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1D alignment of Co(i) metalated
porphyrin—napthalimide based self-assembled
nanowires for photocatalytic hydrogen evolutiont
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The splitting of water into hydrogen and oxygen under visible light is an emerging phenomenon in green
energy technology. Nevertheless, selecting an appropriate photocatalyst is rather significant to enhance
hydrogen production on a large scale. In this context, organic photocatalysts have received considerable
attention owing to their larger surface area, control in diffusion adsorption, nanostructures and electronic
properties. Herein, we have developed five either free base or transition metalated porphyrin—napthali-
mide based donor—acceptor systems (PN1-PN5) and studied their morphology, electronic properties and
catalytic behaviour. Detailed studies suggest that the Col(i) substituent D—A system (PN2) displayed a well-
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aligned one-dimensional (1D) nanowire with high electrical conductivity promoting remarkable photo-
catalytic hydrogen production rate (18 mM g‘1 h™%) when compared to that of porphyrin-based derivatives
reported until now. Thus, these results propose to investigate diverse metalated n-conjugated materials as
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Introduction

Light-stimulated water splitting into hydrogen has received sig-
nificant attention for the cleanest energy production and
storage." In this context, several inorganic semiconductors
were utilized as photocatalysts for water splitting towards
hydrogen evolution.> However, lack of control on the surface
area of nanostructures and band gap alignments has resulted
in finding alternative semiconductors. Hence, semiconductors
with fine-tuning of their critical parameters such as crystalli-
nity, band gap, stability of transient species and exciton
migration are rather important. In this regard, organic semi-
conductors are considered alternative catalysts for H, evol-
ution.” Organic semiconductors with low-lying HOMO levels
are highly desirable to improve the catalytic process under
visible light and also to overcome the kinetic barrier of the
process. Thus, so far, very few examples are reported on
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photocatalysts for hydrogen production.

organic photocatalysts such as carbon nitrides, porous and
linear conjugated polymers and organic frameworks.>®
However, exciton recombination, low surface area and poor
charge separation direct us to develop small n-conjugated
materials with high photocatalytic activity.”'® Viewing this, the
porphyrin-based =n-conjugated system has attracted much
attention in organic electronics due to its high ionization
potential, electron affinity, planarity and photo/thermal stabi-
lity. The extended =m-conjugated structure of porphyrin pro-
motes self-assembled nanostructures via supramolecular inter-
actions.” On the other hand, porphyrins have been employed
as a photosensitizer in third-generation solar cells, however,
their photocatalytic performance is not much explored.
Herein, we have developed porphyrin comprised donor-acceptor
systems in which porphyrin acts as an electron donor and
napthalimide as an electron acceptor. Napthalimide (NMI) is a
well-known electron acceptor having miscellaneous opto-
electronic applications. Additionally, the NMI structure pos-
sesses rigidity and planarity, which facilitates self-assembly by
C=0---r and n-n interactions."> Indeed, porphyrin and NMI
individually exhibit excellent well-defined nanostructures, and
designing the combination of porphyrin-NMI in z-conjugated
structure can serve as a donor-acceptor (D-A) system, which aid
to improve the electronic properties through the self-assembly.
Thereby, we have designed five porphyrin-NMI based D-A
derivatives (PN1-PN5) with a free base (PN1), and incorporated
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Fig. 1 Chemical structures of the free base and transition metalated
porphyrin—napthlimide series and represented PN1 for the free base,
PN2-PNS5 for Cof(i), Ni(i), Cu(i) and Zn(n) metalated derivatives.

transition metals (PN2-PN5): cobalt (Co), nickel (Ni), copper
(Cu) and zinc (Zn) (Fig. 1). As is known, the energy structure of
porphyrin is non-planar and shows S, symmetry, while tran-
sition metal-doped porphyrins exhibit planarity which results
in the enhancement of symmetry to Dy,. On the other hand,
transition metalated porphyrins depict high ionization poten-
tial, binding energy, electronic affinity and high chemical
hardness. Among four transition metals, Co(u) metalated por-
phyrin exhibits high stability and poor reactivity due to low
electron affinity, high chemical hardness and binding energy
between the nitrogen complex with cobalt metal."> These
molecules were synthesized using sonogashira coupling reac-
tions, followed by metalation. Subsequently, these molecules
were characterized by using spectroscopic techniques. These
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five derivatives showed broad range absorption from ultraviolet
to the visible region and their redox nature facilitates plausible
electron transfer from the donor to acceptor. Subsequently,
these molecules form self-assembled one-dimensional nano-
structures using supramolecular interactions resulting in high
bulk conductivity, however, PN2 is remarkable amongst them.
Theoretical calculations also reveal that the PN2 exhibits low
lying HOMO and LUMO energy levels suggest that the desir-
able catalyst for hydrogen production. Consequently, PN2
implies photocatalytic hydrogen production with a high rate
promotes transition metalated linear =-conjugated D-A
systems are highly enviable photocatalysts for future cleanest
energy production and storage applications.

Results and discussion

UV-visible absorption spectroscopic analysis of freebase and
metalated porphyrin-based D-A systems were carried out in
solution state at a concentration of 1 x 10~* M. Fig. 2a rep-
resents the absorption spectra of PN1-PN5 in chloroform
showed prominent absorption bands at 400-500 nm and
570-750 nm, respectively. The typical absorption spectrum of
porphyrin exhibits two significant bands at 400 nm and
550 nm, which correspond to strong and weak electronic tran-
sitions from S, to S, and Sy to S;. These absorption bands indi-
cate the Soret band or B-band and Q-bands, which arise due to
n-n* transitions of the porphyrin moiety. Whereas in PN series
(PN1-PN5), the spectral bands show bathochromic shift com-
pared to the typical porphyrin core suggesting that the PN
series consisting of porphyrin-linked naphthalimide facilitates
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Fig. 2 (a) Ultraviolet-visible absorption spectra of PN series (PN1-PN5)
in CHCls at a concentration of 1 x 10™* M. (b) Fluorescence spectra of
PN Series at an excitation wavelength of 470 nm. (c) Time correlated
single photon counting spectra of PN1, PN3 and PN5 using an excitation
wavelength of 440 nm. (d) Cyclic voltammetry of PN series in CHCl;z at a
scan rate of 200 mV s~ (inset represents the oxidation potentials of PN1
and PN2 at 0-2 V).
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extended m-conjugation, which promotes red shift absorption
towards the visible region (Table S1t). However, transition
metalated derivatives (PN2-PN5) exhibit a blue shift at the
Q-band region compared to the free base (PN1), indicating
that the vibronic states were stabilized upon metal binding in
the porphyrin core. On the other hand, PN2 and PN3 showed a
significant hypsochromic shift of ~20-30 nm than that of PN4
and PN5, suggesting that Co, Ni metalated PN series has low
lying ground state energy levels and higher stability relatively.
Thus, the ground state spectra of the PN series showed a broad
absorption from UV to visible range and also considerable
spectral variations in the free base and metallated derivatives.

Subsequently, emission spectral data on the PN series in
chloroform were recorded upon excitation using the wave-
length of 470 nm with an optical density of 0.15 (Fig. 2b).
Fluorescence spectra of PN1 showed the emission maximum
at 712 nm, while PN3 and PN5 at 685 nm with significant
quenching of the emission intensity suggest the possibility of
electron transfer in metalated derivatives. On the contrary,
PN2 and PN4 did not show emission intensity due to the para-
magnetic nature of Co and Cu substituent’s influence on the
loss of excited-state energy by passing through the intersystem
crossing. Furthermore, lifetime analysis of PN1, PN3 and PN5
were performed to confirm the electron transfer mechanism
using the time-correlated single-photon counting technique
with an excitation wavelength of 440 nm. The resultant spec-
tral data revealed that three derivatives displayed a biexponen-
tial decay profile with significant differences in lifetime values
suggesting that the electron transfer is more favoured in meta-
lated derivatives than the free base (Fig. 2c). As aforemen-
tioned, PN2 and PN4 did not show fluorescence thereby life-
time values were not observed. The ground and excited-state
electronic properties confirmed that porphyrin and NMI
appended PN series depict extended visible absorption and
efficient electron transfer phenomenon in metalated
derivatives.

Later, the redox-active nature of the PN series was analyzed
by cyclic voltammetry (CV) at a scan rate of 200 mV s™'. To
examine their electrochemical properties, we measured each
sample from the PN series in 0.1 M tetrabutylammonium hexa-
fluorophosphate (NBu,PFs) as a supporting electrolyte in
chloroform followed by the three electrode system; saturated
calomel, glassy carbon, platinum (Pt) wire as a reference,
working and counter electrode, respectively. Fig. 2d represents
the redox spectra of PN1-PN5 showed quasi-reversible oxi-
dation and reduction potentials (Table S17). Freebase PN1 dis-
plays oxidation potentials of 0.934 V, while PN2 exhibits 0.77 V
(inset Fig. 1b). Likewise, other derivatives PN3-PN5 perform
relatively similar to each other (Table S17). Detailed CV ana-
lysis revealed that PN2 showed lower oxidation potentials com-
pared to that of free base and other metalated PN series indi-
cating that Co(u) substituent plays a vital role to ease of oxi-
dation among other metal substituents, which entails an
efficient electron transfer from the donor to acceptor.

Having confirmed that the optical and electrochemical pro-
perties of metalated derivatives had prominent ground/excited
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state electron properties and superior redox potentials
prompts us to investigate their surface morphology. As men-
tioned above, porphyrins possess planarity and symmetry aid
to form hierarchical self-assembled nanostructures. Whereas,
in the PN series, tethering of porphyrin and NMI enhances
conjugation leading to extended =-structure perhaps promot-
ing long axial growth of well-defined nanostructures when
compared to individual porphyrin. Thus, we have prepared
aggregates of PN series by the methanol vapour diffusion
approach mechanism. Subsequently, each of PN series were
taken in 1 ml chloroform solution separately in a vial and
placed in methanol for 24 h, resulting in green-coloured aggre-
gates. These aliquots were analyzed using optical, X-ray diffrac-
tion and electron microscopic techniques. Initially, UV-visible
absorption studies of aggregates were recorded in methanol at
25 °C. Fig. 3a represents absorption spectra of PN1 and PN2
showing the hypsochromic shift at the Soret band Q-band
when compared to solution-state, indicating that these mole-
cules exist as H-aggregates (Fig. 3a). Likewise, aggregates of
PN3-PN5 also performed in methanol and showed similar
trends (Fig. S15t). Therefore, absorption spectra of the PN
series suggest that these five molecules are arranged in head-
to-head stacking, however, variations in a blue shift of each PN
derivative might differ in molecular packing whilst undergoing
self-assembly.

Furthermore, Fourier transform infrared spectroscopic ana-
lysis (FT-IR) of PN series were carried out in the solution and
aggregate state using chloroform and methanol to ensure the
stretching of long alkyl chains whilst aggregation (Fig. S15%).
In chloroform, the CH, stretching frequencies of PN2 were
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Fig. 3 (a) UV-visible absorption spectra of PN1 and PN2 aggregates in
methanol at 25 °C. (b) FT-IR spectra of PN2 in solution and aggregate
state recorded in chloroform and methanol. (c) Powder X-ray diffraction
analysis of PN1 (black line) and PN2 (red line) aggregates and denoted
d-spacing values for PN2. Inset shows the schematic illustration of
molecular stacking in PN2 aggregates and represented d-spacing values
for each length of end-to-end, center to end and n—x stacking.
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observed at 2924.95 and 2858.45 cm ™", respectively. Whereas,
CH, stretching frequencies of aggregated samples have shown
a significant shift to 2938.36 and 2834.41 cm™' as methanol
solvent interference in CH, stretching frequency results in the
shift of asymmetric and symmetric methylene stretching fre-
quencies. Thus, FT-IR analysis revealed that the presence of
hexadecyl chains in PN2 are stretched confirmation, which
facilitated interdigitation with other molecules whilst under
self-assembly (Fig. 3b and S151)."* Subsequently, the other
four derivatives PN1, PN3-PN5 were also studied, and their
spectral characteristics resembled PN2. However, minor
changes in the stretching frequencies indicate that the pres-
ence of distinct metals and freebase in the PN series directs
variation in molecular packing, which defines divergent nano-
structures from one to another. Furthermore, aggregates were
analyzed using the powder X-ray diffraction method to confirm
the molecular arrangement and their crystallinity whilst self-
assembly at 25 °C. Fig. 3¢ represents that PN1 and PN2 exhibit
sharp diffraction peaks at small and wide-angle regions sig-
nifying that molecules exhibit crystalline nature. PN2 showed a
broad peak observed at a small angle region, which corres-
ponds to the d-spacing values of 3.3 A, suggesting inter-
molecular n-n stacking between molecules. However, other
diffraction peaks with d-spacing values of 27.8 A and 14.1 A
represent the end-to-end length of the NMI-porphyrin-NMI
and metal centre to NMI reveals that the rigidity of the
n-conjugated structure is extending over supramolecular nano-
structures (Inset Fig. 3c). Along with that, hexadecyl chains
also play a vital role in aggregation via van der Waal’s inter-
actions. On the other hand, PN1, PN3-PN5 also showed
similar diffraction peaks similar to PN2 but considerable
differences in d-spacing values suggest that stacking patterns
differ from each other (Fig. S167). Thus, the resultant UV-
visible absorption, IR analysis and PXRD depict that the PN
series undergoes H-aggregation leading to extended supramo-
lecular nanostructures via n-n stacking and van der Waals
interactions. Nevertheless, the variation in molecular packing
of each PN series is still unclear, thereby, microscopic visual-
ization and their electron diffraction pattern are considered as
a significant approach to studying the molecular stacking,
alignment and supramolecular structures at the nanoscopic
level.

Furthermore, we measured the surface morphology of
aggregates of the PN series to check their self-assembled nano-
structures and alignment by using electron microscopic and
diffraction techniques. Scanning electron microscopy of PN1
revealed nanorod-shaped structures with an average width of
0.5-1 micrometer and 3-4 pm in length (Fig. 4a).
Subsequently, transmission electron microscopy studies have
been conducted by drop-casting the suspension of PN1 in
methanol at 25 °C. The TEM image of PN1 displayed nanorod
morphology with their dimensions similar to the SEM image
(Fig. 4b). Eventually, we have performed electron diffraction
analysis on the area same as in the TEM image and found that
PN1 did not show the precise molecular alignment in nanorod
morphology (Fig. 4c). In contrast, the SEM image of PN2
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Fig. 4 (a, b) SEM and TEM images of an air-dried suspension of PN1 at
a concentration of 1 x 10~ M at 25 °C. (c) The corresponding diffraction
pattern of the PN1 image. (d, e) SEM and TEM of an air-dried suspension
of PN2. Purple- and orange-coloured boxes denote the are for high-
resolution imaging. (f) Diffraction pattern recorded on the TEM images
of PN2. (g, h) High-resolution TEM images of PN2 from the selected
area of image-e. (i) Proposed scheme of 1D nanowires from the mole-
cular aggregates. (j) Schematic illustration of PN2 undergoes self-
assembly leading to 1D nanowires via H-aggregates.

depicts mesh wreath-type morphology wherein thin nanowires
were aligned and joined together (Fig. 4d). In addition, small
pores were observed in this morphology that showed a greater
advantage when applied to photocatalytic hydrogen pro-
duction. Interestingly, TEM images revealed well-aligned nano-
wires with an average width of 10 nm and length of 50-300 nm
(Fig. 4e). Whereas, high-resolution TEM images show that
these nanowires are unidirectionally aligned and connected to
each other (Fig. 4g and h). Afterwards, diffraction analysis con-
firmed that the molecules undergo co-facial stacking, which
was aligned in a specific direction, resulting in an ordered
one-dimensional nanowires (Fig. 4f and i). Likewise, the mor-
phology of three derivatives PN3-PN5 was also studied and
PN3 showed nanorod formation with an average dimension of
0.5-1 pm and several micrometers in length. In some places,
these bundles of nanorods were wrapped together forming
supramolecular nanoropes. Whereas, PN4 exhibits nanowire
morphology with several micrometers in length, which is in
contrast to PN2. Subsequently, PN5 was also studied and it
showed nanorods shaped structures similar to PN1 and PN3
(Fig. S177). Also, we performed the electron diffraction analysis
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on PN3-PN5, and their corresponding images reveal a signifi-
cant alignment of molecular arrangement in supramolecular
nanostructures when compared to PN1, but relatively less than
that of PN2. Thus, microscopic analysis suggests that the PN2
ascertain well-aligned molecular arrangement leading to uni-
directionality among 1D nanostructures (Fig. 4j). While PN
series showed significant molecular alignment in 1D nano-
structures, prompting us to perform their electronic character-
ization for organic electronic applications.

Hence, the electrical conductivity of the PN series was ana-
lyzed using electrochemical impedance studies (Fig. 5, S18-
S22 and Table S21). To assess the conductivity behavior of
these assemblies, we coated the aggregates of each PN series
on indium tin oxide glass plate suitably etched to provide 1 x
1 cm cell dimensions and recorded the spectra. Fig. 5a rep-
resents Nyquist plots of PN1-PN5 at 25 °C that revealed typical
depressed semi-circular curves characteristic of contributions
from both bulk resistance (Rp,) and capacitance (Cp) when in a
parallel combination. Amongst all, Co(ui) metalated PN2
showed the least bulk resistance (Rp,) of 400 MQ, which corres-
ponds to a specific conductivity of ~33 mS ecm™'. Whereas,
other PN derivatives displayed slightly higher resistance in the
range of 500-2000 MQ that relates to specific conductivities in
the range of 3-23 mS cm™', respectively (Fig. 5d and
Table S21). Although metalated PN series have achieved
remarkably higher bulk conductivity than PN1, Cu(u) substitu-
ent PN4 yielded lower conductivity possibly to poor Ohmic
contacts at the electrode interface with irregular and entangled
nanowires. Subsequently, the temperature-dependent behavior
of the PN series was recorded as a function of temperature
from 25 °C to 65 °C that displayed a steady rise in the resis-
tance of bulk (Fig. 5b and S18-5227). This steady increase in
the resistance against temperature is indicative of the predomi-
nant contribution of electronic conduction within the bulk
(Fig. S187). Furthermore, the bulk capacitance of PN2 was esti-
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Fig. 5 (a) Nyquist plot of PN1-PN5 derivatives. (b) Temperature-depen-
dent Nyquist plot of PN2 with ranging from 25 °C-65 °C. (c)
Temperature-dependent logarithmic frequency (log (f)) against imagin-
ary impedance of PN2. (d) The bar diagram of the PN series vs. specific
conductivity at 25 °C.
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mated from the significant parameters at the apogee of the
semicircular arc where the condition wRCy = 1 is satisfied.
From the radial peak frequency (@peak = 27fpear) Obtained from
the spectroscopic plots of imaginary impedance (Z") against
log (f) the bulk relaxation time (z3,), of PN2 and rest of the
samples were estimated (Fig. 5¢ and Table S27). Consequently,
the calculated capacitance of PN2 is 3.7 nF at 25 °C. Likewise,
studies on PN1, PN3-PN5 were also conducted and the bulk
capacitance values were calculated with the variation of temp-
erature from 25 °C to 65 °C (Fig. S19-S22 and Table S27).
Overall, these results confirmed that PN2 exhibits the highest
bulk electrical conductivity and capacitance values among the
PN series.

As mentioned above, microscopic and impedance analysis
of PN2 displayed well-aligned 1D nanowires with high electri-
cal conductivity among other transition metal substituted PN
series, prompting us to utilize PN2 as a catalyst for hydrogen
evolution. Alongside, we also performed the density functional
theory (DFT) calculations to check the appropriate energy
levels of the PN series with the TiO, electrode, are a foremost
criterion to be considered for the catalyst. Thereby, theoretical
calculations of the PN series were studied using Gaussian 09
package with a functional basis set of the B3LYP/6-31G(d,p)
level. The optimized structure of PN1 shows the electron
density distribution on the highest occupied molecular orbital
(HOMO) on the porphyrin moiety and the lowest unoccupied
molecular orbital (LUMO) on the porphyrin-NMI and the
resultant values were 5.03 and 2.98 eV, respectively (Fig. 6). On
the other hand, electron density allocation of HOMO—-1 and
LUMO+1 on porphyrin and napthalimide exhibits unequivocal
discrimination (Table S31). The calculated band gap of PN1
from the HOMO and LUMO yielded 2.05 eV. Subsequently,
values for transition metalated PN series (PN2-PN5) were also
calculated and the resultant HOMO and LUMO values were
lower than PN1 (Fig. 6 and Table S37). Electrostatic potentials
(ESP) of the PN series displayed similar electron density distri-
bution in five derivatives (Table S31). However, low lying
HOMO levels and band gap variations suggest that the meta-
lated derivatives were more suitable with TiO, nanoparticles
than freebase (PN1). Amongst, Co(u) substituent PN2 exhibits
low lying HOMO and LUMO energy levels, hence PN2 is a
potential candidate to apply as a catalyst for hydrogen
production.

Thus, photocatalytic hydrogen evolution experiments were
performed using PN2 as a catalyst with aq. triethanolamine
(TEOA) solution (20 vol%) as a sacrificial agent and platinum
as the cocatalyst for titanium oxide (TiO,) electrode. Fig. 7a
represents hydrogen yields of PN2 recorded under visible light
irradiations (4 = 420 nm) up to 4 h at neutral, acidic and basic
p" conditions. At neutral p®, hydrogen yields exhibit 15 mmol
¢ ! until 4 h irradiation. Later, acidic and basic pH values were
also recorded by controlled addition of concentrated HCI
which results in higher H, yield in basic media when com-
pared to acidic and neutral p. Subsequently, the H, pro-
duction rate was calculated and those values were remarkably
higher than the previous porphyrin-based D-A systems

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Optimized structures of PN series (PN1-PN5) from DFT calcu-
lations. The corresponding HOMO/LUMO energy levels and band gap
values.
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Fig. 7 (a) Photocatalytic activity of PN2 at different P variations (acidic,
neutral and basic conditions). (b) Bar diagram of H, rate against P" of
PN2. Stability studies: (c) hydrogen production rate against the time vari-
ation from 0 h to 16 h. (d) Photocurrent response vs. time (seconds)
between Pt/TiO,—PN2 and Pt/TiO,. (d) Schematic representation of
possible electron transfer mechanism and hydrogen evolution under
visible light.

reported until now."” The resultant H, rate of PN2 is
17.5 mmol ¢~* h™" (p" = 10), 15.7 mmol g~* h™" (pH = 7) and
4.0 mmol ¢™' h™" (pH = 3) (Fig. 7b). In addition, turnover
number (TON) and TOF were calculated for PN2 to determine
the number of reacting molecules in comparison with the
active sites whilst irradiation time. The resultant values are
64 790.84 and 16 197.71, respectively. Nevertheless, the stabi-
lity of the photocatalyst is rather significant for hydrogen pro-
duction. Thereby, we conducted the stability studies of PN2 by
extending the irradiation time from 4 h to 16 h revealed that
the H, production rate remains constant still for a longer time
(Fig. 7c). Furthermore, we recorded photocurrent against time
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under the light on/off conditions suggesting that the photo-
current of Pt/TiO,-PN2 is higher than that of Pt/TiO, alone
and stable until 550 s (Fig. 7d). Overall, Co(u) substituent PN2
showed a higher H, production rate and stability owing to the
LUMO energy levels close to the conduction band of TiO,,
which implies efficient electron transfer from the dye to the
TiO, electrode (Fig. 7e). Therefore, a well-defined 1D molecular
orientation of Co(u) substituted PN2 with high electrical con-
ductivity leading to photocatalytic H, production facilitates
enhancing the performance of organic electronic devices.

Conclusions

In conclusion, we have demonstrated the five porphyrin-
napthelimide (PN1-PN5) as donor-acceptor systems in which
PN2 showed well-aligned molecular arrangements directing 1D
nanowires, which exhibit high electrical conductivity and
photocatalytic hydrogen production. The optical and electro-
chemical properties revealed that metalated derivatives dis-
played efficient intramolecular electron transfer from the
donor to acceptor than free base. Microscopic data and diffrac-
tion analysis suggested that the precise molecular packing of
Co(u) substituent PN2 exclusively formed aligned nanowires
among other derivatives. Hence, it showed remarkable bulk
electrical conductivity and accomplished high hydrogen pro-
duction rate under visible light. Consequently, transition
metal substituted macrocyclic-based D-A systems to be
explored in detail for realistic challenges in clean and green
technology.
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