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ABSTRACT. A new linear 5,15-di(naphthalimide) substituted porphyrin ZnD(p-NI)PP is facilely
self-assembled into nanowires in solid with well-defined morphology through the synergistic n-nt
stack interactions of both porphyrin and naphthalimide skeletons. The self-assembled porphyrin
nanowires feature broadened light absorption, efficient separation and transfer of photogenerated

charges, and enhanced photostability. As a result, the ZnD(p-NI)PP produced 108 times higher H»



production rate (yHz = 5.4 mmol g ' h™!) than the control 5,15-diphenylporphyrin (ZnDPP) (yHa
= 0.05 mmol g ' h™!) and 3.6-fold higher than the ZnT(p-NI)PP (yH2= 1.5 mmol g 'h™!) which
bears four NI units and self-assembled into nanospheres in solid. Moreover, the system of ZnD(p-
NI)PP continued to show #H> up to 50 h, whereas the system of ZnDPP dropped the #H after 20

h.

Self-assembled porphyrins and derivatives with well-defined size, shape, and arrangement have
gained much attention in optoelectronics, photocatalytic water splitting, pollutants degradation and
photodynamic therapy, etc, owing to enhanced visible light capture, generation and separation of
photogenerated carriers and reduced charge recombination.'”” Generally, the porphyrin derivatives
self-assemble by noncovalent interactions such as n—n stacking between the porphyrin rings, ligand
coordination, hydrogen bonding of hydroxyl (OH)/carboxylic acid (COOH) groups.®!® Self-
assembled porphyrin derivatives have been well explored in optoelectronics, pollutants
degradation and photodynamic therapy, as well as photocatalytic hydrogen evolution (PHE).
Porphyrins as photocatalysts for PHE from water have attracted increasing interest due to their
strong light harvesting properties in UV-Visible region, stable excited states, tunable
optoelectronic and high thermal stability.!! Porphyrin-based photocatalysts in bulk synthetic
environments usually have undefined morphology. Using such bulk materials for PHE without
controlled shape and dimensions could not improve the light-harvesting ability, photogenerated
charge-carrier separation and transfers, and consequently reducing PHE. Thus using self-
assembled porphyrin derivatives featuring well-defined size, shape and arrangement can enable
enhanced visible light capture, exciton diffusion, electron transport and effectively inhibit charge
recombination for enhanced PHE. Moreover, porphyrins self-assembling into nanostructured

materials with different morphology have not been investigated by tailoring the molecular



structure of porphyrins, which should be an ideal strategy to explore the porphyrin structure-PHE
activity relationship. On another side, naphthalimide derivatives have recently been employed as

12,13

building blocks in metal based supramolecular architectures and aggregation induced emission

self-assembled structures.'* !> The C=0---n and 7---m interactions involving the naphthalimide
rings induce supramolecular assembly for the metal complexes and organic derivatives.'? 116 In
our previous work, we reported that the star-shaped ZnT(p-NI)PP porphyrin containing
naphthalimide (NI) moiety (Figure 1) with higher PHE compared to Zinc(II)-tetraphenylporphyrin
(ZnTPP).'7 This could be ascribed to efficient intramolecular energy transfer from the NI moiety

to the porphyrin ring, which further enhanced the electron transfer from the photo-excited

porphyrin moiety to the Pt cocatalyst.
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Figure 1. Structures of ZnD(p-NI)PP, ZnDPP and ZnT(p-NI)PP.
By taking the advantages such as enhancing light harvesting and inducing supramolecular
assembly of NI moiety, we herein synthesized a linear-shaped di-NI conjugated porphyrin, ZnD(p-
NI)PP and compared with the ZnDPP (Figure 1) without NI moieties in terms of morphological,
photophysical, electrochemical and PHE properties. We presumed that, as ZnD(p-NI)PP
containing two NI units with linear-shaped molecular structure, can form more orderly
arrangement and morphology in the solid-state than ZnDPP porphyrin due to the strong
intermolecular interactions of 5,15-substituted NI moieties, which can directly affect the light-
harvesting, photoinduced charge separation and thus PHE performance. In our previous report,'’

though the effect of NI moiety on the PHE performance of the porphyrins was evaluated through



optoelectronic properties in solution, we did not study how the solid-state morphology of the
porphyrins plays a role to affect the PHE. Since the heterogeneous PHE performance of porphyrins
also largely relay on the morphological properties in solid-state, studying of solid-state
morphology of ZnD(p-NI)PP combining with optoelectronic properties in solution is worthy to

look insight into the heterogeneous PHE process of NI-conjugated porphyrins.
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Scheme 1. Synthesis of linear naphthalimide substituted porphyrin, ZnD(p-NI)PP.
RESULTS AND DISCUSSION
As illustrated in Scheme 1, the ZnD(p-NI)PP was prepared via the reaction of 1-(para-
formalphenyl)-NI (NI-Ph-CHO) with dipyrromethane in the presence of trifluoroacetic acid,
followed by the complexation with Zn(OAc): in chloroform (CHCI3). The ZnDPP was prepared
for comparison and its synthesis is shown in Scheme S1. Both porphyrins were characterized by
nuclear magnetic resonance (NMR) and matrix assisted laser desorption ionization-time of flight

mass spectrometry (MALDI-TOF MS) (Supporting Information).
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Figure 2. (a) UV-Vis absorption of the porphyrins in THF solution (10 pM) and drop-cast coated
thin films (100 uM) at room temperature and (b) Emission spectra of the porphyrins in THF

solution (10 pM) and drop-cast coated thin films at room temperature.

Figure 2(a) shows the absorption spectra of the porphyrins recorded in tetrahydrofuran (THF)
solution and on the film and corresponding data noted in Table 1. The porphyrins exhibit mainly
two types of peaks. The intense sharp peaks at ca. 400-500 nm and weak peaks at ca. 500-700 nm
are attributed to the Soret and Q-bands, respectively of the porphyrin macrocycle. The peaks at ca.
340-350 nm for ZnD(p-NI)PP are ascertained to localized transitions of the peripheral NI moiety.
Impressively, the film of ZnD(p-NI)PP drop-casted from its THF solution becomes much more
red-shifted and broadened than the film of ZnDPP. The results indicate that ZnD(p-NI)PP shows
more typical end-to-end J-aggregates than ZnDPP.!*!8-20 The formation of J-aggregates for the
porphyrins is useful to improve the light-harvesting, charge separation and transport charge

carriers when employing them as a photocatalyst in PHE systems (vide infra).



Table 1. Photophysical and electrochemical data of ZnD(p-NI)PP and ZnDPP, and electron life

time of ZnT(p-NI)PP.

Porphyrin Aabs/NM  Aapy/Nm ®  Aem Aem 7E/ms® (DF)* Der Eox, VE Ered, VI(vs  FEoo

(e/10*)? /mm*  /nm® (vs NHE)  NHE) eV ©
ZnD(p- 353 (2.98), 361,444, 593, 610, 5.1 023 099 122,159 -0.78,— 223
NI)PP 342 (3.10) 569,611 640 664 1.16

413 (32.7),

544 (1.97),

583 (0.53)
ZnDPP 412 (2.34), 426,548, 586, 604, 23 015 - 120,156 —0.77 2.20

543 (0.18), 590 635 652

582 (0.02)
ZnT(p- - - 1.6 - - - -
NI)PP

8 THF solution. ® Drop-casted thin films. ¢ Eox (vs NHE) = 0.77 + Eox (vs Ferrocene). € Ered (VS
NHE) = 0.77 — Ereq (vs Ferrocene). © Estimated from the intersection of the normalized
absorption and emission spectra.

Figure 3 shows the scanning electron microscope (SEM) and transmission electron microscope
(TEM) images of the porphyrin films fabricated by the drop-cast method. The ZnDPP porphyrin
self-assembled into microflower materials. In contrast, interestingly, the linear NI-substituted
ZnD(p-NI)PP formed nanowires with length 1.5 to 5.0 um (Figure S1) and width ranges from 100-
250 nm (Figure S2). The TEM image of ZnD(p-NI)PP (Figure 3(e)) also clearly shows the
nanowires morphology. Obviously, the linear meso-substituted NI moieties with typical stronger
intermolecular interactions plays an important role in the nanowire self-assembly of ZnD(p-NI)PP.

Nonetheless, developing of ZnD(p-NI)PP and comparing to ZnDPP represents a paradigm to



address the effect of NI moiety on the self-assembly of porphyrins and morphology, and

consequently their application in PHE systems.

Figure 3. Typical SEM images of (a) and (b) ZnD(p-NI)PP, (c) and (d) ZnDPP, (e) Typical TEM
image of ZnD(p-NI)PP and (f) Typical TEM image of ZnT(p-NI)PP (inset depicts SEM image).
All the images were taken for drop-cast coated thin films of porphyrins from its THF solution (100

uM).

To further probe the morphology of porphyrins, we performed the powder X-ray diffraction

(PXRD) analysis. All notable Bragg reflections were indexed (with offset of 0.0097° in 26) and



subsequently matched to the P2/m space group (Table S1). The diffraction pattern (Figure S3) of
ZnD(p-NI)PP porphyrin yielded a monoclinic solution with lattice parameters of a = 4.7472(23)
A, b=3.2025(10) A, ¢ =2.8909(10) A, B =99.552(21)° and V = 43.34 A3. The figures of merit

were M7 =162.32! and F7=37.1 (0.0070, 27).?? Note the sharp Bragg peaks at 18.92, 33.89, 33.95,
54.50, 54.66, 71.28, and 71.48° (20) corresponding to the (100), (110), (10T), (21T), (201), (220)

and (205) crystalline planes, respectively, whereas ZnDPP porphyrin did not show any sharp
peaks. It indicates that the ZnD(p-NI)PP porphyrin possesses highly crystallinity and the
amorphous nature could be assigned to the ZnDPP. The crystalline nature of ZnD(p-NI)PP further
reveals that the porphyrin molecules might be arranged in a perfect molecular ordering which
could increase the mobility and transport of charge-carriers.” Thus it is meaningful to synthesize

ZnD(p-NI)PP containing di-NI moieties for enhanced PHE (vide infra).

To gain insight on the effect of NI motif on the self-assembly of porphyrins, we further recorded
SEM and TEM images of our recently reported ZnT(p-NI)PP porphyrin and well-known ZnTPP
porphyrin without NI motif. As shown in Figure 3(f), S4 and S5, the ZnT(p-NI)PP porphyrin self-
assembled into nanospheres with a particle size distribution from 150-300 nm (Figure S4), whilst
the ZnTPP self-assembled into tetragonal microstructured materials (Figure S5). As ZnTPP
porphyrin contains no NI motif, the self-assembly of ZnTPP was attested by the n—n stacking
between the porphyrin rings of the neighboring molecules. Moreover, the morphology and size of
the self-assembled materials of ZnTPP were completely different from that of tetra-NI conjugated
ZnT(p-NI)PP porphyrin. All these results clearly speculate that the self-assembly process in
ZnD(p-NI)PP porphyrin is not only induced by the n—n stacking between the porphyrin rings but
also C=0O--'r and m---mw interactions created by periphery NI moieties of the neighboring

molecules.'? 15 This also further highlights that the porphyrins can be converted from amorphous



microflower to crystalline nanomaterials by simply attaching the NI moieties linearly to the meso-
position of porphyrin ring rather than following conventional surfactant methods to prepare the

porphyrin-based nanomaterials.! 2
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Figure 4. (a) The spectral overlap of the normalized fluorescence spectrum of NI derivative
excited at 330 nm with the normalized absorption spectrum of ZnDPP and (b) Lifetime decay

spectra of the porphyrins recorded in THF (10 uM) at room temperature.

As seen in Figure 2(b), both porphyrins show two emission peaks when excited at ca. 415 nm
which corresponds to the absorption of the porphyrin ring Soret band. The strong peak at ca. 610—
620 nm and a weaker one at ca. 650-680 nm originated from the porphyrin macrocycle. Obviously,
ZnD(p-NI)PP exhibits strong emission peaks at ca. 610-680 nm under the excitation wavelength
at ca. 330 nm which corresponds to NI chromophore absorption. Furthermore, the absence of
emission peaks at ca. 360-380 nm corresponding to NI moiety indicates the most efficient
intramolecular energy transfer (IET) between the NI energy donor and porphyrin ring energy
acceptor in the ZnD(p-NI)PP porphyrin molecule. The intensity of ZnD(p-NI)PP emission peaks
also increased when excited at 330 nm compared to that of 415 nm excitation. Therefore, it is also

attesting the most efficient IET between NI and porphyrin macrocycle. The presence of IET is



reasonable due to an overlapped emission peak of NI derivative at an excitation of 330 nm with
the Soret-band of ZnDPP (Figure 4(a)). The efficiency of energy transfer (®gt) from NI
substituents to the porphyrin ring of ZnD(p-NI)PP porphyrin was calculated according to our
previous report.!” The ®gr of ZnD(p-NI)PP was calculated to be 99% which is even higher than
our earlier efficient ZnT(p-NI)PP porphyrin (92%). It indicates that conjugation of two NI moieties
to the porphyrin ring is an ideal molecular design to achieve most efficient IET between NI moiety

and porphyrin ring, consequently high fluorescence lifetime (zr) and quantum yield (@r) (vide

infra).

As seen from Figure 4(b), the lifetime (zr) of ZnD(p-NI)PP was recorded to be 5.1 ns which is
over 2.2 and 3.2 fold higher than the ZnDPP (2.3 ns) and ZnT(p-NI)PP (1.6 ns), respectively.
Impressively, the zr value of ZnD(p-NI)PP is superior to all star-shaped zinc porphyrins ever
reported in the literature so far.**> The @r of ZnD(p-NI)PP was calculated to be 23% which is
higher than the ZnDPP (15%) and ZnT(p-NI)PP (13%).!7 This is in agreement with their
corresponding 7r and ®gr values. The most efficient gt and superior zr value of ZnD(p-NI)PP
than the ZnT(p-NI)PP suggest that conjugation of two NI energy donors to porphyrin energy
acceptor in a linear-shaped molecular design is beneficial to achieve highly stabilized/long-lived
photoexcited states of porphyrins. Consequently, it may improve the electron transfer from the

excited porphyrins to the photo-catalyst (vide infra).

The redox potentials of the porphyrins were measured by performing cyclic voltammetry (CV)
measurements (Figure S6). The ground-state oxidation potentials that corresponded to the HOMO
levels of the porphyrins, ZnD(p-NI)PP and ZnDPP were calculated to be 1.22 and 1.20 V,
respectively. And the calculated excited-state oxidation potentials (Eox™) that corresponded to the

LUMO levels are — 0.78 and — 0.77 V for ZnD(p-NI)PP and ZnDPP, respectively. The LUMO
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energy levels of both porphyrins are more negative than the redox potential of H/Hz (0 V vs.
NHE) indicating that these porphyrins are suitable to be employed as photosensitizers in water

reduction photocatalytic systems.
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Figure 5. (a) H> production rate of photocatalytic systems under the irradiation for 5 h and (b) H>
production of photocatalytic systems under the irradiation for 50 h: (Porphyrin (100 uM), Pt (3 wt

%) and sacrificial donor/H20O (1:9 v/v).

Table 2. H> production rate (#H>), apparent quantum efficiency (AQE) and turnover number

(TON) data of photocatalytic systems.

Compound nHa(mmol g'h™")*  TON®  AQE®
ZoD(-NDPP  5.40 6250 140
ZnDPP 0.05 1.30 0.10
ZnT(p-NI)PP 1.50 24.80 0.40

a¢ Calculated under irradiation for 5 h. ® Calculated for 50 h

Since ZnD(p-NI)PP possesses good light-harvesting properties in majority of UV-Vis region in

the solar spectrum, superior r, suitable HOMO and LUMO energy levels, and forming well-
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defined nanowires morphology with high crystallinity in solid, we employed it as a photocatalyst
in heterogeneous PS and compared that with controlled ZnDPP porphyrin which lacks the NI
moieties. The PHE results of the porphyrins are shown in Figure 5(a) and Table 2. The PS of
ZnD(p-NI)PP exhibited higher H> production rate (yHz) of 5.4 mmol g ' h™! under the light
irradiation of 5 h, which is over 108-fold higher than the ZnDPP (3H, = 0.05 mmol g ' h™!). More
interestingly, the #Hz of ZnD(p-NI)PP is also 3.6-fold higher than the ZnT(p-NI)PP (1.5 mmol g
h™).'7 The higher PHE results of linear-shaped di-NI conjugated porphyrin, ZnD(p-NI)PP
compared to ZnDPP porphyrin could be explained by the following reasons: (i) high light-
harvesting capability due to its broader UV-Vis spectra on the film; (ii) as ZnD(p-NI)PP contains
highly stabilized excited states with longer tr, the transfer numbers of photo-excited electrons from
the excited states of ZnD(p-NI)PP to Pt co-catalyst is high; and (iii) the crystalline nature of ZnD(p-
NI)PP and high photocurrent response (vide infra) could improve the diffusion and transport of
photoinduced charge carriers. The photostability of ZnD(p-NI)PP was tested by monitoring its
PHE up to 50 h of irradiation time (Figure. 5(b)). Impressively, the #H> of PS based on ZnD(p-
NI)PP continuously increased and remained active up to 50 h from the initial time of irradiation,
whereas the #H> for the PSs of ZnDPP and ZnT(p-NI)PP increased up to 20 h and then dropped
slowly after. It indicates that the linear-shaped di-NI substituted porphyrin, ZnD(p-NI)PP featuring
nanowires morphology with an ordered molecular packing is highly photostable compared to the
ZnDPP with microflowers morphology and star-shaped tetra-NI substituted porphyrin, ZnT(p-

NI)PP with nanospheres morphology.

We also performed the reusability experiments to further confirm the stability and robustness of
ZnD(p-NI)PP. As shown in Figure S7, the hydrogen production of ZnD(p-NI)PP appeared similar

in each cycle of experiment indicating the ZnD(p-NI)PP is highly stable and possesses good
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recycling ability. Moreover, the #H> of linear-shaped porphyrin, ZnD(p-NI)PP is comparable to
the most efficient porphyrin-based photocatalysts under heterogeneous basic condition reported
yet.2%28 In order to further confirm the stability of the solid-state morphology of porphyrins, SEM
pictures of the photocatalytic systems containing porphyrins as photocatalysts irradiated after 5 h
were recorded (Figure S8—S10). The morphology of SEM pictures of the photocatalytic systems
remained similar to that of porphyrins drop-casted from its THF solution. These results strongly
suggest that the self-assemblies of the porphyrins in solid state were induced by m-m stack

interactions of both porphyrin and naphthalimide skeletons.
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Figure 6. Photocurrent response spectra of the porphyrins.

To gain more insight into the photoinduced charge separation of ZnD(p-NI)PP, the transient
photocurrent responses (i-t curves) studies were performed.!”>?° As shown in Figure 6, the ZnD(p-
NI)PP exhibited higher photocurrent response than ZnDPP and ZnT(p-NI)PP porphyrins
indicating the efficient photogenerated hole-electron pairs separation and more electrons generated
for the former porphyrin. This further attests its higher #H, when it was employed as a

photosensitizer. Moreover, the emission spectra and life decay spectra of PSs containing self-
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assembled porphyrins were recorded to know the excited state properties of self-assembled
porphyrin nanostructures (Figure S11 and S12). All of them are emissive and the emission
wavelengths were red-shifted by ca. 20 nm compared to those of THF solution. Also, the red-
shifted emission wavelengths of self-assembled ZnDPP and ZnD(p-NI)PP porphyrins are
consistent with their drop-casted thin films emission wavelengths. The lifetime (zr) of ZnD(p-
NI)PP self-assemblies was recorded to be 1.6 ns which is over 2.0 fold higher than the ZnDPP (0.8
ns) and ZnT(p-NI)PP (0.9 ns) self-assembles, respectively. The higher zr of ZnD(p-NI)PP self-
assemblies than the ZnDPP and ZnT(p-NI)PP self-assemblies also supports that the ZnD(p-NI)PP
self-assembled nanowires possess highly stabilized excited states, thus efficient charge separation
and transfer of excited electrons to the Pt co-catalyst where proton reduction occurs. Finally, all
these results demonstrate that the linear 5,15-substituted NI porphyrin, ZnD(p-NI)PP featuring
nanowires morphology with more orderly molecular packing is more beneficial than the ZnDPP
and ZnT(p-NI)PP with microflowers and nanospheres, respectively, in terms of morphology to
improve the PHE and photostability via enhancing the light-harvesting property, stabilizing
photoexcited state with efficient electron-hole separation, consequently, transporting electrons to

Pt co-catalyst where the proton reduction occurs.

CONCLUSIONS

In summary, we synthesized a new porphyrin derivative ZnD(p-NI)PP with linear 5,15-substituted
naphthalimide (NI) moieties and compared its photophysical, morphological and PHE properties
with ZnDPP without NI moieties. Optoelectronic and photocurrent response studies revealed that
the ZnD(p-NI)PP possessed higher light-harvesting properties and more efficient photogenerated
electron-hole separation, more stabilized photo-excited states with higher zr and @r than ZnDPP.

The morphology analyses demonstrated that the ZnD(p-NI)PP self-assembled into crystalline
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nanowires, while microflowers and amorphous nature assigned to ZnDPP. As a result, the ZnD(p-
NI)PP delivered a #Hz of 5.4 mmol g ! h™!, which is over 108-fold higher than the ZnDPP (yH, =
0.05 mmol g ! h™"), and 3.6-fold higher than the ZnT(p-NI) (yH2= 1.5 mmol g 'h™") which bears
four NI units and self-assembled into nanospheres in solid. Also, the ZnD(p-NI)PP is highly
photostable and continued to show #H> up to 50 h, whereas ZnDPP dropped in #H> after 20 h. The
high PHE performance of ZnD(p-NI)PP could be attributed to the highly stabilized photo-excited
states, efficient photogenerated charge carriers separation and transport which further enhanced
the electron transfer from the photo-excited porphyrin moiety to the Pt co-catalyst where proton

reduction takes place.

METHODS

Preparation of photocatalytic systems. A multichannel photochemical reaction system fixed
with OLED white light (PCX50B, 148.5 mW/cm?) was used as the light source. The photocatalytic
hydrogen (H») evolution experiments were performed in a quartz vial reactor (20 mL) sealed with
a rubber septum, gas-closed system, at ambient temperature and pressure Initially, the prepared
sample powder (0.1 mM) was suspended in aqueous triethanolamine (TEOA)/Water =1 : 9 v/v)
under constant stirring. Then, 3 wt.% of Pt as co-catalyst was loaded by in situ photoreduction
deposition method, H,PtCls aqueous as Pt source. The suspension was purged with nitrogen gas
for 30 min to ensure anaerobic conditions and then it was placed at the position of 15 cm away
from lamp. After 1h irradiation, the released gas (400 uL) was collected by syringe from the
headspace of the reactor and was analyzed by gas chromatography (Shimadzu, GC-2014, Japan,
with ultrapure Ar as a carrier gas) equipped with a TDX-01(5 A molecular sieve column) and a
thermal conductivity detector (TCD). Eventually, the total content of photocatalytic H, evolution

was calculated according to the standard curve. Continuous stirring was applied to the whole
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process to keep the photocatalyst particles in suspension state and get the uniform irradiation. The

stability of the photocatalytic systems were investigated by measuring the #H> over 50 hours.

The apparent quantum efficiency (AQE) was measured under the similar photocatalytic reaction
conditions except using 420 nm OLED light. The focused intensity and illuminated area LED light

were ca. 68.0 mW/cm? and 9.04 cm?, respectively. AQE was calculated via the following equation:

2 x number of hydrogen molecules

AQE = x 100%
( )

number of incident photons

The turnover number (TON) was calculated after 1 hour by using the following formula;

Number of moles of hydrogen produced in photocatalytic system

TON =

Number of moles of photocatalyst

Photoelectrochemical Measurement. The photoelectrochemical tests were performed according

to our recent report.?’

Supporting Information

Supporting Information file contains the following contents: materials and methods, synthesis,
SEM and TEM images, size distribution analysis, cyclic voltammograms, 'H and '*C NMR

spectra, and MALDI-TOF spectrum.
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