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PSll-inspired quantasomes have emerged as promising artificial
photosystems evolving oxygen from water due to their
integrated multi-chromophore asset, hierarchical architecture,
and efficient light-harvesting capabilities. In this study, we
adopt a combined covalent and supramolecular strategy by
implementing a poly-styrene backbone that reinforces proxim-
ity and pairing between adjacent perylenebisimide (PBI)
quantasome units. The covalent fixation of the quantasome
network results in a significant enhancement of the photo-
electrocatalytic performance on engineered IO-ITO photoano-

Introduction

Solar-driven water splitting offers a direct pathway to the
production of “solar hydrogen,” as an ideal renewable, carbon
neutral, energy vector. Natural photosystems found in plants,
algae, and cyanobacteria provide the functional inspiration for
the vital photosynthetic cycle, based on water oxidation as its
primary engine.l" In particular, Photosystem Il (PSll) is the
natural machinery that can split the strong O—H water bonds
(BDE=110.3 kcal/mol), abstracting electrons and protons, while
evolving oxygen using low energy photons (A>500 nm). Albeit
the natural PSIl has been optimized with a still remarkably high
overpotential, (ca. 300 mV) and turnover frequencies (TOF)
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des, with up to 290% photocurrent increase (J up to 100 pA
cm™?, A >450 nm, applied bias <1.23 V vs RHE, F.E.O, >80%)
compared to the non-polymerized analog. Moreover, the direct
PBI-quantasome polymerization on the photoanode surface
was performed by light irradiation of the radical initiator 2,2-
Azobis(2-methylpropionamidine), improving the photoelectrode
robustness under high solar irradiance (>8 suns) and limiting
the photocurrent loss (<20%) at 1.52V vs RHE compared to
the non-polymerized system.

exceeding 400-500 s, the inherent fragility of natural proteins
dictates a short lifetime (minutes to hours) necessitating of a
perpetual, energy-intensive repair cycle.” PSIl synthetic analogs
could advantageously replicate the 4-electrons/4-protons pho-
to-assisted water oxidation mechanism by setting a highly
robust functional machinery with tailored building blocks that
do not necessitate to self-heal during photosynthetic turnovers.

Recently, we introduced the biomimetic concept-design of
totally artificial quantasomes (QS) - derived from the Greek
term “soma” meaning “body” - that display a hierarchical
supramolecular and integrated architecture where perylenebisi-
mide (PBI) antennas surround the oxygen evolving catalysts,
thus enabling water oxidation using visible light quanta, and
emulating the oxygenic function of PSIL.E™

In an aqueous environment, supramolecular QS readily self-
assemble by encapsulating the deca-anionic oxygen-evolving
catalyst Ru,POM within a multichromophoric “corolla” of
cationic perylenebisimides, serving as green-light molecular
harvesters (Scheme 1).°” These self-assembled QS structures
exhibit a definite 5:1 stoichiometry ([PBI];Ru,POM), dictated by
complementary electrostatic interactions, and adopt a multi-
lamellar architecture driven by the lateral PBl n-n aromatic
stacking,”’ mimicking the electrostatic protein-protein interac-
tions observed in native chloroplasts, that are responsible for
the stacked chloroplast membranes (grana structure) and their
dynamics, that leverage the functional integrity of the photo-
synthetic machinery and adaptation to the environmental
conditions."" We have recently demonstrated that the
introduction of hydrophilic tetraethylene glycol (TEG) cross-
linkers among the PBI building blocks can promote the pairing
of the QS units while favoring water transport.*'¥ To further
reinforce the supramolecular architecture against operational

© 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. (A) PBI-S and its aggregation into H aggregates in water and self-
assembly of QS-S upon Ru,POM intercalation. (B) Photo-polymerization of
QS-S with 2,2'-Azobis(2-methylpropionamidine) as radical starter to yield QS-
polyS. (C) Molecular structure of lateral and orthogonal styrene groups
evolving under photo-polymerization conditions to ethylbenzene linkers
between quantasome units at the intra- and inter-lamellae level.

stress under oxygenic turnover, we introduce herein the on-
surface photo-polymerization of the QS units by installation of
styrene terminals on the PBI antennas. Indeed, a current
strategy to enhance the properties of photocatalytic materials
involves immobilization within a polymeric matrix, favoring
surface roughness, charge separation, and enhancing the
photoanode stability.!"?

In this work, a tailored design of a polymerizable PBI
chromophore has been implemented by the synthesis of a bis-
cationic PBI scaffold, decorated with two terminal styrene
groups (PBI-S, Scheme 1A). The formation of the quantasome
assembly occurs readily in water leading to lateral aggregation
(QS-S) that favors the proximity of the polymerizable styrene
groups with high local density (Scheme 1B). Our results high-
light that the QS-S precursor is endowed with a superior
performance, yielding up to 290% (100 +9 pAcm™ applied bias
<1.23V vs RHE, F.E.O, >80%) compared to the styrene-free
reference (QS). Moreover, the photo-polymerization of the
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styrene groups, yielding QS-polyS, improves the robustness of
the photoanodes under high solar irradiance (<20% photo-
current loss at 8.5 suns irradiance). Our results demonstrate that
the installation of a reinforced network is instrumental to
optimize the oxygenic performance compared to state-of-the-
art PSIl biohybrid and PBI based molecular photoanodes."*'”

Results and Discussion

PBI-S was synthesized by introducing styrene terminals on the
perylene-3,4,9,10-bis(carboxybisimide) building block PBI, result-
ing in a robust, water-soluble bis-cationic PBI scaffold (Sl
Section 2.1). PBI-S was characterized primarily through FTIR,
NMR and UV-Vis spectroscopy (Figures S1-S3), with detailed
procedures and methods provided in the Supporting Informa-
tion. The UV-Vis spectrum of PBI-S in DMF (Figure S3) exhibited
sharp vibronic features of PBI monomers. The absence of
aggregation is corroborated by strong photoluminescence with
a fluorescence quantum yield of 90%."®'® Driven by m-n
interactions, PBI-S evolve to supramolecular aggregation in
water, leading to a change in the absorption spectrum
indicative of H-type aggregates formation (Figure S3). This
behavior was characterized by a blue shift in the absorption
maximum from 527 to 501 nm and an l,y/l,, ratio of 0.5.2%*" As
expected, PBI-S displayed aggregation-induced emission
quenching with a fluorescence quantum yield of 6%, while
maintaining an estimated excited state potential of E(PBI-
S*/®7)=225V vs NHE (see FigureS3 for redox-potential
estimation details), suitable for driving photo-assisted water
oxidation.

Ru,POM intercalation within PBI-S occurs readily in water,
as confirmed by converging evidence from UV-Vis, fluorescence,
and zeta-potential titration experiments (Scheme 1A, S4). This
resulted in the formation of the integrated quantasome
assembly, QS—S, with the same 5:1 PBI/Ru,POM stoichiometry
and a similar absorption envelope compared to the QS
reference (Figure 1A). This observation suggests a common
structural motif where the PBI organization is templated by
Ru,POM, which was shown to facilitate lateral packing of the
quantasome units into a 2D-lattice via n—n stacking interactions
in the QS system.” Powder X-ray diffraction (PXRD) analysis of
both QS and QS-S samples reveals that the reorganization of
the PBI columnar pattern into a multi-lamellar structure also
occurs in the QS-S. Reflection peaks are attributed to the
distance between the Ru,POM scattering centers (low gy,
reflections at 4.9 nm™', Figure 1B), which are well-separated
from the broad n-n stacking reflections indicating a significant
disruption of the pristine PBI stacks (high q,, reflections at q=
21 nm™). Importantly, the terminal styrene groups do not
hinder inter-lamellar aggregation, as evidenced by the presence
of the diffraction peak at g,=3.2 nm™', in QS-S. On the contrary,
some substantial changes are emerging in the colloid dimen-
sions in water, as Dynamic Light Scattering (DLS) analysis of QS-
S shows larger dimensions compared to QS, with a hydro-
dynamic radius distribution centered at 200 nm and 95 nm,
respectively (Figure S4). This increase in size can be attributed
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Figure 1. QS-S (red) and QS-polyS (green) versus QS (blue) characterization:
(A) superimposed UV-Vis spectra, shifted for clarity, in H,0. (B) PXRD patterns
with notable distances (see text).

to the enhancement of the hydrophobic interaction area of QS-
S due to the dense localization of the styrene moieties in the
inter-lamellar region (Scheme 1).

The photopolymerization of the styrene terminals in QS-S,
initiated by 2,2’-Azobis(2-methylpropionamidine), leads to the
formation of QS-polyS, a pivotal transformation well-supported
by FTIR evidence, confirming the conversion of the styrene
units through radical polymerization (Figure S1).

In addition to FTIR, solid-state carbon NMR spectra play a
crucial role in confirming the success of the polymerization
process. Detailed spectral analysis, led by comparison with PBI-
S liquid "C-NMR in DMSO (Figure 2A, Figure S1), reveals
distinctive features that offer compelling evidence of the
chemical transformation. Specifically, the disappearance of the
peak at 139 ppm, attributed to the styrene moieties, coupled
with the appearance of a new peak at 150 ppm, a characteristic
signal for polystyrenes, provides confirmation of the polymer-
ization process.”? Importantly, the other signals in the spectra
remain unchanged (Figure 2A, Figure S1), underscoring the
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Figure 2. QS-S (red) and QS-polyS (green) versus QS (blue) characterization:
(A) superimposed *C CP-MAS spectra, aromatic region, of QS-S and QS-
polys, shifted for clarity and compared with the liquid *C-NMR spectrum of
PBI-S (black), in deuterated DMSO (B) Water physisorption isotherms (solid
symbols: adsorption, open symbols: desorption) at 298 K.

stability of the quantasome scaffold. It is noteworthy that the
unique architecture of the quantasome assembly plays a pivotal
role in facilitating the proximity of styrene moieties, which, in
turn, enhances the success of the polymerization process. This
is evident when comparing the NMR spectra of QS-polyS and
PBI-polyS, namely the polymerization process applied only to
PBI-S aggregates (Figure S1, Sl Section 2.1), where the signals
associated with the polystyrene component are significantly
less pronounced in the latter, highlighting the role of the
quantasome architecture in promoting the desired polymer-
ization outcome. While the polymerization process maintains
the quantasome chemical structure, it causes a modification of
the XRD patterns at the inter-lamellar level, where the peaks at
do=49nm™" and q,=3.2nm"" are convoluted into a broad
scattering pattern (Figure 1B, Scheme 1). Noteworthy, the DLS
analysis demonstrated that the particle dimensions remained
unchanged (Figure S4), indicating that the styrene polymer-
ization occurs in presence of the quantasome colloidal
aggregates. Indeed, the UV-Vis spectrum of QS-polyS shows a
similar envelope compared to QS-S, indicating the retention of
the multi-chromophoric PBI arrangement around the POM,
causing a similar fluorescence quenching behavior.
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Interestingly, water physisorption experiments revealed a
higher water uptake by QS-polyS, with respect to QS-S with a
hysteresis loop indicative of a swelling behavior typical of
porous organic polymers (Figure 2B).>*! This property shows
that, in the solid state, styrene polymerization favours water
uptake within the quantasome-containing material.

QS-S and QS photoelectrochemical response is probed
upon co-deposition of the quantasome building blocks on I0-
ITO electrodes (6004100 nm voids, 10+2 um film thickness,
roughness factor RF=9504200) according to the optimized
literature protocol.” The diffuse reflectance spectra of 10-ITO|
QS-S and QS photoanodes display a superimposable spectral
envelope, consistent with the quantasome assembly signature
(Figure S5).

Chopped light linear sweep voltammetries (LSV) of 10-ITO|
QS-S and QS electrodes (loading of 12 nmolcm™, Figure 3A,
Figure S6-S7, Table S2-S3) reveal a photocurrent onset at 0.62 V
vs RHE. A dual transient regime is observed with prominent
recombination at low applied bias (<0.9V vs RHE), while
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Figure 3. (A) Representative chopped light LSV (solar simulator AM 1.5 G,
850 mWcm 2=8.5 suns, A >450 nm, scan rate 10 mV/s, in 0.1 M NaHCO;,
pH 7.0) of 10-ITO| QS-S (red trace) vs QS (blue trace). (B) Photocurrent traces
of 10-ITO| QS-S (red trace) (12 nmol cm~2 loading) registered at 1.52 V vs
RHE in 0.1 M NaHCO;, pH 7.0, with solar simulator equipped with AM 1.5 G
filter, 850 mWcm~2=8.5 suns, A > 450 nm and corresponding O, reduction
trace registered at the FTO collector under —0.28 V vs RHE applied bias
(black trace).
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optimal charge collection is achieved in the range of 0.90-
1.62V vs RHE. At 1.12V vs RHE, the photocurrent densities
reach values of J(QS-S)=10049 pA cm~2 and J(QS)=35+3 pA
cm™?, anticipating the thermodynamic barrier for oxygen
evolution (E(O,/H,0)=1.23 V vs. RHE) and at 1.52 V vs RHE peak
photocurrent densities of J(QS-S) =260 10 pAcm~2 and J(QS)-
=290440 pAcm™? are achieved. The 10-ITO|QS-S photoelec-
trochemical performances are associated with oxygen evolution
and faradaic efficiency F.E. O, >80%, as determined using the
generator-collector method (Figures 3B, Figure S8, Table S4).
The QS-S platform provides a unique opportunity to probe
the impact of a cross-linking polystyrene photopolymerization
on the photoanode performance (Scheme 1B). To this aim, the
direct on-surface photo-polymerization of deposited QS-S was
performed upon addition of 2,2-Azobis(2-methylpropionami-
dine) under irradiation (4 h, r.t., =370 nm) yielding 10-ITO | QS-
polyS. Diffuse reflectance spectra provide evidence of super-
imposable spectral features with QS-polyS synthesized in
solution with similar polymerization protocol, confirming the
integrity of the quantasome assembly in the polystyrene
framework both on the electrode surface and as isolated
powder (Figure S5). Conversely, deposition of the ex-situ pre-
formed QS-polyS on IO-ITO electrodes results in poor photo-
catalytic performances (Figure S9, Table S5) ascribed to a
limited penetration into the IO-ITO porous matrix. Therefore,
the covalent linking by photopolymerization of the preformed
self-assembled QS-S units provides a distinctive protocol for the
fabrication of 10-ITO|QS-polyS photoanodes. Chopped-light
LSV obtained for 10-ITO|QS-polyS (12 nmol cm™?, Figure S10,
Table S6) shows comparable performances with 10-ITO|QS-S,
with a slight decrease of current densities (Table 1). The
advantage of photo-cross linking, forming a polystyrene back-
bone while reinforcing the quantasome connectivity, is probed
by chronoamperometry (CA) experiments (Figure 4).1 Under
chopped light (CLCA), 10-ITO|QS-polyS shows a photocurrent
transient sequence overtime (J;..) endowed by a superior

Table 1. Photocurrent density response of 10-ITO|QS, QS-S and QS-polyS
at 1.12 V vs RHE and 1.52 V vs RHE, and corresponding stability after 300 s
of light irradiation registered by chronoamperometries at 1.12V and 1.52
vs RHE.

Photoanode J J300s/I10s J J300/ 105
(pAcm™?) (%)° (pAcm™?) (%)°
@112V vs @1.12V vs @ 1.52Vvs @1.52Vvs
RHE RHE RHE RHE

10-ITO| 35+3 39 290+40 62

QS

10-ITO | 100+9 43 260+ 10 63

Qs-S

10-ITO | 77+7 51 205+38 81

QS-polyS

? Photocurrent density of 10-ITO|QS, QS-S and QS-polyS registered by
LSV at 1.12 and 1.52 V vs RHE in 0.1 M NaHCO;, pH 7, with solar simulator
equipped with AM 1.5 G filter, A>>450 nm. ° Photocurrent density after
300 s irradiation normalized respect to the photocurrent density after 10 s
irradiation. Samples prepared via co-deposition of 12 nmolcm~? of QS on
10-ITO electrodes. Every entry is tested with 3 different samples and the

value here reported is the mean value.
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Figure 4. (A) Representative chopped light chronoamperometries of |10-
ITO| QS-S (red trace) (12 nmolcm~? loading) and I0-ITO | QS-polyS (green
trace) (12 nmol cm 2 loading) registered at 1.52 V vs RHE in 0.1 M NaHCO,
solution, pH 7.0, with a solar simulator equipped with AM 1.5G filter,

850 mWcm>=8.5 suns, A>450 nm (10 s light and 10 s dark). (B) Oxygenic
PEC Chronoamperometry (CA) on 10-ITO electrodes highlighting the
improved stability caused by the QS-S polymerization into QS-polysS, at
1.52 V RHE under continuous light irradiation for 40 minutes of I0-ITO | QS-S
(red trace) and 10-ITO| QS-polyS (green trace) (solar simulator AM 1.5 G,
850 mWcm™2=8.5 suns, A >450 nm, scan rate 10 mV/s, in 0.1 M NaHCO;,,
pH 7.0).

stability, maintaining a Js40,/J;4, ratio up to 80% at 1.52 V vs RHE
(Figure 4A, Table 1). This observation is further corroborated
under continuous high solar irradiance (> 8 suns) for 40 minutes
(Figure 4B, Table 1, Table S7). In this case the overall oxygenic
current registered at 152V vs RHE contains a dark
contribution and reaches up to 400 pAcm™2 with a major
initial loss for 10-ITO| QS-S (Figure 4B, red trace) and a steady
initial profile (Figure 4B, green trace) for 10-ITO|QS-polyS,
which accounts for a total charge formation of 5.1-10° uCcm™
during the 40 minutes of the photoanode operation.

Conclusions

In conclusion, decoration of the PBI scaffold with styrene
moieties can leverage a combined supramolecular and photo-

Chem. Eur. J. 2024, 30, €202303784 (5 of 6)

polymerization strategy to improve the photosynthetic architec-
ture of PBl-based artificial quantasomes in terms of lateral and
orthogonal lamellar fixation. Notwithstanding the fact that the
reticulation occurs with apolar styrene moieties, water phys-
isorption has been retained in these materials. Albeit the
precise mechanism of water delivery to the catalytic quanta-
some center is still unknown, this water affinity is expected to
play a significant role in the catalytic performance observed in
water photooxidation. Indeed, significant improvement of the
photocatalytic performance (up to 290%) and stability is
obtained. These findings hold promise for the development of
guantasome-based photoanodes whose efficiency could be
further improved through a tailored engineering of the co-
polymer residues, by regulating the hydrophilic/hydrophobic
domains, to boost water harvesting and transport.
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