nature, NP-Pcs were recovered after the
polymerization and used up to three cycles without significant
loss of performance. Notably, the end-of-life stage of materials
has been achieved via the reversible nature of DBA, which
allowed the controlled degradation under 254 nm light
irradiation. This study constitutes the first reported example
of NP-Pcs employing light irradiation for their “design, use
and degradation”.

Results and Discussion

Synthesis and Characterization of Molecular Phthalocyanines

The study focuses on the preparation of NP-Pcs bearing
photodynamic DBA moiety in order to obtain degradable
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Figure 2. The synthesis scheme of a) molecular phthalocyanines and b) network polymeric phthalocyanines. i–iv) n-hexanol, DBU, zinc acetate or
cobalt (II) chloride, 160 °C, 4 h ii) Acetone, n-hexane, benzophenone, 368 nm, 5 h iii) DCM, 254 nm, 2 h.

heterogeneous photocatalysts. Molecular Pcs were synthe-
sized to evaluate the stability of DBA as a substituent and
optimize the reaction conditions. First, DBA-functionalized
phthalonitrile (DBA-Pht) was synthesized using 4-hydroxy
phthalonitrile and bromine-substituted DBA (DBA-Br) in
the presence of K2CO3 and DMF. Subsequently, the cyclote-
tramerization of the DBA-Pht was achieved in hexanol in the
presence of DBU and corresponding metal salts, affording
DBA-substituted phthalocyanines (DBA-ZnPc and DBA-
CoPc) (Figure 2a). In the FTIR spectra, the nitrile (C ≡ N)
stretching of DBA-Pht was observed at 2224 cm−1, and this
peak completely disappeared in DBA-ZnPc and DBA-CoPc.
Moreover, the spectra showed aromatic C–H, aliphatic C–H,
and C═O stretching at 3043 cm−1, 2932 cm−1, and 1663 cm−1,
respectively (Figures S1 and S2). While DBA-Pht does not
display Raman activity, DBA-ZnPc and DBA-CoPc exhibit
respective vibrations that support the characterization. The
different electronic configurations of metal atoms give rise
to vibrational frequency shifts for macrocycle C–N–C inter-
actions. While ZnPc exhibits weaker interaction for C–N–C,
CoPc has stronger metal–ligand orbital interactions, altering
electron density distribution.[49] Nitrile (C ≡ N) stretching
associated with the starting material was not observed, but
C–N–C vibrations belonging to the Pc core appeared at 1501
cm−1 and 1534 cm−1 for Zn and Co derivatives, confirming
effective cyclization reaction and influence of different metal

ions (Figure S3).[50] In the evaluation of 1H NMR spectra
of DBA-Br, DBA-Pht, and DBA-ZnPc, the characteristic
DBA double bond consistently appears at ∼7.04 ppm. While
aromatic protons of DBA were observed between 7.64 and
7.26 ppm (Figure S4), the phthalonitrile benzene appeared
at 8.02 and 7.72 ppm (Figure S5). The cyclotetramerization
of phthalonitrile into aromatic macrocyclic structure resulted
in the observed shifts of these signals to 8.96 and 8.47 ppm
(Figure S6). The characterization of DBA-Pht, DBA-ZnPc,
and DBA-CoPc was supported by mass spectroscopy. In
the MALDI-TOF-MS spectrum, exact mass values were
observed at m/z 433.42, 1798.56, and 1793.09, respectively
(Figure S9–S11). In addition, THF-SEC measurements were
performed for DBA-ZnPc and DBA-CoPc, which resulted in
uniform peaks. In particular, DBA-ZnPc exhibited a value
of 1798.1, which exactly aligns with the expected result
(Figure S12). UV–vis spectroscopy is a significant analytical
technique for confirming the formation and presence of
phthalocyanine derivatives. They have three characteristic
absorption bands: i) the Q band found at 650–750 nm in
the visible region, ii) the Q vibrational (Qvib) band at 610–
615 nm in the bluer region, and iii) the B (Soret) band
observed at 300–350 nm in the ultraviolet region.[51] The
UV–vis spectra of DBA-ZnPc exhibited these characteristic
Pc bands at 677, 611, and 352 nm. Blue shift was observed
for DBA-CoPc, and values were recorded as 665, 601,
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and 333 nm arising from the different central metal ions
(Figure S13).[52]

Dual Nature of Phthalonitrile-Substituted Dibenzazepine

The determination of the optimal reaction conditions for
the formation of NP-Pcs was followed by the synthesis of
their starting materials. DBA-Pht was irradiated at 368 nm
in the presence of benzophenone in acetone-hexane mixture,
and dimeric derivative Di-DBA-Pht was obtained (Figure 2a
and b). The dimerization was confirmed through detailed
analysis of proton (1H) and carbon (13C) NMR spec-
troscopy. The 1H NMR spectrum revealed the characteristic
cyclobutane protons at 3.80 ppm (Figure S14). Furthermore,
combined analysis of the 13C NMR and DEPT-135 spectra
established that the resonance at 47.87 ppm belongs to the
cyclobutane carbons (Figures S15 and S16). The structural
characterization was also validated by MALDI-TOF-MS
spectrometry, with the exact molecular mass recorded at m/z
866.27 (Figure S17).

Simultaneously, the reversible nature of DBA-Pht was
investigated by 1H NMR and UV-vis spectroscopy. Although
a minor variation at 294 nm was observed in the UV-vis
spectra due to spectral overlap with benzophenone during
the dimerization reaction (Figure 3a), the 1H NMR spectra
clearly demonstrated the disappearance of the double bond at
7.04 ppm and the simultaneous appearance of the cyclobutane
ring at 3.80 ppm (Figure 3b). The reversible reaction of
Di-DBA-Pht was carried out in DCM under 254 nm light
irradiation. Periodic sampling of the reaction mixture enabled
detailed monitoring through UV-vis spectroscopy and 1H
NMR spectroscopy in DMSO. The initial heterogeneous
mixture transitioned to a homogeneous solution, coinciding
with the reformation of DBA-Pht. While the signal at 294 nm
in the UV–vis spectrum increases dramatically (Figure 3c),
the initial 1H NMR spectrum of DBA-Pht was re-established
(Figure 3d). Such bidirectional monitoring provides com-
pelling evidence for the reversible photodynamic nature of
DBA-Pht.

Synthesis and Characterization of Network Polymeric
Phthalocyanines

After the successful synthesis of Di-DBA-Pht, NP-ZnPc, and
NP-CoPc were prepared with the same synthetic conditions
as molecular Pcs (Figure 2b). Due to their network struc-
tures, these materials are insoluble; hence, purification was
achieved by sequential washing with multiple solvents. The
characterization was achieved via solid-phase measurement
in comparison with their starting material Di-DBA-Pht. The
FTIR spectrum showed a characteristic C≡N stretching vibra-
tion at 2224 cm−1; notably, this peak completely disappeared
in the spectra of NP-ZnPc and NP-CoPc. Additional IR
absorptions corresponding to aromatic C–H, aliphatic C–
H, and C═O stretches were observed at 3043, 2932, and
1663 cm−1, respectively (Figure 4a). In contrast to the
DBA-Pht, the Di-DBA-Pht showed Raman activity, and the

characteristic nitrile stretching was observed at 2227 cm−1.
The complete disappearance of the nitrile peak is clearly
visible in the spectrum of NP-ZnPc and NP-CoPc. Moreover,
distinct Raman C–N-C stretching vibrations belonging to
NP-ZnPc and NP-CoPc were recorded at 1508 cm−1 and
1534 cm−1 (Figure 4b). All FTIR and Raman spectroscopic
analyses have clearly indicated that NP-Pcs are compatible
with the data of molecular Pcs. The absorbance spectra of
NP-Pcs were measured using solid-state UV–vis spectroscopy
(Figure 4c). The absorbance changes between 500 and 800 nm
prove the transformation of Di-DBA-Pht to NP-Pcs. UV–
vis spectra indicate that the synthesized NP-Pcs exhibit
substantial absorbance maxima at 358, 620, and 679 nm in the
ultraviolet and visible region, which belong to characteristic
bands of Pcs.

The thermal stability of Di-DBA-Pht, NP-ZnPc and NP-
CoPc was evaluated by thermogravimetric analysis (TGA)
in the temperature range of 22–600 °C (Figure 4d). The
decomposition temperatures of all investigated substances
exceed 350 °C. This thermal value is significant because Di-
DBA-Pht undergoes network formation at 160 °C. It shows
that the cyclobutane ring stayed stable in the network archi-
tecture, whereas it is able to undergo rapid photodegradation
under 254 nm light irradiation (Figure 3d). These findings
offer compelling evidence that the reaction inaccessible under
thermal conditions was achieved by photochemistry. All
materials display a single thermal degradation peak; how-
ever, NP-CoPc shows a lower decomposition temperature
(354.8 °C) compared to Di-DBA-Pht (380.4 °C) and NP-ZnPc
(383.3 °C). This difference is attributed to the redox-active
nature of cobalt, which reduces thermal stability at elevated
temperatures.[53] Additionally, char yields were determined,
representing the residual mass percentage after heating to
600 °C. Nearly complete degradation was observed for Di-
DBA-Pht (6%), whereas approximately 40% of the NP-Pcs
remained stable. This shows the superior thermal durability
of the NP-Pcs (Table S1).

X-ray photoelectron spectroscopy (XPS) analyses were
systematically conducted on Di-DBA-Pht and NP-Pcs to
provide detailed insights into their elemental composition
and the chemical environment of the different elements.
The XPS survey spectra distinctly illustrated the elemen-
tal compositions of the network structures (Figure 4e).
Detailed investigation of the high-resolution N 1 s spectra
revealed notable differences between Di-DBA-Pht and NP-
Pcs (Figure 4f). Di-DBA-Pht exhibited a singular peak at
399.7 eV, indicating nitrogen atoms in amide (N–C═O)
and nitrile (C≡N) environments. However, the NP-Pcs
displayed two clearly distinguishable nitrogen-related signals
at 400.1 and 398.5 eV. To accurately assign these observed
peaks, comparative XPS measurements were performed on
standard references: unsubstituted metal-free phthalocyanine
(H2Pc) as well as ZnPc and CoPc. Reference data indicated
two distinct peaks for the H2Pc, whereas both ZnPc and
CoPc exhibited a single consolidated peak at approximately
398.9 eV. These results suggest that both the pyrrolic and
bridging nitrogen atoms are equally influenced by the pres-
ence of the metal center, which leads to only one binding
energy. Based on these findings, the peak at 398.5 eV in the
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Figure 3. The spectroscopic evaluation of the reversible nature of DBA-Pht in DMSO a) UV–vis screening of dimerization upon 368 nm light exposure
b) 1H NMR changes of dimerization c) UV–vis screening of cleavage upon 254 nm light exposure d) 1H NMR changes of cleavage.

NP-Pcs can be attributed to the Pcs nitrogen atoms, while
the other at 400.1 eV corresponds to the nitrogen atoms
of the DBA units. Analysis of the C 1 s spectra further
supported the structural assignments, showing four distinct
carbon environments. The peak at 285.0 eV corresponded to
C–C, C–H, and C═C carbon atoms, reflecting their dominance
within the molecular structure. Signals at 286.5 eV are
attributed to C–O and C–N, while a higher binding energy at
287.9 eV was associated with strongly electron-withdrawing
functionalities: C═O, C═N, and C≡N groups. In addition, the
π→π* transition, which is the characteristic excitation peak
for aromatic structures, was detected at 291.6 eV as a broad,
weak signal (Figure S18a). Complementary O 1 s spectra val-
idated these species attributions, identifying distinct oxygen
environments at 532.9 eV (C–O functionality) and 531.3 eV
(C═O functionality) (Figure S18b). The determination of
the binding energies of zinc (Zn) and cobalt (Co) is crucial
to demonstrate that Zn and Co metal ions coordinate to
the Pc donor atoms and form extended two- or 3D NP-Pc
architectures. Zn displayed its distinctive 2p dublet at 1021.6
and 1044.3 eV, corresponding to Zn 2p3/2 and Zn 2p1/2 states,
while Co was confirmed via photoelectron lines at binding
energies of 780.8 eV and 796.5 eV for the respective (Co 2p3/2)
and (Co 2p1/2) states (Figure S18c, S18d). These results align

closely with literature values, reinforcing the compositional
interpretation of the NP-Pcs.[54–56] SEM analysis of NP-Pcs
reveals heterogeneous, porous morphologies with intercon-
nected domains, reflecting the extended network structure.
[46,57] The SEM images of NP-ZnPc and NP-CoPc exhibit
irregular aggregates with a fibrous texture, consistent with
network formation (Figure 4g and h).

Singlet Oxygen Generation Efficiency

DBA unit in the present concept is incorporated as a
covalently linked DBA dimer within a network architecture,
rather than as an isolated, conjugated chromophore. In this
configuration, the DBA dimer functions as a rigid, non-
conjugated bridge connecting Pcs units via flexible aliphatic
spacers and ester linkages. This structural motif limits elec-
tronic communication between the DBA dimer and the Pc
macrocycles. Moreover, the low-lying triplet excited state
of the Pc core lies significantly below the excited-state
energies expected for DBA-based aromatic amines, rendering
triplet energy transfer from the Pc to the DBA dimer
thermodynamically unfavorable.[58,59] Therefore, the DBA
dimer bridge primarily serves as a structural and degradable
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Figure 4. a) FT-IR spectra b) Raman spectra c) Solid state UV–vis spectra d) TGA curves e) XPS survey spectra f) N 1 s XPS spectra of Di-DBA-Pht,
NP-ZnPc, and NP-CoPc g) SEM image of NP-ZnPc h) SEM image of NP-CoPc.

linker, while photocatalytic activity is dominated by the Pc
units.

Pcs are well-known for their efficient intersystem crossing,
attributed to their highly conjugated aromatic framework,
and the presence of heavy metal centers.[60] Upon excitation
to the triplet state, these compounds can facilitate the
generation of reactive singlet oxygen species from molecular
oxygen, enabling versatile ability in many applications such as
photodynamic therapy against cancer cells[61] and pathogenic
microorganisms,[62] as well as organic transformations[63]

(Figure 5a). The singlet oxygen generation capability of NP-
ZnPc and NP-CoPc was evaluated in DMF via UV–vis
spectroscopy using DPBF as a chemical quencher. DPBF
undergoes a structural transformation upon reaction with
singlet oxygen, resulting in a progressive decrease in its
absorbance around 415 nm. It is known that the rate of the
decrease is directly correlated with the efficiency of singlet
oxygen production. NP-ZnPc and NP-CoPc (0.5 mg/mL)
were mixed with an equal amount of DPBF (∼1.3 a.u.) and
sonicated to ensure dispersion. The samples were irradiated

with red light (630 nm, 4.72 mW/cm2) at short time intervals,
and the absorbance changes were monitored (Figure S19a
and b). While both NP-Pcs demonstrated singlet oxygen
generation, NP-ZnPc exhibited a markedly higher efficiency,
leading to a rapid quenching of DBF absorbance (from
1.3 a.u. to 0.2 a.u. in 30 s). It is also observed that there is
no change in the characteristic Q-band (∼680 nm) of the NP-
Pcs. This shows that the NP-Pcs indicated good photostability
and structural integrity under these conditions.

Sulfoxides are widely applied in organic synthesis
and bioactive ingredients in the pharmaceutical industry.
Although plenty of protocols have been developed for the
efficient synthesis of sulfoxides from sulfides, aerobic photo-
oxidation is the most straightforward and green pathway
because it utilizes light energy and oxygen instead of
expensive or toxic materials.[64] Owing to its high energy
and absence of spin restriction, singlet oxygen is recognized
as a powerful tool for oxidation of sulfides.[65] In the
supporting experiments, the production of singlet oxygen via
NP-Pcs has been confirmed through an oxidation reaction
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Figure 5. Simplified functionality mechanism of NP-Pcs a) Aerobic Photo-oxidation b) PET-RAFT polymerization.

Table 1: Different conditions for photo-oxidation of methylphenyl sulfide.

Entrya) Catalyst Solvent
Time
(h)

Convb)

(%)

1 NP-CoPc MeCN / MeOH (1:1) 7 0
2 NP-CoPc MeCN / MeOH (1:1) 24 0
3 NP-ZnPc MeCN / MeOH (1:1) 18 36
4 NP-ZnPc MeCN / MeOH (1:1) 24 59
5 NP-ZnPc MeCN 17 0
6 NP-ZnPc MeCN 24 0
7 NP-ZnPc DMSO 6 13
8 NP-ZnPc DMSO 24 60
9 NP-ZnPc MeOH 9 21
10 NP-ZnPc MeOH 24 59
11 NP-ZnPc MeOH 2 79c)

12 NP-ZnPc MeOH 4 100c)

a) Conditions: Methylphenyl sulfide (0.5 mmol) catalyst (5 mg) in 4 mL
solvent with O2 atmosphere under 630 nm red light irradiation
(4.72 mW/cm2) at room temperature. b) Determined by 1H NMR.
c) under 647 nm red light irradiation (12.94 mW/cm2).

of methylphenyl sulfide under red light irradiation. The effi-
ciency of oxidation was monitored by 1H NMR spectroscopy
(Figure S20). The reaction yields of NP-ZnPc and NP-CoPc
are summarized in Table 1 for different solvents, times,

and light intensity. 100% efficiency was achieved with NP-
ZnPc in methanol, whereas no conversion was observed for
NP-CoPc. NP-ZnPc has reached roughly similar yields in
many solvents except acetonitrile, which has relatively low
oxygen solubility compared to MeOH or DMSO and a much
shorter singlet oxygen lifetime.[66] The superior performance
of NP-ZnPc can be attributed to its diamagnetic nature,
which facilitates intersystem crossing and stabilizes the triplet
state population, whereas the paramagnetic NP-CoPc tends
to quench excited states more rapidly, reducing its triplet
sensitization efficiency.[67]

PET-RAFT Polymerization Initiated by Network Polymeric
Phthalocyanines

Pcs are also famous photosensitizers capable of initiating
polymerization reactions by transferring their excited-state
energy to neighboring molecules. In the presence of a
chain transfer agent (CTA), initiation can be controlled
to achieve well-defined polymers with narrow molecular
weight distributions (Figure 5b).[68,69] Photoinduced electron
or energy transfer reversible addition fragmentation chain
transfer (PET-RAFT) is a photocontrolled polymerization
technique that frequently employs thiocarbonylthio com-
pounds as CTAs.[70] Within the study, we investigated the
polymerization of 2-hydroxyethyl methacrylate (HEMA) in
the presence of NP-Pcs using a trithiocarbonate derivative
as CTA upon red-light exposure (647 nm, 12.94 mW/cm2).
DMSO was employed as a solvent to facilitate the effi-
cient dispersion of the heterogeneous catalysts. While 96%
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Figure 6. Kinetic evaluation of PET-RAFT polymerization of HEMA under red light irradiation (647 nm, 12.94 mW/cm2) a) Number-average molar
mass (Mn,SEC) and molar mass dispersity (Ð) as a function of monomer conversion b) In situ SEC traces of the resulting polymers during PET-RAFT
polymerization of HEMA c) Evolution of ln([M]0/[M]t) as a function of time d) Recycling performance of NP-ZnPc as a heterogeneous photocatalyst
over multiple cycles.

monomer conversion was achieved within 10 h in the presence
of the NP-ZnPc, by contrast, no polymer formation was
detected in control experiments either in the absence of
photocatalyst (blank) or in the presence of NP-CoPc. It shows
that NP-ZnPc is actually an efficient photocatalyst for PET-
RAFT while NP-CoPc is essentially “dark” for this purpose.
These findings are consistent with the results obtained for
singlet oxygen generation and collectively substantiate the
efficiency of triplet-state energy transfer. Strong contrast
in activity between NP-ZnPc and NP-CoPc highlights the
critical role of the central metal ion in modulating the
photophysical properties of the macrocycle structures.

The PET-RAFT polymerization kinetics of NP-ZnPc
(4.2 mg) were investigated under constant reaction conditions
with an initial ratio of [HEMA]0/[TTC]0 = 113/1 (Figure S21).
While monomer conversion of 45% was achieved in 2 h, it
reached to 96% end of the 10 h reaction time. Over this
period, the number-average molecular weight (Mn) increased
linearly from 14400 to 21200 g·mol−1, whereas the molecular
weight distribution remained constant (Ð = ∼1.15), which
strongly indicates the features of a living nature of PET-
RAFT polymerization (Figure 6a and b). The instantaneous
change in monomer concentration was further evaluated by

semi-logarithmic analysis (Figure 6c). A linear correlation of
ln([M]0/[M]t) with irradiation time (t) was observed, corre-
sponding to first-order kinetics with an apparent rate constant
of kapp (647 nm) = 0.34 h−1. Another distinctive characteristic
of NP-Pcs is their heterogeneous nature. Unlike homoge-
neous photocatalysts, they are insoluble, resist photolysis, and
therefore, they are environmentally friendly molecules that
can be recovered and reused. To assess their recyclability,
PET-RAFT polymerizations were performed with NP-ZnPc
until three consecutive cycles (Figure 6d). Although a slight
reduction in monomer conversion was observed after the first
cycle, subsequent cycles showed high performance (∼75%
conversion) together with the consistent dispersity values
(∼1.15). Notably, post characterization data of the recycled
NP-ZnPc provides strong evidence for the structural integrity
and sustainable catalytic activity (Figure S22).

Photodegradation of Network Polymeric Phthalocyanines

Following confirmation of their functionality, the final step
involves investigating the photodegradation behavior of the
NP-Pcs. This step is essential, as although DBA contributes

Angew. Chem. Int. Ed. 2026, e23011 (8 of 12) © 2026 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 7. a) Proposed photodegradation path of network polymeric phthalocyanines b) absorbance changes of NP-ZnPc c) absorbance changes of
NP-CoPc under 254 nm light irradiation in DMSO.

additional characteristics to the network—such as aromaticity
and the heteroatoms—its primary role is to provide degrad-
ability to the NP-Pcs. Experimental investigations on the
reversible behavior of Di-DBA-Pht have demonstrated that
irradiation with 254 nm light provides successful cleavage
of the cyclobutane ring, regenerating the conjugated alkene
bonds (Figure 3c and d). Therefore, it is expected that
exposure of the NP-Pcs to the same irradiation leads to the
dissociation of molecular Pcs and subsequent degradation
(Figure 7a). For this purpose, 0.5 mg/mL NP-Pcs suspensions
in DMSO were dispersed in ultrasonic bath for 5 min and
exposed to 254 nm light irradiation. All changes were moni-
tored via visual observations, UV–vis, MALDI-TOF-MS, and
1H NMR spectroscopy. The heterogeneity in both networks
was replaced by homogeneity over time, and all solid particles
were dissolved. In the case of the NP-ZnPc, dissociation was
observed within the first 20 min, and absorbance reached

a maximum value (3.2 a.u.). Subsequently, degradation has
begun and is followed by a loss of characteristic Pc color
and a sharp decrease in absorbance (Figure 7b). However,
NP-CoPc exhibited a slower degradation in comparison
with NP-ZnPc. Absorbance value gradually increased until
reaching a maximum of 5.2 a.u. in 60 min, while protecting its
color. Degradation commenced after this point, as evidenced
by a subsequent decrease in absorbance (Figure 7c). The com-
paratively slower degradation of the cobalt derivative can be
derived from the redox-active nature, which can interact with
photogenerated radicals or excited states, thereby quenching
active species and delaying the degradation process. [71] As
a further consideration, MALDI-TOF-MS and 1H NMR
spectroscopy were performed at 20 min of irradiation for NP-
ZnPc, and 60 min for NP-CoPc. In the MALDI-TOF-MS
spectra, signals corresponding to DBA-ZnPc and DBA-CoPc
were detected at m/z 1802 [M + 4H]+ and 1795 [M + 2H]+,
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respectively. Consistently, the 1H NMR spectra revealed
the reappearance of the characteristic DBA double bond
at 7.02 ppm, along with the expected aromatic resonances,
confirming the reversible reaction of photodynamic linkage
(Figure S23).

Conclusion

In this study, dibenzazepine (DBA) photodynamic molecule
was incorporated into a NP-Pc to obtain degradable hetero-
geneous photocatalyst. First, DBA-substituted phthalonitrile
(DBA-Pht) was synthesized and utilized in the synthesis of
molecular zinc and cobalt phthalocyanines (DBA-ZnPc and
DBA-CoPc) to validate the compatibility of DBA substituent
on the Pc structure. Then, Dimer of the DBA-Pht (Di-DBA-
Pht) was synthesized through [2 + 2] photocycloaddition
reaction under 368 nm light irradiation. TGA revealed that
Di-DBA-Pht exhibits remarkable thermal stability up to
high temperatures (380.4 °C), while demonstrating reversible
photochemical cleavage under 254 nm light irradiation.
Accordingly, the preparation of NP-ZnPc and NP-CoPc
has been achieved by subjecting the dimer to the reaction
conditions previously optimized for molecular Pcs. FTIR
and Raman analyses confirmed the successful conversion
of nitrile functionalities into imine bonds, and the charac-
teristic Q-band at 679 nm in the UV–vis spectra indicated
successful cyclotetramerization. XPS survey scans supported
the elemental composition (C, N, O, Zn, or Co) of the
structures and notably identified distinct nitrogen binding
energies associated with the DBA (400.1 eV) and the Pc
core (398.4 eV). Following structural characterization, the
photoactivity of the NP-Pcs was evaluated through singlet
oxygen generation and photopolymerization experiments.
Bleaching of DPBF was followed by UV–vis spectroscopy,
indicating singlet oxygen production upon red light (λ =
630 nm) irradiation. In particular, NP-ZnPc almost com-
pletely quenched the DPBF absorbance within 30 s, consistent
with the high efficiency reported for zinc Pcs in the
literature. The singlet oxygen-generating ability was also
tested in the oxidation of sulfides. Methylphenyl sulfide
was successfully converted to the corresponding sulfoxide
derivative through NP-ZnPc with 100% yields in methanol.
NP-ZnPc further demonstrated its superior performance in
photoinduced electron/energy transfer-reversible addition–
fragmentation chain transfer (PET-RAFT) polymerization
under red-light irradiation (λ = 647 nm). In the presence
of a chain transfer agent, the polymerization reached 96%
conversion of 2-hydroxyethyl methacrylate within 10 h,
affording poly(2-hydroxyethyl methacrylate) with a number-
average molecular weight of 21,200 g mol−1 and a narrow
molecular weight distribution (Ð) value of 1.15. Kinetic
analysis at 2 h intervals revealed that a linear increase in
molecular weight (14400–21200 g/mol) and a steady decrease
in monomer concentration (ln([M]0/[M]t = 0.6–3.4) reflected
the living characteristics of PET-RAFT polymerization. After
polymerization reactions, the heterogeneous NP-ZnPc was
recovered and reused for up to three consecutive cycles. The

negligible decline after the first cycle was followed by an
average of ∼75% monomer conversion together with the
consistent dispersity values (∼1.15). The emerging concept of
material science, functionality is no longer sufficient; beyond
performance and recyclability, the end-of-life of materials
has also become critical for achieving more sustainability.
The reversible nature of the DBA enabled the degradation
opportunity of the NP-Pcs upon exposure to 254 nm light
irradiation in DMSO. Whereas the NP-ZnPc undergoes
complete degradation within 80 min, NP-CoPc exhibits a
slower degradation profile. The completion of the “design-
use-degradation” cycle not only makes this study more
sustainable in terms of the material design, but also shows
that it contains an environmentally friendly approach by
utilizing light energy, reusable, and degradable heterogeneous
photocatalysts. We believe that this work can serve as a
conceptual and practical milestone in the development of a
new generation functional and degradable macromolecules
leveraging photodynamic chemistry.
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