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Modulation of Self-Assembly and Enhanced Photocatalytic
H2 Production by Porphyrin-Dipeptide Conjugates
Evitina Triantafyllou, Emmanouil Nikoloudakis,* Sotiris Psilodimitrakopoulos,
Dimitrios Kavalieros, Georgios Landrou, Emmanuel Stratakis,* Georgios Charalambidis,*
Anna Mitraki,* and Athanassios G. Coutsolelos*

Herein, it is reported the visible-light-induced green hydrogen gen-
eration from self-assembled porphyrin-dipeptide hybrids. For the
first time the self-assembly ability of a protected alanine-phenylala-
nine dipeptide is investigated via a simple protocol, which proved
efficient in forming well-defined fibrillar architectures. These self-
assembling properties are conveyed to peptide-porphyrin chromo-
phores after their covalent conjugation. Interestingly, different
architectures are observed depending on the solvent system, the
solvent evaporation rate, the presence of metal in the porphyrin
core, and the peripheral substitution of the porphyrin. Moving
one step forward, it is explored the activity of the self-assembled
nanostructures towards photocatalytic green H2 production from

aqueous protons under visible-light irradiation. The distinct self-
assembly behavior of the synthesized conjugates and their impact
on photocatalytic hydrogen production is systematically explored in
this study. Nonlinear second harmonic generation optical measure-
ments are employed to define how the shape of the nanostructures
is related to the H2 production efficiency. Notably, the tubular nano-
structures presented the best catalytic performance, achieving a
high H2 production activity of 32.7mmol·g�1·h�1. Through detailed
characterization and performance evaluation, it is aimed to uncover
new insights into the design and optimization of peptide-porphyrin-
based photocatalysts for sustainable energy applications.

1. Introduction

The self-assembly of peptides is a widely studied phenomenon in
the field of nanotechnology and materials science.[1] Peptides can
form highly ordered structures through noncovalent interactions
such as hydrogen bonding, π–π stacking, van der Waals forces,
and hydrophobic interactions.[2,3] These self-assembled structures
can range from micelles, spheres, and vesicles to more complex
fibrils and nanotubes, which have diverse applications in drug deliv-
ery,[4,5] tumor imaging and therapy,[2,6] tissue engineering,[7] and
catalysis.[8] Dipeptides were identified as minimal self-assembling
building blocks with various applications.[9] Moreover, the presence
of aromatic amino acids such as phenylalanine also introduces π–π

interactions, contributing to the stability and morphology of
the assembled structures.[10] The incorporation of protecting
groups, such as the fluorenylmethoxycarbonyl (Fmoc), the tert-
butoxycarbonyl (Boc) and the carbobenzoxy (Cbz) groups, can sig-
nificantly influence the self-assembly behavior of dipeptides.[11,12]

Porphyrins are a class of heterocyclic macrocycle organic com-
pounds, which play a crucial role in biological processes, such as
oxygen transport,[13] as well as other applications, including pho-
todynamic therapy,[14] artificial photosynthesis[15] and various cat-
alytic transformations, such as hydrogen evolution reaction,[16] CO2

reduction,[17] alcohol oxidation[18] and water splitting.[19] Their
unique structure, characterized by a conjugated system of four pyr-
role rings, conveys exceptional photophysical and photochemical
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properties.[15] Porphyrins can absorb light across a wide range of
wavelengths, making them excellent candidates for applications in
photodynamic therapy, solar energy conversion, and photocatal-
ysis.[20,21] The covalent conjugation of peptides with porphyrins
combines the structural versatility of peptides with the photophys-
ical properties of porphyrins.[22] This conjugation can lead to the
formation of novel hybrid materials with enhanced or new prop-
erties.[23] In particular, the self-assembly motif of the peptide can be
significantly altered upon attachment to a porphyrin moiety,
resulting in distinct nanostructures.[24] These hybrid materials have
the potential to improve the light-harvesting ability of porphyrins
and the biocompatibility and tunability of peptides for a wide
range of applications.[25] The application studied in the present
study is the photocatalytic green hydrogen production.

Hydrogen is considered a clean and efficient energy carrier,
and its production via photocatalysis from aqueous protons is a
promising strategy for sustainable green energy generation.[26,27]

The efficiency of photocatalytic systems depends on several fac-
tors, including the light absorption properties of the photocatalyst,
the charge separation efficiency, and the stability of the photoca-
talyst.[28,29] Peptide-porphyrin conjugates offer a unique platform
for designing efficient photocatalysts.[30] The peptide component
can provide a scaffold that facilitates the formation of well-defined
nanostructures, while the porphyrin moiety serves as the light-
harvesting center.[31] More importantly, the self-assembly behavior
of these conjugates can be tuned to optimize the photocatalytic
activity.[32] For instance, different nanostructures such as spheres,
fibrils, or vesicles can offer varied surface areas, charge separation
efficiencies, and stabilities, all of which are crucial for effective pho-
tocatalysis. The development of efficient and stable photocatalysts
is critical for the advancement of hydrogen production technolo-
gies.[33] By combining the unique properties of peptides and por-
phyrins, this study seeks to create novel hybrid materials with
enhanced photocatalytic performance.[19,31] The ability to control
the self-assembly of these conjugates offers a powerful tool for
optimizing their functional properties.[34] Additionally, understand-
ing the correlation of the self-assembled nanostructures with their
photocatalytic activity will provide valuable insights for the design
of next-generation photocatalysts.[35]

Inspired by the above, herein we studied the self-assembly
ability of a previously uninvestigated dipeptide, namely Cbz-
Alanine-Phenylalanine-OH (Cbz-Ala-Phe-OH). This dipeptide was
selected because it combines aliphatic (Ala) with aromatic (Phe)
parts, and the Cbz group attached to the N-terminus provides
additional steric bulk and aromaticity.[36] Having established
the ability of Cbz-Ala-Phe-OH (Scheme 1) to form fibrillar nano-
structures, we examined whether this characteristic is retained
after conjugation with porphyrin chromophores. We explored
the self-assembling behavior of the pristine dipeptide as well
as the peptide-porphyrin hybrids using a simple self-assembly
protocol[30] in order to define the basic parameters that govern
the morphology of the resulting architectures. Moving one step
forward, we applied the various self-assembled nanostructures to
a three-component photocatalytic scheme for “green” hydrogen
generation from aqueous protons under visible-light irradiation.
Importantly, we analyzed the impact of the distinct self-
assembled morphologies on the overall photocatalytic efficiency
by employing nonlinear second harmonic generation (SHG) opti-
cal measurements.

2. Results and Discussion

2.1. Peptide Self-Assembling Investigation

We initiated our studies with the self-assembling investigation of
the pristine Cbz-Ala-Phe-OH dipeptide, hereinafter referred to as
ZAF (Scheme 1), which has not been reported to the literature.
The interest for this dipeptide derives from its combination of
aliphatic and aromatic components, while the Cbz moiety adds
steric bulk and aromaticity.[36]

We first examined the architectures that this dipeptide forms
in various conditions utilizing the “good-bad solvent” self-
assembly protocol.[32] For the preparation of the samples, the
compounds were dissolved in a chaotropic “good” solvent,
and subsequently a “bad” solvent was introduced in order to
induce the self-assembly process.[30] The major modulating fac-
tors that were varied during this protocol were the solvent

Scheme 1. Chemical structures of Cbz-Ala-Phe-OH, ZAF-TPP, ZAF-ZnTPP, ZAF-TMP and ZAF-ZnTMP derivatives studied in this work.
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mixture, the ratio of the “good” and “bad” solvents, the concen-
tration and the incubation time. The resulting morphologies were
studied with scanning electron microscopy (SEM).

As illustrated in Figure 1, the dipeptide forms fibrillar micro-
structures when water is used as bad solvent. Occasionally, tubu-
lar structures can also be seen (Figure 1a and S1e, Supporting
Information). We also examined the influence of incubation time
and the concentration of the dipeptide, which were not affecting
the resulting morphology (Figure S1, Supporting Information).
Noteworthy, when we used other solvent combinations
(Figure S2, Supporting Information) or single solvent (Figure S3,
Supporting Information), malformed or amorphous architectures
are observed. These observations demonstrate the significant
influence of water molecules to the self-assembly of Cbz-Ala-
Phe-OH dipeptide, indicating the involvement of hydrophobic
interactions and hydrogen bonding during the self-assembling
process. Having this knowledge in hand, we wanted to examine
whether this ability is transferred to the porphyrin chromophores
after the covalent connection with different porphyrins and
whether the porphyrin peripheral substitution as well as the pres-
ence of metal inside the porphyrin molecule affect the self-
assembly motif. Therefore, we synthesized conjugates ZAF-TPP,
ZAF-ZnTPP, ZAF-TMP, and ZAF-ZnTMP (Scheme 1).

2.2. Synthesis of Porphyrin-Peptide Hybrids

The porphyrin-dipeptide conjugates were synthesized via amide
coupling between amino-substituted porphyrin derivatives (TPP-
NH2

[37] and TMP-NH2
[38]) and commercially available dipeptide Cbz-

Ala-Phe-OH as illustrated in Scheme S1, Supporting Information.
Porphyrin precursor molecules TPP-NH2 and TMP-NH2 were coupled
with Cbz-Ala-Phe-OH dipeptide using standard coupling reagents
resulting in the formation of non metalated ZAF-TPP and ZAF-
TMP hybrids. In the case of ZAF-TMP the presence of mesityl groups
in the porphyrin periphery is expected to alter its polarity and sol-
ubility and consequently its self-assembling ability compared to the
ZAF-TPP. After the amide bond formation, a straightforward metal-
ation reaction with zinc acetate afforded the metalated ZAF-ZnTPP
and ZAF-ZnTMP derivatives. The final and intermediate hybrid mol-
ecules were fully characterized by nuclear magnetic resonance
(NMR), ultraviolet–visible (UV–Vis) and Fluorescence spectroscopies
as well as MALDI-TOF mass spectrometry. The successful covalent
attachment of porphyrin derivatives with the Cbz-Ala-Phe-OH

dipeptide was verified by 1H and 13C NMR spectroscopies
(Figure S4–S11, Supporting Information), where all peaks were fully
assigned, as well as MALDI-TOF mass spectrometry, where we
observed the corresponding molecular ions. In the 1H NMR spectra
of both conjugates, we observed a signal that corresponds to the
amide proton at ≈10.4 ppm, confirming the successful amide
coupling.

2.3. Porphyrin-Peptide Self-Assembly

After the successful preparation of the peptide-porphyrin conju-
gates, we moved to their self-assembly studies via the same pro-
tocol as in the case of the Cbz-Ala-Phe-OH. Notably, we could not
apply the solvents methanol (MeOH):H2O or ethanol (EtOH):H2O
for comparison with the dipeptide conditions since all porphyrin
hybrids were insoluble into both solvents, therefore, we exam-
ined different solvent combinations. As illustrated in Figure 2,
S12, S13, Supporting Information, after the covalent attachment
of the dipeptide to the nonmetalated porphyrin macrocycles, the
obtained supramolecular architectures were significantly altered.
Specifically, in the case of ZAF-TPP the assemblies varied from
plates and fibrils to urchin- or sponge-like morphologies, while
evaporation from single chaotropic solvents did not result in dis-
tinctive architectures. Contrary to ZAF-TPP, the ZAF-TMP did not
show any fibrillar nanostructures. The latter hybrid self-assembled
into spherical and floweror urchin-like structures (Figure 2d–f,
S12, S13, Supporting Information). The above observations point
out the effect of the porphyrin as well as the peripheral substitu-
tion of the macrocycle to the self-assembling properties. Since
well-defined architectures were obtained also in the absence
of water molecules, contrary to the case of pristine dipeptide,
we can explain this result on the basis of additional Van der
Waals interactions as well as π–π stacking involving the porphyrin
moiety. In our previous work[39] it was demonstrated that hydro-
gen bonding between the peptides along with π–π interactions
between the aromatic porphyrin macrocycles are mainly respon-
sible for the creation of the nano-assemblies.

Having established that the solvent system, the covalent
connection of chromophore, and the peripheral substitution of
the porphyrin macrocycle as important factors affecting the self-
assembling morphology of the peptide-based hybrids, we pro-
ceeded to invastigate the effect zinc metal cation in the porphyrin
ring. Figure 3 depicts the supramolecular assemblies obtained by

(a) (b) (c) (d)

Figure 1. SEM images of Cbz-Ala-Phe-OH in a) EtOH-H2O 2:8. b) MeOH-H2O 2:8. c) THF-H2O 2:8 and d) HFIP-H2O 2:8.
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ZAF-ZnTPP and ZAF-ZnTMP in various polar and nonpolar solvent
systems. ZAF-ZnTPP was able to self-assemble into nanospheres,
microspheres and fibrils (Figure 3a–d, S12, S13, Supporting
Information) while a mixed architecture was observed in THF-
MeOH 2:8 solvent system containing fibrils decorated with uniform
nanospheres (Figure 3b). The size of the spheres obtained by ZAF-
ZnTPP could be easily tuned with alteration of the solvent ratio
from 2:8 to 1:1 in the case of dichloromethane (DCM)-Heptane

solvent mixture (Figure S14, Supporting Information). ZAF-ZnTMP
self-assembled into plates, sheets, nanospheres and microspheres
while a flower-like structure was observed in THF-Heptane 2:8 mix-
ture (Figure 3e–h, S12, Supporting Information). Noteworthy, the
incorporation of the metal inside the porphyrin core resulted into
different nanostructures in most solvent systems, which can be
explained by the geometry change on the porphyrin moiety which
becomes planar compared to the free base derivatives.

(a) (b) (c)

(d) (e) (f)

Figure 2. SEM images of ZAF-TPP in a) DCM-MeOH 2:8. b) THF-Hept. 2:8. c) HFIP-EtOH 2:8, and ZAF-TMP in d) DCM-MeOH 2:8. e) THF-Hept. 2:8. f ) HFIP-
EtOH 2:8.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 3. SEM images of ZAF-ZnTPP in a) DCM-Heptane 2:8. b) THF-MeOH 2:8. c) THF-Heptane 2:8. d) THF-H2O 2:8, and ZAF-ZnTMP in e) DCM-Heptane
2:8. f ) THF-MeCN 2:8. g) THF-Heptane 2:8. h) THF-H2O 2:8.
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The most interesting result was obtained when we investi-
gated the solvent evaporation rate, that is, a factor that was never
examined before in these self-assembling systems. ZAF-ZnTPP
self-assembled into uniform spheres with ≈1 μm radius in
DCM-MeOH 2:8 solvent mixture (Figure 4a) when the solvents
were rapidly evaporated using N2 gas flow (evaporation within
½minute). Interestingly, when the same solvent system was
let to evaporate overnight at laboratory atmosphere, nanotubes
were obtained (Figure 4b).

2.4. Spectroscopic Characterization

Absorption and emission spectra analysis can provide insights
into the self-assembly ability and the relative orientation of
the porphyrin rings, especially by elucidating the 0H 0 or 0J 0 aggre-
gates formation. Porphyrins display distinct sharp absorption
bands in the visible region, while appropriate stacking or aggre-
gation can broaden or shift the light absorption range. UV–Vis
absorption spectra of the monomeric (in solution) and self-
assembled (in solid state) ZAF-ZnTPP and ZAF-ZnTMP are pre-
sented in Figure 5. In detail ZAF-ZnTPP in DCM solution shows
a strong Soret band maxima at 420 nm and two weak Q-bands at

549 (Q-1,0) and 587 nm (Q-0,0). After the self-assembly of ZAF-
ZnTPP hybrids into well-defined nanostructures, the Soret band
becomes broadened and redshifted. Notably, in the case of the
microspheres, the Soret band is significantly more redshifted and
splits into a shoulder and a prominent peak maximum at 471 nm.
Similar observations were made for the ZAF-ZnTMP hybrid,
although both the red-shift and broadening were less intense
compared to ZAF-ZnTPP. Table S1, Supporting Information, pro-
vides the detailed list of all peak maxima for both zinc metalated
derivatives. The above differences in the electronic absorption
spectra of assemblies, clearly reveal the alterations in molecular
stacking and aggregation, which is in agreement with the SEM
observations.

Furthermore, the steady-state fluorescence emission spectra
of the ZAF-ZnTPP and ZAF-ZnTMP nanostructures were mea-
sured after excitation at 420 nm (Figure 6). The molecular state
of ZAF-ZnTPP in DCM solution exhibited the characteristic fluo-
rescence signals at 599 and 645 nm, while ZAF-ZnTMP presented
emission similar maxima at 597 and 646 nm. In contrast, in the
self-assembled architectures, red-shifted fluorescence emission
peaks were observed along with a decrease of peak intensity
at ≈600 nm. These variations in the shifting of the peak and
decrease of intensities are observed due to the different aggre-
gation and stacking phenomena and are in agreement with the
SEM observations.

From the above absorption and emission spectra analysis, we
can conclude that the self-assemblies prepared herein consist
mainly of J-aggregates (side-by-side) since red-shifted peaks were
obtained in all cases.

2.5. SHG Measurements

In an effort to elucidate why different self-assembling motifs of
the same porphyrin molecule in the same solvent conditions
were obtained just by altering the solvent evaporation rate,

(a) (b)

Figure 4. SEM images of ZAF-ZnTPP in DCM-MeOH 2:8 after a) fast evapo-
ration and b) slow evaporation of the solvents.
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Figure 5. UV–Vis absorption spectra of a) ZAF-ZnTPP and b) ZAF-ZnTMP in DCM solution and in self-assembled states: ZAF-ZnTPP spheres in Figure 4a,
ZAF-ZnTPP tubes in Figure 4b, ZAF-ZnTPP fibers in Figure 3c, ZAF-ZnTMP flowers in Figure 3g, ZAF-ZnTMP sheets in Figure 3f.
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we employed SHG optical measurements as a tool for evaluating
the degree of porphyrin organization. In particular, we used a
custom-built SHG microscope, and we performed comparative
SHG intensity imaging between the different sample prepara-
tions. The SHG signals originated from the noncentrosymmetric
porphyrin molecules as previously reported in the literature.[40,41]

The intensity of the SHG signals in molecules is described by the
following Equation[42,43]

ISHG ¼ χð2ÞEE (1)

where

χð2Þ ¼ NS βh i (2)

The E is the excitation field, the χð2Þ is the second-order
susceptibility, NS is the density of molecule S and βh i is the
orientational average of the first hyperpolarizability. For
the same molecule S (i.e., porphyrin with first hyperpolar-
izability β) with the same molecular density Ns in the
excitation voxel, a higher SHG signal will occur due to a higher
orientational average of βh i that is, due to higher molecular
organization.

In Figure 7 we present SHG intensity images acquired with
the same conditions (same excitation power and PMT gain)
in order to compare the ZAF-ZnTPP spheres (Figure 7a)
with the ZAF-ZnTPP nanotubes (Figure 7b). Both assemblies
were obtained from DCM-MeOH 2:8 mixture, with the only differ-
ence being the solvent evaporation rate (Figure 4). We clearly
observe higher SHG signals in Figure 7b (ZAF-ZnTPP nanotubes)
than in Figure 7a (ZAF-ZnTPP spheres). This is also clearly dem-
onstrated in Figure 7c, d where surface plots and histograms
of the SHG intensity images of Figure 7a, b, are depicted,
respectively. As we noted above, higher SHG signal implies
higher molecular organization of the SHG-active molecules.
Therefore, the ZAF-ZnTPP nanotubes (slow evaporation) present
higher organization compared to ZAF-ZnTPP microspheres (fast
evaporation).

2.6. X-Ray Diffraction Analysis of ZAF-ZnTPP Samples

XRD patterns were recorded for both the solid and self-assembled
tubular forms of ZAF-ZnTPP (Figure S15, Supporting Information).
The solid form exhibited a broad diffraction feature centered
around 2θ ≈ 11°, consistent with a largely amorphous structure
and lacking significant long-range order. In contrast, the self-
assembled tubular ZAF-ZnTPP showed the emergence of several
distinct sharp peaks at 2θ= 1.73o, 7.25o, 7.67o, and 31.67o, super-
imposed on a similarly broad amorphous background.

The appearance of these sharp reflections upon self-assembly
suggests the development of a more ordered supramolecular
arrangement within the tubular structures. This increase in crys-
tallinity likely reflects periodic packing or alignment of the por-
phyrin units, possibly driven by π–π stacking or directional
hydrogen bonding interactions. Such enhanced ordering may
play a role in facilitating more efficient charge transport or light
harvesting, which could correlate with the observed photocata-
lytic activity.[44,45]

2.7. X-Ray Photoelectron Spectroscopy (XPS) Analysis

To probe the surface chemical changes occurring during the pho-
tocatalytic process, XPS measurements were performed on ZAF-
ZnTPP samples both in their as-prepared solid state and after
photodeposition of Pt NPs. These data provide valuable insights
into changes in elemental composition and oxidation states that
accompany the photocatalytic transformation, which are further
discussed in relation to the H2 evolution results in the following
section. The regions of interest include Pt 4f, Zn 2p3/2, N 1s, and
O 1s core levels and are presented in Figure S16, Supporting
Information.

No Pt 4f signal was detectable prior to reaction, indicating the
absence of Pt species as expected. After photocatalysis, two well-
defined peaks appear at approximately ≈69.7 eV (Pt 4f7/2) and
≈73.0 eV (Pt 4f5/2), consistent with metallic platinum (Pt0). The
emergence of these peaks confirms the successful in situ
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Figure 6. Fluorescence emission spectra of a) ZAF-ZnTPP and b) ZAF-ZnTMP in DCM solution and in self-assembled states: ZAF-ZnTPP spheres in Figure 4a,
ZAF-ZnTPP tubes in Figure 4b, ZAF-ZnTPP fibers in Figure 3c, ZAF-ZnTMP flowers in Figure 3g, ZAF-ZnTMP sheets in Figure 3f.
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formation of Pt nanoparticles during the photocatalytic pro-
cess.[46,47] The Zn 2p3/2 peak appears at ≈1022 eV in both spectra,
which corresponds to Zn2+ coordinated within the porphyrin
macrocycle.[48] The lack of binding energy shift implies that
the Zn center remains chemically stable during the reaction, with
no detectable oxidation or reduction. Similarly, the N 1s region
(≈399.5 eV), typical of pyrrolic nitrogen coordinated to the metal
center in porphyrin structures,[47] and the O 1s peak at ≈530 eV
show no significant shifts before and after photocatalysis, indicat-
ing that the core structure of the porphyrin is preserved.
Collectively, these results confirm the successful surface forma-
tion of Pt NPs and the structural integrity of Zn-porphyrins, which
support the enhanced H2 evolution activity observed.

2.8. Photocatalytic Hydrogen Generation Studies

Since the target application of these conjugates was light-driven
hydrogen production and zinc metalated porphyrins have been
proven more efficient compared to the analogous free base mol-
ecules,[49] we performed the photocatalytic investigation only for
the Zn metalated derivatives. The above results showed that the
optoelectronic properties of the porphyrin conjugates can bemod-
ulated by inducing different self-assembled nanostructures, so it
can be presumed that the catalytic HER activity will be also modu-
lated by the same factors since it is initiated by light absorption.
Based on SEM observations we selected the most well-defined
assemblies for the H2 production investigation. The photocatalytic

Figure 7. Comparative SHG intensity imaging between a) ZAF-ZnTPP spheres (fast) and b) ZAF-ZnTPP nanotubes (slow). c,d) Surface plots and histograms
of the SHG intensity images of a,b, respectively. Scale bars show 10 μm.
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experiments were performed under visible LED light irradiation
using each self-assembled porphyrin hybrid as photosensitizer,
an aqueous solution of ascorbic acid (AA) as sacrificial electron
donor and Pt NPs as catalyst. The SED selection was based on pre-
viously reported analogous porphyrin systems which presented
enhanced catalytic efficiency towards H2 evolution.[32,50,51]

Notably, AA has demonstrated superior performance compared
to TEOA as a sacrificial electron donor in systems where the
researchers compared both SED compounds.[52,53] Figure 8 illus-
trates the photocatalytic H2 generation plots utilizing ZAF-
ZnTPP and ZAF-ZnTMP self-assemblies. Significant variations in
the photocatalytic activity of the systems were observed. In detail,
ZAF-ZnTMP flower-like structures (obtained from THF-heptane
[Hept]. 2:8 mixture; Figure 3g) reached 73 TON after 96 h of visible
irradiation outperforming the corresponding amorphous solid and
the nanosheets (from THF-acetonitrile [MeCN] 2:8 mixture;
Figure 3f ) which displayed similar performance (Figure 8a).
Analogous observations were made using the ZAF-ZnTPP fibers
(from THF-Hept. 2:8 mixture; Figure 3c) which presented 76
TON, two times higher activity compared to amorphous solid

and microspheres (from DCM-MeOH 2:8 mixture; Figure 4a).
Noteworthy, both ZnTPP fibers and ZAF-ZnTMP flower-like struc-
tures have similar fibrillar dimensions and their enhanced activity
compared to spherical nanostructure and amorphous solid is in
accordance with the literature.[32] Importantly, the highest photo-
catalytic activity was obtained from the ZAF-ZnTPP nanotubes
(obtained for the first time in the present work from DCM-
MeOH 2:8 after slow evaporation of the solvents; Figure 4b) reach-
ing 612 TON after 96 h of irradiation. The latter can be described as
a H2 production rate of 32.7mmol·g�1·h�1. To the best of our
knowledge this activity is a record high performance compared
to analogous systems utilizing self-assembled photosensitizer, Pt
NPs as the catalysts and an aqueous solution as proton source
(Table 1). This superior catalytic performance of the ZAF-ZnTPP
nanotubes compared to the other nanostructures can be
explained on the basis of three aspects: 1) SEM image 4b shows
nanotubes with very small diameter < 100 nm resulting in much
higher active surface area for catalysis to take place; and 2) SHG
investigation revealed higher organization of the ZAF-ZnTPP nano-
tubes compared to the corresponding microspheres; 3) XRD
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Figure 8. Photocatalytic H2 generation plots of a) ZAF-ZnTMP and b) ZAF-ZnTPP. The reported H2 production activity and the TONs are the average of
three independent experiments.

Table 1. Comparison between the best self-assembly-based photocatalytic systems for HER in the literature and this work. In all the reports below, a self-
assembled photosensitizer was utilized as the PS, Pt NPs as the catalysts, and an aqueous solution as the solvent.

PS SED H2 evolution [mmol·g�1·h�1] TONs Irr. Time [hours] Publication

ZAF-ZnTPP AA 32.7 612 96 This work

Fmoc-FF-ZnTPP AA 1.96 155 406 [32]

Perylene Bisimide MeOH 0.0127 – 3 [59]

g-C3N4 TEOA 5.8 – 2 [60]

Naphthalimide-Zn Porphyrin TEOA 5.4 62.5 50 [61]

THPP AA 19.5 – 5 [50]

TCPP AA 3.5 – 6 [51]

PdTCPP-PCN-222 TEOA 3.9 – 5 [62]

Rhodamine B AA 18.4 – 1 [63]
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analysis revealed the appearance of sharp diffraction peaks in the
nanotube sample, indicating a higher degree of structural order
compared to the solid form. This increased crystallinity likely facil-
itates more efficient charge transport or exciton migration, further
enhancing the photocatalytic activity.

Control experiments lacking the porphyrin photosensitizer, or
the Pt NPs, or the SED, or light irradiation, displayed no H2 pro-
duction. These results point out the importance of the solvent
evaporation rate to the self-assembled morphology of the photo-
catalysts which in turn influences the surface area and the degree
of organization and eventually govern the photocatalytic activity
for H2 generation.

In order to determine the stability of the photocatalyst after the
H2 evolution experiments, UV–Vis absorption (Figure S17,
Supporting Information) and MALDI-TOF (Figure S18, Supporting
Information) mass spectra were recorded and confirmed that both
ZAF-ZnTPP and ZAF-ZnTMPmolecules remained intact after light
irradiation. Therefore, the porphyrin hybrids can be efficiently
recycled and used in future photocatalytic experiments, demon-
strating the sustainability of our approach.

3. Conclusions

In conclusion herein, we investigated the covalent conjugation of
Cbz-Ala-Phe-OH peptides with porphyrins as a strategy towards
the development of advanced photocatalytic materials for
visible-light-induced “green” hydrogen generation. The self-
assembling properties of Cbz-Ala-Phe-OH were studied for the
first time via the “good-bad solvent” protocol and proved that
the dipeptide self-assembles into fibrillar architectures. The cova-
lently connected porphyrin-dipeptide hybrids formed distinct
supramolecular nanostructures depending on the solvent system,
the solvent evaporation rate, the presence of metal in the
porphyrin core, and the peripheral substitution of the porphyrin
macrocyle. Optical characterization showed the formation of
J-aggregates by the nanostructures. The activity of the different
self-assembled architectures towards photocatalytic green H2

evolution from aqueous protons under visible-light irradiation
was explored. SHG optical measurements showed that tubular
nanostructures with higher molecular organization presented
the highest H2 generation efficiency. The enhanced H2 evolution
could also be attributed to their higher surface area. Noteworthy,
this best-perfoming system reached a record-high H2 production
activity compared to analogous porphyrin based systems
(Table 1). This work systematically investigated the self-assembly
behavior of the synthesized conjugates and the impact of the
distinct architectures on photocatalytic hydrogen production.
The presence of a metal in the center of the porphyrin ring,
the slow evaporation of the chosen solvent and the ability to
self-assemble into tubular nanostructures were identified as criti-
cal parameters for optimal hydrogen production. Of note, the
optimal building blocks were not affected during light irradiation,
therefore, they could be reused for multiple experimental cycles.
Beyond Pt, which was employed in this study as a standard co-
catalyst, future investigations should explore the integration of

earth-abundant alternatives such as Ni- and Co-based complexes,
NiCu alloys,[54] Co-B nanoparticles,[55] and 2D materials like
MoS2.[56] These systems have demonstrated competitive photo-
catalytic activity in hydrogen evolution while offering greater
cost-effectiveness and scalability. Incorporating such sustainable
co-catalysts into peptide–porphyrin assemblies could pave the
way for the design and optimization of peptide-porphyrin-based
photocatalysts towards sustainable energy applications.

4. Experimental Section

Materials

The Cbz-Ala-Phe-OH peptide was purchased from Bachem
(Bubendorf, Switzerland). All reagents were purchased from common
commercial sources and used without any further purification, unless
otherwise stated.

Nuclear Magnetic Resonance (NMR) Spectroscopy

The porphyrin moieties were analyzed with 1H and 13C NMR spectros-
copy using Bruker AMX-500 MHz and Bruker DPX-300 MHz spectrom-
eters. All measurements were carried out at room temperature in a
deuterated solvent using residual protons as internal reference.

Mass Spectra

Mass spectra were obtained on a Bruker UltrafleXtreme matrix assisted
laser desorption ionization time-of-flight (MALDI-TOF) spectrometer
using trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] malo-
nonitrile (DCTB) as matrix.

UV–Vis Absorption Spectroscopy

In all studies, spectrometer Shimadzu UV-1700 was used. The
reported solution experiments were performed using quartz cuvettes
of 0.2 cm path-length. The solid-state samples were prepared via
drop-casting on a quartz cover glass and left to dry overnight.

Fluorescence Emission Spectroscopy

The emission spectra were measured on a JASCO FP-6500 fluores-
cence spectrophotometer equipped with a red-sensitive WRE-343
photomultiplier tube (wavelength range: 200–850 nm).

SEM

For SEM observations the samples were covered with 10 nm Au/Pd
sputtering and were observed directly. SEM experiments were per-
formed by using a JEOL JSM 7000 F (FESEM) operating at 15 kV.

Synthesis: ZAF-TPP

Cbz-Alanine-Phenylalanine-OH (0.0353 gr, 0.095 mmol, 1.2 equiv.)
were dissolved in a mixture of 2 mL DCM and 3mL THF. The solution
was cooled in an ice bath, N,N 0-Dicyclohexylcarbodiimide (DCC,
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20mg, 0.095 mmol, 1.2 equiv.) and 1-hydroxybenzotriazole hydrate
(HOBt, 13 mg, 0.095mmol, 1.2 equiv.) were added and stirred for
an extra 30 min at 0 °C. Then 1 eq of TPP-NH2 (50 mg, 0.0794 mmol)
was added, and the reaction mixture was let stirring at room temper-
ature for 16 h. Washing with water (3� 10mL) was conducted after-
wards, and the organic phase was collected, and the solvents were
removed under reduced pressure. The title compound was isolated
as a purple solid via column chromatography (silica gel, DCM/EtOH,
1% v/v) followed by recrystallization in DCM/Hexane mixture (41 mg,
52%). 1H NMR (dimethyl sulfoxide [DMSO]-d6, 500 MHz): δ (ppm)
10.45 (1H, s), 8.85 (2H, m), 8.28 (1H, m), 8.22 (6H, m), 8.16 (2H, d,
J= 8 Hz), 8.06 (2H, d, J= 8 Hz), 7.84 (9H, m), 7.51 (1H, d, J= 7 Hz),
7.39–7.25 (10H, m), 5.06 (2H, s), 4.85 (1H, m), 4.13 (1H, m), 3.08
(1H, m), 1.23 (3H, m), �2.90 (2H, bs). MS (MALDI-TOF): m/z calculated
for C64H51N7O4: 981.40 [M]þ; found: 981.42.

ZAF-ZnTPP

In a 50 mL flask, 20mg of TPP-ZAF (0.020 mmol, 1 equiv.) was dis-
solved in 7mL of DCM and 2mL of CH3OH. Subsequently,
Zn(CH3COO)2·2H2O (60 mg, 0.30 mmol, 15 equiv.) was added, and
the reaction mixture was stirred in room temperature overnight.
After the completion of the reaction, the mixture was washed with
water (3� 10mL), the organic phase was collected, and the solvents
were removed under reduced pressure. The title compound was iso-
lated by column chromatography (silica gel, DCM/EtOH, 1% v/v) as a
purple solid (22 mg, 92%). 1H NMR (DMSO-d6, 500 MHz): δ (ppm)
10.41 (1H, s), 8.83 (2H, m), 8.76 (6H, m), 8.26 (1H, d, J= 8 Hz), 8.18
(6H, m), 8.12 (2H, d, J= 8.5 Hz), 8.02 (2H, d, J= 8.5 Hz), 7.78 (9H,
m), 7.52 (1H, d, J= 7 Hz), 7.41–7.23 (10H, m), 5.08 (2H, s), 4.85 (1H,
m), 4.14 (1H, m), 3.08 (1H, m), 1.23 (3H, m). 13C NMR (DMSO-d6,
125 MHz): δ (ppm) 172.6, 170.2, 155.8, 149.5, 149.4, 149.3, 149.2,
142.7, 138.1, 137.8, 137.6, 137.0, 134.5, 134.1, 131.6, 131.5, 129.3,
128.3, 128.1, 127.8, 127.7, 127.4, 126.6, 126.4, 120.3, 120.2, 120.1,
117.4, 65.5, 54.8, 50.3, 37.6, 18.1. MS (MALDI-TOF): m/z calculated
for C64H49N7O4Zn: 1043.31 [M]þ; found: 1043.30. UV–Vis (DCM) λmax

nm (ε/mmol�1·dm3·cm�1)= 420 (384), 549 (15.8), 587 (3.2).

ZAF-TMP

Cbz-Alanine-Phenylalanine-OH (0.0587 gr, 0.158mmol, 1.2 equiv.) were
dissolved in a mixture of 2mL DCM and 3mL THF. The solution was
cooled in an ice bath, N,N 0-Dicyclohexylcarbodiimide (DCC, 33mg,
0.095mmol, 1.2 equiv.) and 1-hydroxybenzotriazole hydrate (HOBt,
22mg, 0.095mmol, 1.2 equiv.) were added, and stirred for an extra
30min at 0 °C. Then 1 eq of TMP-NH2

38 (100mg, 0.132mmol) was
added and the reaction mixture was let stirring at room temperature
for 16 h. Washing with water (3� 10mL) was conducted afterwards
and the organic phase was collected and the solvents were removed
under reduced pressure. The title compound was isolated as a purple
solid via column chromatography (silica gel, DCM/EtOH, 1% v/v) fol-
lowed by recrystallization in DCM/Hexane mixture (120mg, 82%).
1H NMR (DMSO-d6, 500 MHz): δ (ppm) 10.43 (1H, s), 8.82 (2H, m),
8.60 (6H, m), 8.27 (1H, d, J= 8 Hz), 8.14 (2H, d, J= 8.5 Hz), 8.04 (2H,
d, J= 8.5 Hz), 7.52 (1H, d, J= 7.5 Hz), 7.37–7.25 (16H, m), 5.07 (2H,
bs), 4.84 (1H, m), 4.12 (1H, m), 3.07 (1H, m), 2.58 (9H, s), 1.77 (18H,
s), 1.25 (3H, m), �2.68 (2H, bs). MS (MALDI-TOF): m/z calculated for
C73H69N7O4: 1107.54 [M]þ; found: 1107.57.

ZAF-ZnTMP

In a 50 mL flask, 100mg of TMP-ZAF (0.090mmol, 1 equiv.) was dis-
solved in 35 mL of DCM and 10mL of CH3OH. Subsequently,

Zn(CH3COO)2·2H2O (267 mg, 1.35 mmol, 15 equiv.) was added, and
the reaction mixture was stirred in room temperature overnight.
After the completion of the reaction, the mixture was washed with
water (3� 10mL), the organic phase was collected, and the solvents
were removed under reduced pressure. The title compound was iso-
lated by column chromatography (silica gel, DCM/EtOH, 1% v/v) as a
purple solid (81 mg, 77%). 1H NMR (DMSO-d6, 500 MHz): δ (ppm)
10.38 (1H, s), 8.72 (2H, m), 8.52 (6H, m), 8.25 (1H, d, J= 8 Hz), 8.09
(2H, d, J= 8.5 Hz), 7.99 (2H, d, J= 8.5 Hz), 7.52 (1H, d, J= 7 Hz),
7.40–7.25 (16H, m), 5.07 (2H, s), 4.86 (1H, m), 4.12 (1H, m), 3.27
(1H, m), 3.08 (1H, m), 2.57 (9H, bs), 1.78 (18H, bs), 1.23 (3H, m). 13C
NMR (DMSO-d6, 125 MHz): δ (ppm) 172.8, 170.2, 155.9, 149.2,
149.0, 148.9, 148.8, 139.2, 139.1, 135.5, 138.4, 138.1, 137.8, 137.6,
137.0, 136.8, 134.4, 131.8, 130.4, 129.9, 129.3, 128.4, 128.2, 127.8,
127.7, 127.6, 126.5, 119.2, 117.6, 117.4, 117.3, 65.5, 54.9, 50.4, 37.7,
21.7, 21.5, 21.1, 18.2. MS (MALDI-TOF): m/z calculated for
C73H67N7O4Zn: 1169.45 [M]þ; found: 1169.44. UV–Vis (DCM) λmax

nm (ε/mmol�1·dm3·cm�1)= 421 (410), 550 (16.6), 588 (2.8).

Preparation of Self-Assembled Samples

For the preparation of the samples, the corresponding compounds
were dissolved in a chaotropic solvent (DCM, THF, 1,1,1,3,3,3-
hexafluoroisopropanol [HFIP]), and subsequently a “bad” solvent
(MeOH, EtOH, H2O, MeCN, Heptane) was introduced. After 24 h
of incubation, 10 μL of each sample were placed on a 12 mm cover
glass and left to dry overnight before observation via SEM.

SHG Imaging Microscope

The SHG optical measurements were performed using the experimental
setup illustrated in Figure S19, Supporting Information, and described
earlier.[57] Briefly, the fundamental beam originates from a fs oscillator
(FLINT, Light Conversion) centered at 1030 nm, with 80MHz repetition
rate, and 50 fs pulse duration (according to the manufacturer). Then, the
beam was directed to a pair of galvanometric mirrors (GM) (6215 H,
Cambridge Technology), which provide the raster-scanning scheme
needed for imaging. Then the beamwas entering into amodifiedmicro-
scope (Axio Observer Z1, Zeiss), is reflected by a mirror (PFR10-P01,
ThorLabs) placed at the turret box of the microscope and reaches
the objective lens (Plan-Apochromat 40x/1.3NA, Zeiss). At the sample
plane (SP), the SHG signals (generated at 515 nm) were collected in
the forward direction using a high-numerical-aperture condenser lens
(C) (achromatic-aplanatic, 1.4NA, Zeiss). The signals were then filtered
through a short-pass filter (SPF) (FF01-680/SP, Semrock) and a band-pass
filter (BPF) (FF01-514/3, Semrock) before detected by a photomultiplier
tube (PMT) (H9305-04, Hamamatsu). The SPF blocks the laser light from
reaching the detector, while the BPF allows only the SHG at 515 nm to
be detected.

Photocatalytic Measurements

The photocatalytic H2 production experiments were conducted in
glass vials (10.2 mL) sealed with a rubber septum, at ambient temper-
ature and pressure. Before each experiment, a fresh buffer solution
was prepared. More precisely, the buffer solution was a 1M aqueous
solution of ascorbic acid (AA) that was adjusted to pH= 4 using an
aqueous solution of NaOH (5M). For each photocatalytic experiment,
4 mg of porphyrin compound were added in the glass with 5mL of
the buffer solution and 0.2 mg Na2PtCl6·6H2O (5% w/w). For the prep-
aration of the self-assembled samples, we followed the self-
assembled protocol inside the glass vials and let the solvents evapo-
rate overnight (only in the case of fast evaporation sample we used
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N2 flow). The samples were sonicated for 30 s. In order to achieve
anaerobic conditions, the suspensions were degassed using nitrogen
for 5 min (in an ice/water bath). Finally, the samples were sealed with
a silicon septum and were irradiated under continuous stirring with a
low-power white LED lamp ring with color temperature 6400 K and
lumen of 3800 LM. This set-up provided defined positions and certain
amount (50W·cm�2) of the emitted light for all the vials simulta-
neously. The amount of H2 production of each sample vial was deter-
mined using a Shimadzu GC 2010 plus chromatograph with a TCD
detector and a molecular sieve 5 Å column (30m - 0.53 mm). For
every measurement, 100 μL were taken from the headspace of the
vial and were instantly injected in the GC. In all cases, both the
reported H2 production values and the turn over number (TON)
are the average of three independent experiments.

Calculation of TONs and H2 evolution mmol(H2)·g(cat)�1·h�1

The catalytic performance values were calculated according to the
equations

TON ¼ nðH2Þ
nðCatÞ (3)

H2 evolution rate ðmmol g�1h�1Þ ¼ n ðH2Þ
m ðcatalytÞ � t

(4)

where: n(H2) is the total amount of the produced H2 (in mmol) and
n(Cat) is the total amount of the Pt catalyst (in mmol).

In every photocatalytic experiment 0.0002 g of Na2PtCl6.6H2O were
used. Thus, the final amount of the catalyst (Pt) in each experiment
is m (catalyst)= 0.000069 g.

An apparent quantum yield (AQY) of roughly 0.28% was obtained.
The energy of photons was determined by using a StarLite power
meter with a FL400A-BB-50 thermal sensor (Ophir Optronics Ltd).
The apparent quantum efficiency (AQY) was calculated according
to the following Equation[58]

AQY ¼ 33.2296� μmol of H2 � number of e� for Hþ to H2

light intensity � area � time � wavelength
(5)

where: light intensity in mW/cm2, area: irradiation area in cm2, time in
hours, and wavelength: irradiation wavelength in nm (533� 10 nm).
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