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ABSTRACT: There has been rapid progress on the chemistry of supramolecular scaffolds that
harness sunlight for aqueous photocatalytic production of hydrogen. However, great efforts are still
needed to develop similar photosynthetic systems for the great challenge of CO:2 reduction
especially if they avoid the use of non-abundant metals. This work investigates the synthesis of
supramolecular polymers capable of sensitizing catalysts that require more negative potentials than
proton reduction. The monomers are chromophore amphiphiles based on a diareno-fused ullazine
core that undergo supramolecular polymerization in water to create entangled nanoscale fibers.
Under 450 nm visible light these fibers sensitize a dinuclear cobalt catalyst for CO2 photoreduction
to generate carbon monoxide and methane using a sacrificial electron donor. The supramolecular
photocatalytic system can generate amounts of CH4 comparable to those obtained with a precious
metal-based [Ru(phen)3](PF¢)2 sensitizer and, in contrast to Ru-based catalysts, retains
photocatalytic activity in all aqueous media over 6 days. The present study demonstrates the

potential of tailored supramolecular polymers as renewable energy and sustainability materials.




Introduction

Self-assembly of molecules into supramolecular materials in aqueous environments is an attractive
strategy to prepare artificial photosynthetic systems.!”” The possibility of forming soft materials
integrating all the functional elements in the form of hydrogels that mimic the environment in
which natural photosynthesis occurs is an inspiring challenge for designing solar energy materials.
813 Such platforms generate opportunities to coat substrates with materials and perform
photocatalysis in customizable solid forms as an alternative approach to traditional solution-phase
systems. Also using n—n stacked supramolecular polymer scaffolds can be advantageous to help
with the formation of efficient charge-separated states with long exciton lifetimes.'* Our laboratory
has reported on perylene monoimide chromophore amphiphiles that form hydrogels based on
nanoscale ribbons in the presence of electrolytes that photosensitize a molecular catalyst for
reduction of protons into H2."'>"!7 There have been other efforts in the preparation of photocatalytic
systems where self-assembled organic dyes, such as perylene diimides and porphyrins, act as
photosensitizers to platinum-based catalysts.'®2* However, novel self-assembled photosensitizers
are needed for powering molecular catalysts for carbon dioxide (CO2) reduction. The
photocatalytic conversion of CO: into chemical feedstock is attracting considerable attention as a
way to address the urgent problems causing global warming and a shortage of fossil fuels.?>%
Thus, catalytic strategies are necessary to reduce CO:2 given its inertness and the need to develop

efficient and stable systems.’** Reasonably high performance can be achieved in non-aqueous
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solvents or water-organic solvent mixtures, with only a few systems showing high CO:-
reducing activity in pure water.***® To add one more hurdle, the ones that operate in fully aqueous
media require photosensitizers containing non-abundant elements such as cadmium or

ruthenium.**-°

We report here on a strategy to create supramolecular polymer scaffolds that integrate both light-
absorbing chromophores and catalysts into materials for light-driven CO2 reduction. Among the
many polycyclic aromatic hydrocarbons reported in the literature,’! the ullazine core
(indolizino[6,5,4,3-ija]quinoline) was first reported in 1983 and described as a “m-excess
heteroarene” due to its potential donating strength as well as electron stabilizing properties of this
nitrogen-containing heterocycle.’ Since then, ullazine derivatives have been successfully
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investigated as photosensitizers in dye-sensitized solar cells, especially because of their

electron-donor  properties.”>  Furthermore, the synthetic approaches towards the



dibenzo[d,k]ullazine and its incorporation in larger m-conjugated systems have been recently
expanded.’**%®! Nonetheless, the self-assembly of ullazine derivatives into supramolecular

structures has been rarely studied®? and their photoredox chemistry has yet to be explored.

Results and Discussion

Molecular Design and Synthesis. Our work aims at the design of charged amphiphiles as
monomers with an excited state reduction potential high enough to sensitize molecular catalysts
that require more negative potentials than the H2 evolution reaction (Figure 1). Starting from the
ullazine core, we introduced the following modifications: (i) formation of a chromophore
amphiphile by introducing a monoimide group bearing a carboxylic acid through a five-carbon
linker. While the imide group introduces a dipole moment to the m-extended core, the carboxylate
is necessary as an ionizable hydrophilic head group in water; (i7) lateral m-extension of the ullazine
core to enhance the chromophore absorption of visible light;>* (iii) an n-pentyl tail opposite the
hydrophilic vector to increase the solubility of the molecule during the synthesis and facilitate

additional hydrophobic self-assembly.
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Figure 1. Schematic representation of the artificial photocatalytic systems presented in this work. a) Energy levels
representation for the preparation of self-assembled chromophores capable of producing solar fuels beyond H,, such
as photosensitization of molecular catalysts for CO, reduction; b) chemical structures of the ullazine molecule and the

two diareno-fused ullazines synthesized in this work.



For the synthesis of compounds 1 and 2 (Scheme 1), we adapted the selective 1,3-dipolar
cycloaddition reaction between azomethine ylides 5 or 9 and dipolarophile tert-butyl 6-
maleimidohexanoate.’®% In brief, Suzuki cross-coupling between 2,6-dibromo-4-(n-pentyl)aniline
(3) and 1-hydroxy-3H-2,1-benzoxaborole to afford diol 4, followed by HCl-induced microwave-
assisted cyclization and oxidation by trityl tetrafluoroborate. In the case of dithieno-azomethine
ylide 10, the preparation of the diol 9 had to account for the inherent instability of 2-thienylboronic
acid by exploiting its in situ slow-release cross-coupling from the corresponding MIDA boronate
(8) developed by Burke and co-workers.** With the two azomethine ylide precursors (5 and 10) in
hand, we performed a one-pot 1,3-dipolar cycloaddition reactions with tert-butyl 6-
maleimidohexanoate, followed by oxidation/rearomatization of the cycloaddition intermediates
with  2,3-dichloro-5,6-dicyano-1,4-benzoquinone  (DDQ).  Following chromatographic
purifications, the fert-butyl esters 1" and 2" were obtained and could be quantitatively
deprotected by using trifluoroacetic acid. The compounds 1 and 2 were unambiguously
characterized by NMR spectroscopy, high-resolution mass spectrometry, and single-crystal X-ray

crystallography (vide infra).
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Scheme 1. Synthetic approach for the preparation of ullazine monoimide amphiphiles 1 and 2. Reagents and
conditions: a) Br,, CH3;CO,H, CH,Cl,, 4—25 °C; b) l-hydroxy-3H-2,1-benzoxaborole, [Pd(PPh;3)s], K,COs3,
H,O/EtOH/toluene, 110 °C, N»; ¢) step (i) HC1 (4 M in 1,4-dioxane), p-wave heating, 130 °C, Ny; step (ii) CPh;BF4,
CH;CN/toluene, 90 °C, N; d) step (i) tert-butyl 6-maleimidohexanoate, Et;N, CH>Cl,, 25 °C, Ny; step (ii) DDQ,
CH,Cly/toluene, 25 °C, N; e) CF3CO,H, CHxCl,, 25 °C; f) methyliminodiacetic acid, benzene/DMSO, 105 °C; g)
NaBH4, CH;0OH/THF, 0—4 °C; h) Pd(OAc),, SPhos, aq. K3POy, 1,4-dioxane, 57 °C.



Photophysical and electrochemical properties of monomers. In order to determine the
photophysical properties and the energy levels of ullazine derivatives 1 and 2, we performed UV-
Vis absorption and fluorescence spectroscopy, cyclic voltammetry (CV), differential pulse
voltammetry (DPV), and also time-dependent density functional theory (TD-DFT) calculations.

The difference between the two compounds in their monomeric form is revealed by their specific
color in DMSO solutions. Compound 1 is almost colorless, while compound 2 is bright yellow
(Figure 2a, inset), thus confirming that the replacement of the two annulated benzo rings with two
thieno rings resulted in a red-shifted absorbance band suitable for visible-light photocatalysis. The
UV-Vis absorption spectra (20 pM in DMSO, 298 K) reveal the lowest electronic transitions at
410 and 431 nm for 1 and 2, respectively (Figure 2a). According to TD-DFT calculations, these
bands are attributed to n—n* transitions (Tables S4-S5, Figures S20-S21). Emission profiles for 1
and 2 displayed mirroring luminescence profiles with narrow Stokes shifts (22 and 17 nm,

respectively), and good fluorescence quantum yields (¢ = 59% and 58%, respectively).

We also investigated the aromaticity of compounds 1 and 2 computationally by nucleus-
independent chemical shift (NICS)® and anisotropy of the induced current density (AICD)%
analyses (Figures S22—S25). NICSzzz-X scan and NICSrz-XY heat maps for compound 1 show
significant local diatropic currents for the three outer benzenoid rings and the pyrrole unit, while
the central 6-membered rings exhibit a non-aromatic character. In contrast, replacement of the
annulated benzene rings with two thieno rings in 2 yields a globally diatropic ring current in the
dithienoullazine core. These findings were further corroborated by NICSxz.-Z scans and AICD

plots (Supporting Information, Figures S23—-S25).

Cyclic and differential CV and DPV were used to assess the redox properties of the ‘Bu-protected
compounds (18" and 2"8) in order to achieve the necessary solubility in organic solvents (CH2Clz).
The CV profiles of these compounds shown in Figure 2b reveal one reversible oxidation wave
(+0.85 V for 1" and +0.69 V for 28" using ferrocene as internal standard), whereas only
irreversible reduction waves were observed in our experimental setup (onset at —2.11 V for 1’B¢
and —2.10 V for 2/8%). DPV scans allowed us to reveal these reduction potentials of —2.23 for 1Bt
and —2.19 V for 28" (Supporting Information, Figure S14). Compared to the perylene monoimide

chromophore amphiphile previously reported to photosensitize proton reduction catalysts



(Supporting Information, Figure S15),"! the reduction potential is more negative by 0.70 V, which
could be useful to sensitize catalysts that require more negative potentials than the H2 evolution

reaction (vide infra).
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Figure 2. Photophysical and electrochemical properties of the two diareno-fused ullazine amphiphiles 1 and 2 in
organic solutions. a) Absorption (full lines) and emission properties (dashed lines) of molecules 1 (black trace) and 2
(red trace) as DMSO solutions (20 pM) (the insets show photographs of the diarenoullazines 1 and 2 solutions under
ambient light (left) and under 365 nm handheld lamp (right)); b) cyclic voltammograms of ‘Bu protected 1®* and 28
(1 mM in CH,Cl,, 100 mM TBAPFs, 100 mV s !, Fc/Fc' internal standard).

The structures of chromophores 1 and 2 were unambiguously proved by single X-ray diffraction
(Figure 3). Although the crystals were grown from organic solvents, the packing between the n-
extended cores gives us insights into how these molecules might assemble in aqueous solutions.
Among various packing motifs (as detailed in the Supporting Information, X-ray Analysis Section

S3), molecules in the crystal of 1 tend to pack in an antiparallel manner (around 3.34 A distance
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between the molecular planes), while 2 tends to adopt a 45° twist (3.39 A distance between the
molecular planes). The difference in packing modes is possibly due to the greater molecular dipole
moment calculated for 1 (« = 5.0 D) compared to that in molecule 2 (« = 4.0 D) due to the sulfur

atoms (Figure S17).

Figure 3. Single X-ray diffraction of the two diareno-fused ullazine amphiphiles 1 and 2. Ellipsoid representation of
X-ray structures of 1 (a) and 2 (¢) at 100 K, 50% probability; molecular packing of selected dimers in the X-ray crystal

structure of 1 (b) and 2 (d) with their stacking distance and torsional stacking angle of the chromophore cores.

Aqueous Self-Assembly. The free acids of 1 and 2 were dissolved using an equimolar amount of
NaOH, followed by the addition of 300 mM NaCl (50 mM final salt concentration, 15 mM final
concentration of the chromophore amphiphile). Two gels were obtained after annealing at 95 °C
for 30 min, followed by slow cooling to room temperature. Besides the vial inversion test, the
formation of the rather weak hydrogels was confirmed by rheological measurements (Supporting
Information, Figure S33). The UV-Vis absorption and fluorescence spectra of the non-assembled
monomers 1 and 2 as dilute solutions in DMSO exhibit significant vibronic bands with small Stokes
shifts (Figure 2a). In contrast, the gels formed by self-assembled chromophore amphiphiles 1 and
2 show broad absorption and emission profiles (Figure 4). Additionally, compared to the

monomeric species in DMSO, the absorption and emission profiles are red-shifted with Amax = 428



nm (onset estimated at 465 nm) for self-assembled versus 410 nm for monomeric 1. Similarly,
dithienoullazine 2 showed a red-shift from Amax = 431 nm for its monomeric state to Amax = 449 nm
for its gelled state (with an onset at 502 nm). We found the fluorescence emission follows a similar
trend with Aem = 516 nm and Aem = 542 nm for self-assembled compounds 1 and 2, respectively,
indicating the stacking of ullazine amphiphiles in water through self-assembly affords the capture

of a wider energy range of visible light photons through red-shifting and spectral broadening.
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Figure 4. Photophysical properties of the self-assembled diareno-fused ullazine amphiphiles 1 and 2 in aqueous
solutions. Absorption (full lines) and emission profiles (dashed lines) for self-assembled diareno-ullazines 1 and 2 gels
(15 mM in 50 mM aq. NaCl solution). The insets show photographs of the gels from 1 and 2 under ambient light (left)
and under 365 nm handheld lamp (right).

Next, we investigated the structures formed by ullazine amphiphiles 1 and 2 in water, where the
self-assembly is driven by the stacking of the hydrophobic cores, as observed by single-crystal X-
ray diffraction. Cryogenic transmission electron microscopy (cryo-TEM) of ullazines 1 and 2 in
water revealed the formation of fibers several microns long (Figures 5a,b). Atomic force
microscopy (AFM) also showed fiber formation with an average height of 5.5 +0.7 nm for 1 and

3.9 £0.3 nm for 2 (Figure 5c,d). Scanning electron microscopy (SEM) of each of the freeze-dried

8



gel samples (Figure S30) revealed a network of entangled fibers (and the presence of some sheets

due to the freeze-drying process during sample preparation).
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Figure 5. Micrographs of self-assembled nanostructures of 1 and 2. Cryo-TEM of 1 (a) and 2 (b); AFM height
images of 1 (c) and 2 (d).

To complement the microscopic characterization and to propose the self-assembly of monomers
into supramolecular fibrous structures (Figure 6a), we carried out synchrotron solution X-ray
scattering of both gels. The solution small-angle X-ray scattering (SAXS) plots of the
supramolecular assembly of chromophore amphiphiles 1 and 2 in water have a slope of around
—0.7 in the low ¢ region, indicating the existence of long and/or aggregated fibers within the gel
(Figure 6b). Furthermore, we observed a scattering minimum (0.17 A™!) that corresponds to 4 nm,

in agreement with the diameter of the fiber observed by AFM. Wide-angle X-ray scattering
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(WAXS) revealed in both 1 and 2 a single peak at 1.81 A™! (Figure 6¢), corresponding to the n—n

stacking distance between chromophore cores.
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Figure 6. Self-assembled diareno-fused ullazines and solution scattering data of 1 and 2 in water. a) Molecular graphics
representation of the assembly of chromophore amphiphile 2 into supramolecular fibrous structures; b) solution small

and medium angle X-ray scattering curves and c) solution wide-angle X-ray scattering of self-assembled diareno-fused

ullazines 1 and 2 (15 mM, 50 mM aq. NaCl).

Photocatalytic Activity. The photocatalytic reduction of CO2 requires light absorption by a
sensitizer (here: the hydrogels) and the subsequent transfer of two or eight electrons to a molecular
catalyst for its reduction to carbon monoxide or methane, respectively. In designing an artificial
photosynthetic systems for the photoreduction of CO2, we coupled the photosensitizing hydrogels
with COz-reducing non-precious metal-organic catalysts that fulfill the criteria of (7) suitable CO:-
reduction potentials aligned with the excited state reduction potential of ullazines, and (i7) partial
water solubility to co-assemble with the supramolecular hydrogels. While screening with the
cationic Fe-porphyrin Fe-p-TMA,%” and the anionic Co-porphyrin Co-TPPS*® gave low turnover
numbers (TON, see Table S8), we found high activity of dinuclear Co-based complex catalysts,

which previously showed high turnover numbers and have been recently used in aqueous solutions
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(Supporting Information, Section S12).44434% Specifically, we have focused on photosensitizing
two CO2 reduction catalysts, CoCo-1 and CoCo-2 (Figure 7c), with our self-assembled
materials.**** The onset potential for the reduction of COz for these catalysts are much more
positive (Ered,co2(CoCo-1) = —0.88 V and Ered,co2(CoCo-2) = —1.0 V vs. Ag/AgCl)*** than the
reduction potentials of diareno-fused ullazines (Ered(1) = —1.83 V and Ered(2) = —1.79 V vs.
Ag/AgCl, see Figure 2b). CoCo-1 was chosen as a benchmark system that was reproduced by
others®® and CoCo-2 was used because of its catalytic activity in fully aqueous solutions.*” The
most catalytically active Co-based cryptands require solvents that are mixtures of water and organic
solvents such as acetonitrile (CH3CN). Since the nanofiber assemblies in our hydrogels can be
partially soluble in CH3CN, we cross-linked the negatively charged assemblies with a positively-
charged polymer,! poly(diallyldimethylammonium chloride), before adding the mixed solvent
system. We then added to the supramolecular materials either CH3CN/H20 mixture or H2O (with
0.1 M NaHCQ:3), triethanolamine (TEAO, 0.3 M) as sacrificial donor and CoCo-1 or CoCo-2 (25
nM), followed by purging with CO2 gas (for the detailed procedure, see the Supporting Information
Section S12). Photoirradiation at the lowest energy absorption band of ullazine 2 hydrogel with
blue light (Figure 4b, 450 nm, 200 mW cm2) for 48 h resulted in the successful reduction of CO2
to CO and CHs (Figure 7a). The benchmark system, which utilized a ruthenium-based
photosensitizer [RuPS or Ru(phen)s3(PFe)2] (TONco = 3747+85, TONcna = 911170, and TONm2
=31+1), and the supramolecular-based photocatalytic systems revealed comparable activity. Using
self-assembled nanofibers of 1 and 2 we obtained TONco = 1136+81, TONcns4 = 490+132, and
TONmH2 = 1242, and TONco = 1525+84, TONcn4 = 865+137 and TONm2 = 1141, respectively. It is
important to note that we successfully reproduced the literature value for the RuPS and CoCo-1
system only using highly vigorous stirring (TONco = 15500 but without any CHa previously
reported),* while our supramolecular systems are just irradiated without any stirring or shaking,
which can disrupt the hydrogels, especially under longer irradiation times. For this reason, we
compared the catalytic data with the homogenous system using the same conditions. We then
investigated the fully aqueous systems employing the water-soluble catalyst CoCo-2.* Using Ru-
based photosensitizers [either Ru(phen)s(PFs)2 or Ru(phen);Cl2] we did not observe any
photoreduction products of CO2. However, the self-assembled ullazine-based systems 1 and 2

produced both CO and CHaeven in fully aqueous media.
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While it is known that the RuPS systems become inactive after relatively short irradiation times
due to photobleaching effects (around 12 to 20 h),***> we investigated the effect of prolonged
irradiation on the self-assembled ullazine-based system. For the time-dependent photocatalysis, we
focused on the ullazine 2 system, since it was found more photocatalytically active for both CoCo
catalysts. Indeed, our self-assembled photocatalytic system is able to operate for much longer
periods, continuously converting CO2 to CO and CHa4 for at least 6 days (Figure 7b and Figure
S34). Importantly, after 6 days of irradiation, the supramolecular photocatalytic systems yielded
greater amounts of CO2 photoreduction products than the RuPS photosensitizer, with the ullazine-
based amphiphile 2 reaching a TONco = 4645306, TONcns = 1518+205, and TONH2 = 2643. The
fully aqueous system using ullazine 2 retained its activity over 6 days generating TONco =
31784917, TONcn4 = 723161 and TONmn2 = 38+8. Again, we observed negligible production of

Ha, which is a known unselective side-reaction when performing experiments in aqueous media.>

Finally, we investigated the photocatalytic mechanism of our supramolecular systems, which was
only possible with the use of non-crosslinked hydrogels in conjunction with the water-soluble
catalyst CoCo-2 (Figure 7¢) obtaining homogenous hydrogels and a decreased light scattering
level. Emission experiments revealed quenching between photoexcited hydrogel 2 (or 2*) and the

sacrificial donor (TEAO), supporting an oxidative electron transfer from the amine donor to the

excited state of ullazine (forming 2™7) and suggesting a reductive quenching cycle (Figure 7d,
Figure S35). Control emission quenching experiments of self-assembled 2 with CoCo-2 did not
show any emission quenching (Figure S35), suggesting that the system does not operate under an

oxidative quenching pathway. The photosensitizer can therefore act as a reductant and can donate

electrons to the CoCo catalysts for carbon dioxide reduction.
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Figure 7. Photocatalytic performance of diareno-fused ullazines 1 and 2 supramolecular polymers with molecular
catalysts for CO; reduction. a) Catalytic turnovers in CO (grey), CH4 (red) and H» (blue) for using as photosensitizers
Ru(phen)s;(PFs)2 (RuPS) or either 1 or 2, with dinuclear cobalt complexes 1 [TEAO sacrificial donor (0.3 M) and
catalyst (25 nM) in CH3CN/H,O (4:1 v/v)] and 2 [NaHCO; (0.1 M), TEAO sacrificial donor (0.3 M) and catalyst (25
nM) in H,O] irradiated at 450 nm (200 mW cm 2) for 48 hours without no shaking or stirring; b) generation of CO
(grey symbols), CH4 (red symbols) with time (48, 96 and 144 hours) for diareno-fused ullazine 2 and CoCo-1 (under
the same conditions used in panel a, CH;CN/H,0, 4:1 v/v); ¢) chemical structures of the two dicobalt cryptands CO,
reduction catalysts ; d) proposed mechanism for the reduction of CO, to CO and CHj4 by self-assembled diareno-fused
ullazines photosensitizers (PS) and dinuclear cobalt complexes (the photograph is of a vial containing self-assembled

1 cross-linked with PDDA in aqueous solution and irradiated with 450 nm LED).

Conclusions
We have developed two novel supramolecular polymers based on diareno-fused ullazines

chromophore amphiphiles 1 and 2 that can sensitize dicobalt catalysts for the CO2 reduction to CO
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and CHa under irradiation with visible light. The rational design of the chromophore core based on
its excited state reduction potential and visible light absorption properties was incorporated into an
amphiphilic self-assembled material acting as an efficient photosensitizer. The n-stacked
supramolecular fibers sensitize Co-based molecular catalysts with comparable efficiency to a
precious metal complex in aqueous organic media (CH3CN/H20 4:1 v/v). The catalytic activity of
these supramolecular gels even outperforms turnover numbers of a comparable system sensitized
with Ru(phen)s(PF¢)2 with respect to CO and CH4 production in fully aqueous media. Prolonged
activities over 6 days further complement the performance of these organic sensitizers. We envision
that future catalytic transformations of even more complex organic substrates could be sensitized
with self-assembled soft materials under environmentally feasible conditions. This combined
strategy of self-assembling rationally designed chromophores to create functional soft materials
could become a general approach towards tailored photocatalytic systems and solar energy

materials.
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