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Due to the rapid growth of urbanization and intensive indus-
trialization, pollution has evolved into a serious concern that
produces a great negative impact on human health and the
environment."” Therefore, many efforts are currently devoted to
addressing environmental remediation through the degrada-
tion and removal of hazardous contaminants.>” In this regard,
photocatalysis has been identified as a suitable approach for
environmental remediation given that it is an energy efficient
technique that does not require chemical input and does not
produce sludge residue.® In recent years, organic semi-
conducting polymers have evolved into a new type of metal-free
and heterogeneous photocatalyst suitable for solar-energy
utilization.” The modularity of organic polymers allows the
efficient tunning of their electronic and optical properties by
bottom-up organic synthesis through the choice of suitable
monomeric building blocks.**® Within this context, there is
a growing demand for new organic polymeric semiconductors
carefully designed to have suitable energy levels of the frontier
orbitals, an appropriate bandgap and good intrinsic charge
mobility.**

For the design of suitable polymeric semiconductors for
photocatalysis, it is not only important that the photocatalysts
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absorb light in the visible light range but also an efficient
dissociation of the photogenerated charge carriers is required.
The combination of electron-poor acceptor (A) and electron-rich
donor (D) moieties in the polymer structure may prevent a fast
recombination process following photoexcitation.** In addition,
it has been found that polymers networks bearing conjugated
moieties may exhibit w-stacked columns that can facilitate
charge transport.”

In this respect, molecular and polymeric materials based on
the combination of oligothiophene'*'* and naphthalimide
moieties'>"” connected through conjugated linkers have shown
to be very effective in order to efficiently tune their frontier
orbital levels and produce tunable organic semiconductors with
good charge transport properties.'®>* As an example, in Fig. 1 is
depicted the structure of NIP-3T, an ambipolar organic semi-
conductor, for which the one-electron HOMO-LUMO excitation
consists of the displacement of the electron density from the
HOMO, primarily localized on the oligothiophene fragment, to
the LUMO, localized on the naphthalimide unit.>
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Fig. 1 (a) Monomer containing an electron donor terthiophene
system directly conjugated with an electron acceptor naphthalimide
moiety through a conjugated pyrazine linker (NIP-3T). (b) HOMO and
(c) LUMO computed orbital topologies for NIP-3T.2®
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Scheme 1 Schematic representation of the synthesis of NIP3T-ANW.

Among conjugated polymers, poly(azomethine)s have found
application as organic semiconductors in heterogeneous pho-
tocatalysis because of their m-conjugated system and suitable
band levels matching the redox window of water.>® The incor-
poration of D-A monomeric assemblies into poly(azomethine)
networks represents an efficient strategy to obtain ambipolar
polymeric networks with tunable frontier orbital levels for
photocatalytic applications. Thus, in this communication we
report the synthesis of a novel donor-acceptor poly(-
azomethine) network (NIP3T-ANW, Scheme 1) based on NIP-3T
monomers. The potential of this system as photodegrading
agent for the elimination of contaminant organic dyes in
aqueous media is also explored.

The synthesis of the macromolecular poly(azomethine)
network NIP3T-ANW is acomplished through Schiff-base reac-
tions between trigonal monomers endowed with amine func-
tionalities (TAPB,” Scheme 1) and linear naphthalimide-
thiophene-based monomers endowed with complementary
aldehyde functional groups (NIP3T2CHO,* Scheme 1). Typi-
cally, both monomers were dissolved in an o-dichlorobenzene/
n-butanol/acetic acid (1:1:0.1) mixture, which was then
heated at 120 °C under solvothermal reaction conditions for
72 h. A black solid was obtained which was insoluble in
common solvents such as water, acetone, THF, toluene or
chlorinated solvents like dichloromethane or chloroform. The
obtained solid was washed several times with THF to remove
the starting materials and low-molecular weight by-products.
After drying under vacuum, a black solid was obtained. The
yield, as determined by weight, was 98%.

To investigate the chemical nature of the material, as well as
to determine the conversion of the functional groups after the
reaction, we have employed attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectroscopy (Fig. 2). The bands
arising from the NH, stretching (3000-3400 cm ') and NH,
deformation (1650 cm ™ ') vibrations of the primary amine group
of TAPB and the signals from the aldehyde groups of
NIP3T2CHO around 2870 (C-H stretching) and 1663 cm™ ' (C=
O stretching) are virtually absent in the NIP3T-ANW spectrum.
In addition, a prominent new band is found at 1573 cm™*,
which can be assigned to the C=N stretching vibration of the
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Fig.2 (a) IR spectra of NIP3T2CHO (blue), TAPB (red) and NIP3T-ANW
(black). (b) Solid-state 3C CP-MAS NMR spectrum of NIP3T-ANW.

imine linkages within the newly formed poly(azomethine)
network.?*-°

Solid-state '*C cross-polarization magic angle spinning NMR
(**C CP-MAS NMR) spectrum (Fig. 2) reveals the characteristic
imide signals of the 1,8-naphthalimide moiety at 164.4 ppm, as
well as the signal corresponding to the imine carbon at 154 ppm
and a signal at 148 ppm which can be assigned to the aromatic
carbon neighbouring the nitrogen of the C=N group. The
absence of the sp” carbons from the NIP3T2CHO ** aldehyde
functionalities above 180 ppm satisfactorily confirms the
condensation between the aldehyde and the amine derivatives.

Due to the rigidity and geometry of the building blocks, the
imine linkers could be ideally generated in such a way that
result in a canonical layered hexagonal structure® as predicted
by theoretical calculations (Fig. S1 and S21). However, in the
actual framework, X-ray diffraction (XRD) measurements indi-
cate that the material is mainly amorphous with only some
ordered regions, as indicated by the good agreement between
the weak and broad diffraction peaks observed at 26 values
larger than 3 and those predicted by calculations for the ideal
canonical layered hexagonal structure (Fig. S3t). In this regard,
NIP3T-ANW was submitted to an exfoliation process following
a previously described protocol** for the exfoliation of two-
dimensional polymers (see ESIf for details). The exfoliated
material was analysed by dynamic light scattering (DLS)
showing a monomodal size distribution of ca. 400 nm (Fig. S47)
and transmission electron microscopy (TEM) reveals a sheet-
like structural aspect (Fig. S57).

Thermogravimetric analysis of the poly(azomethine)
network NIP3T-ANW shows that the degradation starts at
around 450 °C and only 40% weight loss is observed at 700 °C
(Fig. S6t). This thermal stability is significantly higher than that
observed for NIP3T (Fig. 1), the analogous molecular system
based on terthiophene connected with naphthalimide through
pyrazine for which the degradation starts at 200 °C (Fig. S6T).>>**

In photocatalysis mediated by semiconductors, electron-
hole pairs (excitons) are generated after light absorption and
afterwards dissociate into free charge carriers that can be
utilized for redox reactions®*** such as CO, fixation,*
splitting® or organic mineralization.*” Some of the crucial
factors that make the photocatalytic process favourable are the
levels of conduction and valence as well as the width of the band
gap.*®** Thus, in order to characterize these parameters, the
electrochemical and optical properties of NIP3T-ANW have
been analysed.

water

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The electrochemical properties of NIP3T and NIP3T-ANW
were studied by cyclic voltammetry (Fig. 3). Both materials show
ambipolar redox behaviour in which the reversible reduction
processes are characteristic of the naphthalimide unit, while
the oxidation processes can be ascribed to the conjugated oli-
gothiophene moiety."**>** For NIP3T-ANW, the first reversible
reduction wave (—1.29 V) is shifted to less negative values in
comparison with NIP-3T (—1.41 V). On the other hand, the first
oxidation half wave potential for NIP3T is observed at +0.41 V
and for NIP3T-ANW at +0.44 V. These shifts agree with the
electron acceptor ability of the imine linker.

The absorption spectrum of NIP3T-ANW as determined by
UV-vis diffuse reflectance spectroscopy (UV-vis DRS, Fig. 3)
shows a strong absorption in all the UV-vis range, extending
even to the near infrared. This broad absorption is red-shifted
in comparison with the one observed for NIP3T (Fig. 3), which
reflects the formation of the new polymer network with an
extended conjugation through the alpha positions of the
terthiophenes.

Using the corresponding cut-off wavelengths, the optical
band gaps E, found for NIP3T and NIP3T-ANW are 1.59 and
1.42 eV respectively. This optical result suggests that the
incorporation of the NIP3T core into an extended conjugated
system efficiently harvests photons from the visible range, even
extending into the near IR region.

To shed some light into the degree of crystallinity of the
synthesized NIP3T-ANW network, we have carried out a battery
of density functional theory (DFT)-based calculations with the
QUANTUM ESPRESSO plane-wave DFT simulation code (see
details in ESIt). We have considered periodic boundary condi-
tions to obtain a fully-relaxed ground-state crystal structure.
Optimization of the cell-shape and size, simultaneously to the
relaxation of the structure, reveals a hexagonal 2D lattice with
an optimized parameter of 48.46 A. Different interlayer stacking
fashions have been tested, with only one yielding a good
agreement with the experimental diffractogram from 26 values
>3°. The most favourable stacking predicted by theory consists
in an intermediate configuration between the perfectly eclipsed
and staggered configurations, with an interlayer distance of
3.42 A, and permits an adequate accommodation of the layers
profiting adjacent pores. Details on the structure can be found
in the ESL}

Additionally, we have computed the electronic band diagram
of the obtained crystal structure along the high-symmetry k-
pathT" - K — M — T, revealing a wide-gap (1.91 eV) semi-
conducting character, with rather dispersive valence and
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Fig.3 (a) The UV-vis DRS spectra of NIP3T and NIP3T-ANW. (b) Cyclic
voltammetry of the NIP3T monomer and the corresponding polymer.
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conduction bands, mainly resembling the molecular HOMO
and LUMO of the molecular building blocks (see Fig. S77).
Besides, computed time-dependent DFT (TDDFT) UV-vis spec-
trum manifests an excellent agreement with the experimental
UV-vis spectra (Fig. S81). A broad and pronounced peak-feature
is obtained between 600 and 800 nm, centred at around 720 nm
(1.7 eV), which agrees with the optical gap of 1.6 eV found for
NIP3T from Fig. 3a. This feature corresponds to electronic
transitions between the valence and conduction bands, with an
energy difference of around 0.2 eV between the optical and the
electronic gap, which indicates that charge relaxation in excited
states is not much significative. The good agreement between
theoretical predictions on the canonically periodic computed
system and the experimental evidences seems to justify the
presence of some high-crystallinity regions from the synthesis.

The band gap of a semiconductor material and the reduction
and oxidation potentials are key parameters which determine
its light-harvesting properties and types of reaction that can be
conducted and therefore the overall photo-catalytic activity. A
shift in the adsorption edge of a semiconductor towards longer
wavelengths implies a narrower band gap and the efficient
harvesting of a wider photons range.*> NIP3T-ANW seems to be
an appealing material to be utilized as photocatalyst given (i)
the optimal light harvesting properties as shown by the optical
characterization, (ii) the efficient generation of electron-hole
pairs owing to the insertion of terthiophene moieties, and (iii)
the right energy band positions for the material.” We therefore
evaluated the photocatalytic activity of NIP3T-ANW under white
light for the degradation of a model organic pollutant (Rhoda-
mine B dye, RhB) in aqueous solution.”® In the absence of
catalyst, RhB remains stable in solution under illumination
(Fig. 4a and S9t). However, in presence of NIP3T-ANW nearly
90% of RhB in an aqueous solution is degraded after 120 min,
showing the enhanced catalytic activity of the material (Fig. 4a
and S10t). Furthermore, a good stability is shown upon 4
straight catalytic cycles (Fig. 4b, S11 and S12t). In contrast, in
the presence of the NIP3T moiety, only a 55% degradation of
RhB is observed in the same timeframe (Fig. 4a and S11%).

In the photocatalytic degradation of organic pollutants, they
are typically broken down through the attack of superoxide and
hydroxyl species, formed when atmospheric oxygen reacts with
photogenerated electrons or when water or OH ions are
oxidized by holes, respectively.** Additionally, electron-hole
pairs (or excitons) can directly reduce or oxidize organic
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Fig. 4 RhB degradation curves. (a) Comparison between the degra-
dation effect of NIP3T, NIP3T-ANW and without catalyst. (b) NIP3T-
ANW stability after four recycling cycles.
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pollutants in aqueous environments. Consequently, the evalu-
ation of the photodegradation mechanism of organic pollut-
ants, despite challenging, can provide meaningful insights
about the nature of a semiconductor photocatalyst.*> With the
aim of evaluating the photodegradation mechanism we per-
formed the measurements in the presence of different scaven-
gers, namely an aqueous solution of AgNO; (100 mg L"), which
captures photogenerated electrons, or triethanolamine (TEOA),
which traps photogenerated holes (Fig. S131).***” In the pres-
ence of Ag" we could observe that the photocatalytic efficiency is
enhanced, while the addition of TEOA quenched the perfor-
mance, therefore suggesting that holes are the active specie in
the photodegradation mechanism (Fig. S147).

In summary, we have presented an approach towards the
incorporation of D-A m-conjugated monomeric assemblies into
poly(azomethine) networks to yield a purely organic semi-
conductor for the photocatalytic degradation of organic
pollutants in aqueous media. The poly(azomethine) network
benefits from a straightforward poly(condensation) approach
which favourably competes with the elaborate high-temperature
protocols applied for the preparation of inorganic materials.
This work enriches the family of donor-acceptor organic
semiconductor networks and, given its modular nature, paves
the way for the development of a promising family of materials
for photocatalytic applications.
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