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Hydrogen is regarded as a promising molecular fuel in order to produce clean energy, thus it is of great
importance to produce and store H, in order to replace fossil fuels and to resolve the global energy and
environmental problems. One strategy to produce hydrogen is the photocatalytic splitting of water. In this
study different supramolecular architectures of a Zn(i) porphyrin, showing “flower”, octahedral and
“manta ray” shaped structures, were obtained using the “good-bad” solvent self-assembly protocol. More
specifically, the bad solvent (methanol) was retained and the good solvent was alerted obtaining diverse
assemblies. The different structures were studied by scanning electron microscopy, PXRD, UV-Vis and
IR spectroscopies. The prepared structures were capable of proton reduction and production of
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electron donor. Moreover, depending on the structure of the chromophore that is formed the amount
of H, produced varies. The maximum H, production was obtained with the octahedral structures
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Introduction

Porphyrins are extensively present in nature and play impor-
tant roles in life. These molecules are well known to self-
associate or aggregate in order to form different size and
shape organized structures, following simple methodologies.
These altered structures influence their optical properties com-
pared to their monomers. Therefore, inspired by nature where
porphyrins are organized in a specific manner, synthetic por-
phyrinic analogues have been broadly studied in order to
understand their mechanisms of aggregation and to explore
varied applications. Some of these applications include, artifi-
cial photosynthesis, photovoltaics, catalysis, non-covalent syn-
thesis, artificial enzymes etc.' Moreover, porphyrins feature
chemical stability, facile structural modification, photochemi-
cal and photophysical properties, making them attractive
structures for photocatalytic applications, especially for photo-
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catalytic hydrogen evolution.® Hence, the use of self-assembled
porphyrin derivatives features well defined structures in
specific arrangements able to enhance the light absorption, to
improve the charge carriage and to be able to block charge
recombination in order to improve the H, production.
Hydrogen is an ideal solar fuel, upon its combustion is formed
just water, and comprise high energy density.” One way to
produce hydrogen is through the photocatalytic water splitting,
where a photosensitizer, a catalyst and an electron donor are
the essential constituents of this procedure. In solar hydrogen
production a plethora of porphyrins have been mainly used as
photosensitizers. However, most metalated porphyrins are gen-
erally used in homogenous catalysis where the use of organic
solvents is essential in order to dissolve them, limiting the
transfer of photoinduced electrons in the aqueous phase for
hydrogen production. Inspired by the light harvesting pro-
perties in nature, one way to overcome this problem is the for-
mation and use of self-assembled structures of chromophores.
This kind of structures can be prepared following different
self-assembly protocols. For example, evaporation, organogela-
tion, interfacial assembly, reprecipitation, molecular reco-
gnition, surfactant assisted self-assembly etc.®® Metalated por-
phyrins are a class of ideal molecules to self-assemble due to
their planar molecular skeleton and their aromatic features. In
general, self-assembled chromophores demonstrate different
properties compared to their monomers, making them an
attractive approach in the field of photocatalytic hydrogen
evolution.'®'" Our group, has prepared and studied many self-
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assembled porphyrin derivatives and our latest reports are in
the field of hydrogen evolution.'>° There are a few examples
reported in the literature in the field of the photocatalytic
hydrogen production, where the self-assembled structures
feature greater photocatalytic activity compared to the mono-
meric species, possibly due to their enhanced light
capture.”'%°

In this report we synthesized a simple zinc(u) tetraphenyl
porphyrin, ZnTPP and studied three different self-assembled
architectures obtained with the use of a “bad”/“good” solvent
protocol. Then we investigated the impact of the different
shapes formed, in hydrogen evolution experiments under
visible light irradiation.

Results and discussion

The self-assembly architectures were visualized with scanning
electron microscopy (SEM) and the structures were obtained
following the “good-bad” solvent protocol.>® In this approach
we just varied the “good” solvent and we kept constant both:
(a) the “bad” solvent and (b) the ratio between the two sol-
vents. Initially, ZnTPP was dissolved in the “good” solvent
such as chloroform (CHCl;), tetrahydrofuran (THF), and
toluene (Tol) and then the “bad” solvent methanol (MeOH)
was added in 1:4 “good”/“bad” solvent ratio and in 2.9 mM
concentration, at room temperature. We selected the “good”
solvents with varied polarity starting with the most polar tetra-
hydrofuran following the order THF > CHCIl; > Tol. We wanted
to investigate how the different polarity of the solvent affects
the structures that formed and subsequently examine how the
hydrogen production would be affected, upon the photo-
catalytic reactions of each component. As illustrated in Fig. 1,
in each solvent mixture ZnTPP porphyrin was able to form
different shaped structures. When the most polar solvent THF
was used as the good solvent (THF/MeOH 1 : 4), well-shaped
octahedral type of architectures was obtained (Fig. 1(a)). The
growth of porphyrin molecules formed assemblies with ca.
20-40 pm width and ca. 50-80 pm length. Then, with the same
porphyrin ZnTPP “flower” like structures were formed by just
changing the “good” solvent with ca. 5-15 pm diameter
(Fig. 1(b)). Once the less polar solvent Tol was used “manta-ray”
type structures were observed (Fig. 1(c)). The diameter of this
structure was ca. 15-20 pm and 40-50 pm length. Therefore,
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Fig. 1 Supramolecular architectures with different morphologies of

ZnTPP: (a) octahedral (THF/MeOH 1: 4), (b) “flower” (CHCls/MeOH 1: 4),
(c) "manta-ray” (Tol/MeOH 1: 4).
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the same porphyrin can form three distinctive structures by
just alerting the “good” solvent. The presence of the polar,
protic solvent MeOH assist in the formation of architectures.
In the literature similar type of structures of ZnTPP have
already been reported in CHCI;/MeOH, 1 : 1 mixture.’ The for-
mation of diverse structures using the same zinc porphyrin
depends on the solvent’s polarity and volatility. Therefore the
intermolecular interactions (z—z and van der Waals) of the por-
phyrin moieties differ according to the solvent changing the
intermolecular interactions and the kinetics of the assembly
formation. The difference in the solvent’s polarity and vola-
tility leads the same porphyrin to self-assemble in different
ways and form diverse aggreagate structures.

The formation of the structures was monitored by UV-Vis
and fluorescence spectroscopies as a function of time. A
certain amount of solution was obtained from the reaction vial
at different time intervals 0 h, 0.5 h, 4 h, 24 h, and 48 h. Then,
the UV-Vis (Fig. S1-S3t) and the fluorescence spectra (Fig. S5-
S7+) were recorded. Moreover, the spectra in the good solvents
were obtained (Fig. S471), showing the characteristic porphyrin
absorbances. The Soret band of the porphyrin is alerting as a
function of time suggesting that the porphyrin aggregates. In
all cases, after 48 h the absorption intensity of the Soret was
diminished and only in the case of CHCl;/MeOH the band was
red shifted by 4 nm. This finding indicates the formation of
Jtype aggregates (edge-to-edge).**” In addition, the emission
spectra of ZnTPP in all samples showed two characteristic
emission peaks at 604 nm and 655 nm and a significant
quenching after 48 h, that reached to 50% in the case of the
octahedral structures, once again due to the formation of
aggregates. Moreover, the fluorescence spectra in the solid
state of the three structures were obtained (Fig. S871). In the
case of “manta-ray” type structures two emission peaks were
detected, where the second emission peak is significantly
reduced compared to the corresponding peak in the solution.
The octahedral and the “flower” like structures appear to have
three emission peaks.

Time-resolved fluorescence lifetime measurements were
recorded (Table S17). It is well known in the literature that the
most common values of singlet excited-state lifetime (r) for
ZnTPP are in the range 1.8-2.2 ns.?® The lifetime measure-
ments of ZnTPP that were performed in CH,Cl, and in the
CHCl;/MeOH, 1:4 mixture during the formation of the
different structures were in the same range as reported in the
literature (Table S1}). The fluorescence decays for all porphyri-
nic structures in solid state were calculated by using a double-
exponential function with satisfactory data fitting. The frac-
tional amplitudes of shorter lifetimes (0.58, 0.70, 0.76 ns) are
decreased from 70% for octahedral to 66% for “flower” and to
60% for “manta ray”. The value of ZnTPP in CH,Cl, was 7 =
1.97 ns, that is in the range of the longer lifetimes of the solid
structures (1.96, 2.46, 2.49 ns), for octahedral, “flower” and
“manta-ray”, respectively. Therefore, this higher value is attrib-
uted to the Zn porphyrin, whereas the shorter lifetimes can be
ascribed to the ordered structure formation in the solid state.
The lifetimes of the “flower” and “manta-ray” structures in

This journal is © The Royal Society of Chemistry 2022
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solid state were longer compared to the solution. Therefore,
the self-organization changed the features of the ZnTPP por-
phyrin in both ground and excited state. Even though, the
similarity in short and long lifetimes of “flower” and “manta-
ray”, the “manta-ray” structure produced more H, during the
photocatalysis probably due to its enhanced stability as shown
in the SEM experiments (Fig. S117).

FT-IR spectroscopy was performed of all three different
structures in order to compare their structural features.
(Fig. S9T) As appeared in the spectra the features of “flowers”,
octahedral and “manta-ray” are similar confirming that they
all have the same composition. All the above experimental
results are in accordance to the literature, where a mechanism
for similar ordered aggregation of metalloporphyrins was pro-
posed.” Dominant role on the type of the molecular packing
conformation plays the 7z-z interactions and the metal-ligand
coordination.

The different self-assembled structures of ZnTPP formed
from the above-mentioned solvent mixtures were examined by
powder X-ray diffraction (PXRD) analysis. The experimentally
obtained PXRD patterns of the three samples are depicted in
Fig. 2. Indexing and space group determination were not poss-
ible to be performed. A comparative analysis with simulated
powder diffraction patterns of crystal structures analogous to
ZnTPP that have been determined by single crystal X-ray diffr-
action analysis and deposited in the Cambridge
Crystallographic Data Centre (CCDC) database was ineffective,
since none of them gave good match with the experimentally
obtained diffraction patterns of the diffraction patterns of the
three synthesized forms of ZnTPP.

However, it can be clearly seen that “flower” and “manta-ray”
forms of ZnTPP display very similar PXRD patterns, demon-
strating good agreement in the general positions of specific
diffraction peaks (e.g. at 26 = 8.1°, 10.3°, 20.6°, and 27.1°). In
contrast, octahedral form of ZnTPP show a totally different
diffraction pattern. This difference proves the determining
effect of the solvents used in each case on the formation of
particular architectures. Taking into account the strong Lewis
base character of MeOH and THF used in our solvent mixtures,
their coordination to the Zn(n) centers of ZnTPP is expected to
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Fig. 2 PXRD patterns of different supramolecular architectures of
ZnTPP: (a) octahedral (THF/MeOH 1: 4), (b) “flower” (CHCls/MeOH 1: 4),
(c) "manta-ray” (Tol/MeOH 1: 4).
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affect porphyrin’s self-assembly and potentially lead to
different architectures (due to differences in the steric pro-
perties of the two solvents). Along these lines, the similarity of
the PXRD patterns of “flower” and “manta-ray” ZnTPP struc-
tures can be attributed to the coordination of MeOH (that is
present in the corresponding solvent mixtures) to the Zn(u)
centers of ZnTPP molecules, which can lead to mono- and/or
bis-MeOH adducts. On the contrary, octahedral ZnTPP,
obtained from the THF/MeOH solvent system, should be con-
sidered as a result of the coordination of THF to the Zn(u)
centers. Interestingly, the PXRD pattern of octahedral ZnTPP
structure is not the same with the simulated diffraction
pattern obtained from the crystal structure of ZnTPP(THF),
that we determined experimentally by single-crystal X-ray diffr-
action analysis (for details of crystal structure determination
and molecular structure parameters see ESI{).>® An analogous
crystal structure of this bis-THF adduct was reported in the
past which, however, displayed slightly different crystallo-
graphic parameters and geometrical characteristics.*®
Therefore, in the case of the octahedral ZnTPP structure,
except from THF, MeOH is also expected to play an important
role in the self-assembly process possibly by affecting the
development of intermolecular interactions of ZnTPP mole-
cules and the kinetics of the self-assembly.

The catalytic performance of the three ZnTPP architectures
towards H, production under photocatalytic conditions in
water was investigated. All three components were obtained by
complete removal of the organic solvents in the air. This
material was used as a photosensitizer and Pt nanoparticles as
catalyst. The Pt nanoparticles were formed by photo-deposition
of 5% w/w Na,PtCls-6H,0 on the porphyrin material (the exact
procedure is described in ESIY).

The photocatalytic experiments of the three different
samples in solid state, were studied in aqueous solution in the
presence of 1 M ascorbic acid as a sacrificial electron donor, at
pH = 4. In Fig. 3 are presented all H, evolution experiments of
the different solids. The highest performance was obtained for
the octahedral 185.5 pmol g~' h™". The “flower” structure gave
the lowest hydrogen production 44.4 ymol g~* h™" and the
“manta-ray” shapes 166 pmol g~* h™'. These results indicate
that the different structural formation affect the H, evolution,
therefore with just a simple chromophore we can significantly
improve its efficiency by just varying the solvents during the
self-assembly procedure. When just Pt nanoparticles were used
under the same conditions in the absence of porphyrin, no H,
formation was detected.

After the photochemical reactions (8 h of irradiation)
additional SEM studies were performed in order to examine if
the porphyrin structures were altered. The SEM images are
shown in Fig. 4, where in all cases the structures were comple-
tely transformed, featuring amorphous structures. In order to
understand the cause of this structural alteration after the
photocatalytic experiments, further research was performed.
Firstly, three different mixtures of good/bad solvent were pre-
pared and irradiated for 8 h in the absence of catalyst (Pt) and
SED (ascorbic acid). The SEM images showed that the light

Dalton Trans., 2022, 51, 8009-8014 | 8011
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Fig. 3 Photocatalytic hydrogen production plots of 5 mg ZnTPP with
different shape in the presence of Pt nanoparticles (using
Na,PtCle:6H,0O as a platinum source). The photocatalytic experiments
were performed in aqueous ascorbic acid 1 M at pH = 4. The results pre-
sented in the plots are the average values of three independent
measurements within (4—-10% error).

Fig. 4 Supramolecular architectures with different morphologies of
ZnTPP formed after photocatalytic experiments: (a) octahedral (THF/
MeOH 1:4), (b) “flower” (CHCl3/MeOH 1: 4), (c) “manta-ray” (Tol/MeOH
1:4).

irradiation alerted the obtained structures since there images
were completely different compared to the initial structures, as
shown in Fig. S10.f Therefore, the light irradiation is able
to destroy the structures of ZnTPP. Secondly, in the three
initial structures water, ascorbic acid 1 M and 5% w/w
Na,PtCls-6H,0 were added and left stirring in the dark for 8 h.
Then, the SEM images were obtained, after the removal of the
SED by washing the structures with water (three times), follow-
ing by centrifugation in order to separate the solid. This pro-
cedure might alert the form of the initial structures as well.
Subsequently, the SEM images were obtained as shown in
Fig. S11.f The octahedral structure in THF/MeOH remained
almost the same, the “manta-ray” in Tol/MeOH appeared
different whereas the “flower” like structure in CHCl;/MeOH
was completely different. Therefore, the octahedral and the
“manta-ray” type of structures seem to be more stable in the
photocatalytic conditions, in the absence of light irradiation.
Possibly this is the reason that both structures produce more
H, compared to the “flower” type structure. Nevertheless, the
porphyrins can be recycled and reused, following the same
synthetic protocol, for additional photocatalytic experiments
producing almost the same amount of H,.
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Conclusions

The photocatalytic hydrogen evolution from water using three
different self-assembled structures of the same Zn(u)-por-
phyrin as photosensitizers is reported in this work. Their
preparation, characterization and self-assembled behaviour
was studied. In particular, by using the same “bad” solvent
and just alerting the “good” solvent, different structures were
obtained: “flower”, octahedral and “manta ray” shaped struc-
tures. The three structures featured different catalytic activities
towards H, production. The octahedral type of structure
demonstrated the maximum H, evolution rate of 185.5 pmol
g~" h™" that is more than 4 times greater compared to “flower”
structure. The porphyrin can be recycled, modified again in
the most efficient assembly for H, production. With this
research work, simple porphyrin-based chromophores can be
altered by appropriate self-organization using mix solvents in
order to enhance their photocatalytic H, evolution.
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