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Abstract

The spontaneous self-assembly of chromophores into light-harvesting antennae provides a
potentially low-cost approach to building solar-to-fuel conversion materials. However, designing
such supramolecular architectures requires a better understanding of the balance between non-
covalent forces among the molecular components. We investigated here the aqueous assembly of
perylene monoimide chromophore amphiphiles synthesized with different substituents in the 9-
position. The molecular dipole strength decreases as the nature of the substituent is altered from
electron donating to electron withdrawing. Compounds with stronger molecular dipoles, in which
dipolar interactions stabilize assemblies by 10-15 kJ mol=2, were found to form crystalline
nanoribbons in solution. In contrast, when the molecular dipole moment is small, nanofibers were
obtained. Highly blue-shifted absorbance maxima were observed in assemblies with large dipoles,
indicating strong electronic coupling is present. However, only the moderate dipole compound had
the appropriate molecular packing to access charge-transfer excitons leading to enhanced
photocatalytic H, production.
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The organization of synthetic chromophores into supramolecular arrays presents an
appealing approach to the construction of solar-to-fuel conversion materials.! Inspiration
arises from natural photosynthetic machinery, in which chromophores are precisely
organized into arrays that transfer energy over long distances to fuel-producing catalysts.2
While the protein scaffold spatially positions natural chromophores, selfassembly also offers
the potential to construct synthetic light harvesting arrays. In synthetic systems organization
can rely on molecular design to combine extended -1 stacking for visible light absorption
with hydrogen bonding,3 van der Waals,* electrostatic,> metal-coordination® forces, and
dipolar interactions.”:8 The wide range of non-covalent interactions, combined with a variety
of known chromophores, provides many opportunities for the design of highly functional
materials.

Synthetic chromophore arrays have shown exciting advances towards a complete solar-to-
fuel conversion device. Such systems enable energy or charge movement along the
nanostructures across micrometer distances from the excitation site,® a desirable property for
functional light-harvesting structures, while increasing charge carrier lifetimes can also
improve charge collection.® Photovoltaic devices have shown power conversion efficiency
enhancements using self-assembled chromophore arrays,1911 where device performance
heavily depends on the molecular organization.12 While solar-to-fuel conversion requires
coupling light-harvesting arrays and fuel-producing catalysts, there remain few examples of
photocatalysis from supramolecular chromophore arrays.13-14 This scarcity reflects the
challenge both in catalyst-chromophore integration and in understanding the design rules for
beneficial solar-to-fuel molecular packing arrangements within chromophore assemblies.
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We recently reported a supramolecular, light-harvesting hydrogel that photocatalytically
reduces protons to H, in water using assemblies of chromophore amphiphiles (CAs).1® The
CAs were based on perylene monoimide (PMI), a light-absorbing molecule known for its
ease of synthesis and stability, containing a carboxylate to introduce water solubility.
Hydrogels could be formed through the addition of salt to aqueous solutions of self-
assembled CA ribbons. Furthermore, the salt-induced charge screening resulted in
crystallization, enabling us to determine intra-ribbon CA molecular packing, and increased
electronic coupling between chromophores. This material’s crystalline nature, a rare
phenomenon for supramolecular assemblies, provides a handle to relate molecular packing,
electronic properties, and photocatalytic performance. We recently altered the molecular
packing arrangements within assemblies by varying the CA linker length® or modifying the
aromatic corel”.18 and found these differences have drastic consequences on photocatalytic
performance. Analyses investigating inter-chromophore electronic coupling revealed the
formation of weakly bound charge-transfer exciton (CT-exciton) states to be vital for
achieving the most active solar-to-fuel photosensitizing assemblies.1® While control over
self-assembly via molecular shapes appears crucial for developing future supramolecular
materials, it remains uncertain how individual CA’s molecular electronic properties alter
assembly and photocatalytic performance.

We synthesized a series of CAs in which an electron-donating amine, an electron-neutral
methyl, or an electron-withdrawing nitrile was attached to the 9-position of PMI’s aromatic
core (Figure 1). 9-position substitutions usually alter the core’s electronic properties, such as
band gap, HOMO-LUMO levels, and dipole strength.22 The molecules, containing a
hydrophilic carboxylate through the imide position, were prepared from a brominated PMI
precursor using various palladium-catalyzed chemistries (see SI). We calculated dipole
moments for NH2-CA, CH3-CA, and CN-CA to be 10.2 D, 8.1 D, and 1.6 D, respectively
(see SI). We also found unsubstituted PMI’s dipole strength to be 7.1 D, in agreement with
previous calculations.?! NH»-CA’s strong molecular dipole is consistent with rt-donation by
the amine nitrogen’s lone pair, while CN-CA’s weak dipole results from competition for
electron density between the electron-withdrawing nitrile and imide groups. CH3-CA’s
weakly-donating methyl group enhances the core dipole relative to unsubstituted PMI. Our
calculations showed a decreasing trend in molecular dipole strength as the 9-position’s
electron-withdrawing nature is increased,2223 demonstrating our ability to control CA dipole
strength via substituent choice.

Small angle X-ray scattering (SAXS) showed the CAs all selfassemble into nanostructures
upon suspension in water (Figure 2a). NH,-CA and CH3-CA profiles were consistent with
scattering from ribbon-like nanostructures while CN-CA data was best modeled by
cylindrical fibers (Figure S1 and Table S1). Our models suggested that all the nanostructures
are less than 5 nm thick and at least hundreds of nanometers long. However, while both
NH>,-CA and CH3-CA formed ribbons roughly 100 nm in width, CN-CA assembled into
thin fibers, 5-10 nm wide based on SAXS fitting and cryogenic transmission electron
microscopy (Figure S2). Given the similar molecular shape between the three CAs and the
drastically different observed morphologies, we hypothesize that either the molecular
packing differs greatly or that weakening the CA core’s ground state dipole alters
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supramolecular assembly. To probe the internal structure of the assemblies, we employed
wide-angle X-ray scattering (WAXS) after chargescreening with salt. NH,-CA and CH3-CA
samples showed sharp diffraction peaks, indicative of nanostructure crystallization (Figure
2b), while the broader peaks for CN-CA indicate organization into smaller domain sizes
than the other CAs, possibly resulting from the narrow nanoribbon widths and a high degree
of crystal distortions. We fit the three observed WAXS peak positions for each CA to 2D
oblique lattices (Figure S3). The b-axis distances were 3.7-3.9 A, similar to r-m stacking
distances reported for crystalline perylene diimide (PDI) compounds, usually 3.3-3.5 A.24
We observed longer b-axis distances for NH,-CA and CN-CA than CH3-CA, suggesting
less stable -1t stacking interactions for these two CA assemblies. We observed 7.8-8.6 A a-
axis distances, possibly representing edge-to-edge or edge-to-face (herringbone)
configurations. While the X-ray data lacks the fine structure necessary to determine CA
orientation within these unit cells, a “herringbone” type packing is likely, given stabilization
by CH-rt interactions2® and previous examples found in solid state?6 and supramolecular
assemblies.’

We further investigated how the CA ground-state dipoles could affect nanostructure
formation. Using the calculated molecular dipole strengths and CA molecular packing
geometries, we estimated dipolar interaction energies among CAs (see Sl and Figure S4)
using a pairwise dipole-dipole interaction potential, not considering other intermolecular
interactions such as van der Waals, solvophaobic, rt-m stacking, or CH-rt stabilization forces.
Interestingly, we calculated NH,-CA and CH3-CA to have total dipolar interaction energies
of 14.5 kJ-mol~1 and 10.1 kJ-mol~1, respectively. To compare these values with PMI’s rt-rt
stacking energy, we conducted a classical molecular dynamics (MD) simulation, using
GROMACS package,?’ for CA packing in an aqueous, charge screened medium (Figure S5).
The simulations estimated the unsubstituted PMI rt-e stacking energy to be 42 kJ-mol~1, in
accordance with previous estimates of 45 kJ-mol~1 for aqueous PDI -t stacking.28 Our
calculated dipole interaction energies are well within the range of previously reported
dipole-mediated aromatic assemblies,2%-30 and are similar in magnitude to rt-rt stacking
energy, albeit several times weaker. In contrast, we calculated CN-CA’s dipolar interactions
to provide less than 0.5 kJ-mol ™! stabilization, indicating that the loss of this dipole-induced
stabilization could justify the narrow nanostructures observed for CN-CA. We propose CA
dipole strength enables nanoribbon formation through dipole-dipole interactions and is a
fundamental design rule to crystalline nanostructure formation. The 9-substituent should
also alter CA r-basicity and therefore CH-mt interactions. CN-CA’s nitrile reduces the CA’s
rt-basicity, weakening any CH-re stabilization and limiting growth perpendicular along the
t-1e stacking direction.

We investigated the CA assemblies using absorption spectroscopy to understand the
electronic coupling within each assembly. In dimethyl sulfoxide (Figure 3a), NH,-CA and
CHg3-CA displayed featureless absorption spectra, while CN-CA showed the vibrational
modes associated with monomeric PMI. In the presence of salt (50 mM aqueous NaCl) to
screen assemblies, NH,-CA solutions presented a 500 nm absorption maximum, a 115 nm
blue-shift relative to the monomer spectrum (Figure 3b). CH3-CA showed a 440 nm
absorbance maximum and a 570 nm peak. The 570 nm peak is consistent with CT exciton
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formation, which has been previously reported at 564 nm in PDI crystals.31 CN-CA
exhibited a 460 nm absorbance maximum, a 40 nm blue-shift from the monomer spectrum,
indicating significant electronic coupling despite the broader WAXS peaks, consistent with
aggregation, but not necessarily crystallization. All CAs exhibited absorbance maxima blue-
shifts compared to their unassembled states, indicative of cofacial, - stacking among PMI
cores (H-aggregation),32 congruous with our proposed packing pattern. However, only CHs-
CA displayed evidence for CT-exciton formation, a feature we associate with improved
photocatalytic performance.

We explored how CA molecular packing and electronic properties affect the CA’s ability to
photosensitize a proton reduction catalyst. Photocatalytic proton reduction studies were
performed on CA gels (9.57 mM), produced from charge screening with PDDA (5 wt%),
and placing gels in a solution of 0.85 M pH 4 ascorbate buffer and 4.3 pM (NH,4)2Mo03S13
clusters, previously shown to be efficient and robust proton reduction catalysts.33 After
illuminating for 18 hours, we observed an average of 275 + 56 turnovers or 98 + 14 gmol H,
g1 h™1 for NH,-CA and 478 + 63 or 160 + 21 pmol H, g~1 h~1 for CH3-CA. The external
quantum efficiency of our best system (CH3-CA) was measured to be 0.023 + 0.0005%,
slightly lower than other high performing organic systems based on C3N, and Mo0S,.34 The
CN-CA gels did not produce any H2, and all gels experienced minimal morphological
changes during the photocatalytic experiments (Figure S6). We hypothesized the absence of
H2 from CN-CA may result from the highly electron-withdrawing nitrile group that lowers
CN-CA’s HOMO and LUMO levels, bringing them closer to those of unsubstituted PDI3>
and too low for Mo3S13 cluster photoreduction. We used cyclic voltammetry (CV) to probe
energy levels of self-assembled CAs in dried films, which largely retain the gelled-state
structures (Figure S7, S8, and Table S3). Our estimations suggest all three CA assemblies
should be capable of photooxidizing ascorbic acid (Figure 4), but only NH2-CA and CH3s-
CA can photoreduce Mo3S3 clusters, consistent with the significant H2 evolution observed
for those gels. The top of CN-CA’s conduction band is only 0.1 eV above the
(NH4)>2Mo3S13 clusters” LUMO, suggesting that photocatalysis may require a LUMO offset,
comparable to the 0.3 eV required for exciton splitting in organic photovoltaic systems.36:37
We envision the photocatalytic mechanism to proceed via CA light-induced exciton
formation, followed by electron transfer from ascorbate to CA. Photoreduced NH2-CA or
CH3-CA then transfers an electron to a nearby Mo3Sq3 catalyst. A second light-induced
electron transfer event results in the evolution of one H, molecule. As CN-CA cannot
reduce Mo3S13, photoexcitational energy is lost via recombination instead.

CH3-CA produced more H2 even though its absorbance peak has less overlap with the lamp
emission compared to that of NH,-CA (Figure S9). We attribute CH3-CA’s improved
activity to its higher propensity to access CT excitons via its unique molecular packing.1®
Furthermore, the formation of a CT state, in which excitation energy is shared across
adjacent CAs, may “pre-split” the exciton to improve electron or hole transfer. We observed
no evidence for low-energy excimer formation (Figure $10).32 Therefore, the CT exciton is
likely the lowest energy excited state and hence the most relevant for photochemical
processes. While the CN-CA does not appear to form CT states, its inability to sensitize Ho
evolution likely results from its LUMO energy being too low to transfer an electron to the
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catalyst. We conclude both well-positioned energy levels and molecular organization are
necessary to maximize the photocatalytic performance of supramolecular materials.

In conclusion, we demonstrated the electronic properties of the CA molecules profoundly
impact both assembly morphology and H2 photocatalysis. CAs with strong molecular
dipoles crystallized into nanoribbons while CAs with a weak molecular dipole assembled
into non-crystalline nanofibers. The strong ground state dipoles introduce 10-15 kJ/mol
stabilization to the ribbon shaped nanostructures, possibly explaining why these CAs
crystallize within assemblies while many other self-assembling chromophore systems do
not. Dipole-dipole interactions thus represent an important design criterion for
understanding how tailoring chemical structure modifies the molecular packing and controls
lightharvesting functionality of self-assembled architectures, a unique aspect of the
supramolecular materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Chemical structure of CAs and dipole strengths calculated from density functional theory

simulation.
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X-ray scattering data for CA series. (a) SAXS patterns for 9.57 mM aqueous CA solutions in
50 mM NaCl. NH,-CA and CH3-CA data correspond to a ribbon morphology, while the
CN-CA scattering is best fit to a fibrous morphology. (b) WAXS data for CAs gelled with
PDDA. The three visible diffraction peaks imply diffraction by a 2D oblique lattice unit cell

(inset).
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Figure 3.
Absorption spectra of CAs in (a) 1:9 DMSO/H,0 at 1.15 mM and (b) in 50 mM agueous

NaCl at 9.57 mM.
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Figure 4.
Energy level diagram of CAs calculated from CV and absorption spectra, against vacuum,

with oxidation and reduction potentials of ascorbate and Mo3S13, respectively. Values are
given in electron-volts (V).
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