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Spectroscopic and theoretical investigations of the self-assembly of
a particular 1,3,5-benzene trisamide-based low molecular weight
hydrogelator are described. This trisamide is pH-sensitive, and
surprisingly forms a photoluminescent supramolecular hydrogel.
Controlled gel formation in combination with the luminescence
properties allows studying the self-assembly process in detail. The
experimental results are confirmed by Density Functional Theory
(DFT) calculations, revealing that the photoluminescence originates
from the formation of a supramolecular chromophore.

The interest in multichromophoric assemblies has grown in the last
few years, due to their potential applications as advanced functional
materials.! A fascinating bottom-up approach to realize supramo-
lecular multichromophore systems is based on the self-assembly of
low molecular weight organic compounds. Fine-tuning of the
underlying molecular structure allows for a guided self-assembly into
hierarchical superstructures. One particularly interesting structural
motif of a supramolecular self-assembly system is based on benzene
1,3,5-tricarboxamide (BTA) derivatives.> BTA-based molecules self-
assemble into supramolecular columns in solution and in solid state?
and form liquid crystalline phases and well-defined nanostructures.*
This enables applications as thickening and gelation agents,® nucle-
ation and clarifying agents® and electret additives’ for thermoplastic
polymers.

Here, we present the self-assembly of the polar BTA derivative 1
(Fig. 1a) in aqueous media. We found that 1 featuring three p-car-
boxylphenyl side arms is one of the very rare examples® of a BTA
derivative that is able to form supramolecular hydrogels. The
resulting gels are fully pH-reversible, but thermostable up to 100 °C
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even at the critical gelation concentration of 2 g-L~'. To the best of
our knowledge, this is the only thermostable example of a supramo-
lecular pH-reversible hydrogel system. The outstanding properties of
the hydrogels will be reported in detail elsewhere.

We also discovered that the assemblies of 1 present in the bulk and
in the gel state exhibit a strong blue emission upon UV irradiation
(Fig. 1b). Although 1 has been reported to be used for the production
of branched polyamides® and metal-organic frameworks,'® we were
the first to discover its ability to form supramolecular hydrogels and
their unexpected photoluminescence (PL) properties. In the literature,
a single BTA-derived organogelator that features photoluminescence
in the gel state in aprotic organic solvents is reported.’ It was
concluded that the PL activity arises from molecular aggregation via
H-bonding, but no further detailed explanation of the origin of the
PL was given.

Herein, we investigate the self-assembly of 1 leading to a photo-
luminescent hydrogel. Featuring three carboxy moieties, the aggre-
gation behavior of 1 in aqueous environment is controllable by
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Fig.1 (a) Chemical structure of the investigated 1,3,5-benzene trisamide
1 (GdL: glucono-delta-lactone). (b) Photograph of a macroscopic
hydrogel sample of 10 g-L~' of 1 under UV irradiation (Aex. = 366 nm).
(c) SEM micrograph of the supramolecular aggregates of 1 from dried
hydrogel and (d) as obtained by drop-casting from DMSO solution. (e)
PL spectra of 1 in the film and in the hydrogel state (Aexc = 330 nm). The
corresponding absorption spectra are shown in the ESI (Fig. S27).
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changing the pH. When 1 is mixed with aqueous NaOH solution, it is
transferred into the corresponding sodium salt 1Na which is readily
water-soluble. Upon acidification the carboxylates of 1Na get
protonated. This reduces the solubility, enables self-assembly and
finally leads to the formation of a macroscopic hydrogel (Fig. 1b).
Fig. 1c shows a SEM image of the dried hydrogel exhibiting a fibrillar
three-dimensional network morphology. A different, but also nano-
fibrillar morphology is formed by casting a solution of 1 in DMSO
and subsequent drying (Fig. 1d).

The steady-state PL spectra of 1 as dried film and in the hydrogel
are shown in Fig. le. Although the morphologies obtained from the
dried hydrogel and from the film sample look different, the obtained
emission spectra are very similar. This indicates that the respective
emitting excited states are the same, and that the morphological
difference is only caused by different hierarchical superstructures of
one common underlying assembly motif, caused by different condi-
tions under which self-assembly of 1 takes place. Indeed, XRD
spectra of both specimens (see ESI, Fig. S47) indicate that in the film
sample there is a much higher long-range order than in the xerogel
sample. It has to be noted that PL was only observed in the presence
of the supramolecular structures. In DMSO solutions at concentra-
tions up to 10 g-L~" of 1, no PL was detectable with a standard PL
setup.

In order to investigate the formation of the luminescent supra-
molecular hydrogel, it is necessary to decrease the pH slowly in
a continuous and controlled manner. This can be accomplished by
mixing an aqueous solution of 1Na with glucono-delta-lactone
(GdL).*> The hydrogel of 1 is then gradually formed, which enables
recording the luminescence spectra over time (Fig. 2)."* Before the
addition of GdL, no PL is observed (a). 2.5 min after addition, a first
peak at ca. 380 nm is visible (b). This peak can be retrieved
throughout the following absorption spectra (c to g). At 7.5 min,
a second peak evolves at ca. 450 nm and is increasing over time
showing a slight red-shift (c to g).

Before the addition of GdL, the highly charged 1Na is molecularly
dissolved due to electrostatic repulsion as indicated by the absence of
significant scattering signal in DLS experiments. After the addition of
GdL, protons are released by the hydrolysis of GdL. From a statis-
tical point of view, it is reasonable to assume that at first only one
carboxylate per molecule of 1Na gets protonated. As this lowers the
solubility, the partially protonated 1Na molecules start aggregating
upon encountering each other. Two aggregation modes are possible:
dimerization of two molecules via the carboxylic groups leads to
“side-by-side” dimers (ESI, Fig. S7t), whereas the stacking of two
molecules driven by triple hydrogen bonding of the amide groups and
7 interaction of the aromatic cores yields energetically more
favorable “on-top” dimers (ESI, Fig. S8t). Over time, with the further
decrease of pH more and more of the initially formed dimers can
aggregate into more extended columnar superstructures.

So far, only a few computational studies on BTA derivatives have
been reported,>* and the majority of the mentioned studies is
focusing on the behavior of BTAs in organic solvents and polymer
melts. Aiming to understand how the self-assembly of 1 influences the
optical properties of the resulting aggregates, DFT and time-depen-
dent DFT (TDDFT) calculations were carried out for the monomer,
dimer, trimer and tetramer forms of 1.** The optimized geometries of
monomer and tetramer (for dimers and trimer see ESI, Fig. S7-S97t)
together with the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) are shown in Fig. 3a.
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Fig.2 (a) Photographs of a macroscopic sample of an aqueous solution
of 10 g-L~' of 1Na before (a) and after (b to g) addition of GdL (images
were recorded under UV irradiation, ... = 366 nm. Differences in color
are caused by scattering effects and automatic white balance of the
camera). (b) Corresponding PL spectra (Aexc = 300 nm. The noise is
caused by the fast scanning speed that was chosen in order to avoid
significant changes of the spectra during acquisition). (c) Photograph of
inverted hydrogel sample after 24 h (although the pH value continuously
decreases reaching a value of ca. 4.2 after 4 days, there are no significant
changes in the PL spectra compared to the sample after 2 h (g)).

In the case of dimer, trimer, and tetramer, columnar stacking of
monomer units takes place due to 77 interaction and triple
hydrogen bonding of the benzene trisamide core. The presence of
hydrogen-bonded amide units in dried hydrogel and bulk samples of
1 was experimentally proven by FT-IR (ESI, Fig. S51). The calcu-
lated core distances are 3.37 A both for the dimer and trimer and
328 A for the tetramer, respectively. Although the dispersion
correction seems to overestimate the 7t—t interaction, the calculated
values are still in reasonable agreement with the results of the X-ray
analysis of a dried hydrogel sample (3.47 A, see ESI, Fig. S41) and in
a typical range for 7 interacting systems. In addition to the
interactions of the aromatic cores, 7 interactions of the phenylene
units of the side arms can be recognized, leading to a bending of the
aromatic side arms. However, it is reasonable to assume that this edge
effect will be evened out when increasing the number of monomer
units in a supramolecular column. Additionally, hydrogen bonding
between carboxylic groups of different columns is likely to occur.
This also will counteract the bending of the side arms. Collectively,
the computed noncovalent intermolecular interactions lead to
a columnar stacking of monomers of 1 with a twist angle of ca. 60°.
This fits very well in the packing model of BTA derivatives proposed
by Meijer and co-workers.?

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 (a) DFT optimized geometries of 1 as a monomer and a tetramer (top view and side view are shown) with the respective frontier molecular
orbitals HOMO (blue/white) and LUMO (red/green). The atom labels are: carbon (green), nitrogen (blue), and oxygen (red). The hydrogens are omitted
for clarity. The black dotted lines represent the stacking of the aromatic cores. (b) TDDFT calculated energies of the excited singlet (S;) and triplet (T,)
states of aggregates of 1.The n values refer to the number of monomer units of 1.

The calculated S; and T, excited states of the monomer and the
“on-top” dimer, trimer and tetramer are basically localized on the
central aromatic cores, which are less exposed to solvent molecules,
and shielding effect becomes more pronounced upon increasing the
number n of monomer units of 1. This may explain the very similar
emission spectra observed for supramolecular aggregates of 1 in
different chemical environments as in the hydrogel and in the thin
film. However, it has to be noted that the aggregates in the film and
in the hydrogel are hierarchical superstructures of 1 with much
larger n values than the calculated aggregates. In Fig. 3b, the
calculated energy levels for aggregates of 1 having different n values
are shown.

From monomer to tetramer, the energy levels are lowered, and the
singlet-triplet splitting decreases. The strong hydrogen bonds
between complementary amide groups inside the same supramolec-
ular column, as well as 7t—t interactions, cause a considerable red
shift in the energies of those excited states. This reflects the experi-
mental findings during the controlled gelation/PL experiments. We
assign the first visible peak in the PL spectrum to the formation of an
“on-top” dimer. The second detected peak and its red-shift over time
fit quite well to the build-up of aggregates of 1 with an increasing 7.

A “side-by-side” dimer of 1 as the origin of the second peak is
unlikely, as TDDFT calculations show that the corresponding energy
values of S; and T are comparable to those found for the monomer
(see ESI, Table S1t), meaning that the experimentally observed red
shift can only be reproduced by the calculations assuming the
formation of the “on-top” dimer. Furthermore, we can also conclude
that a bundling of several columns caused by dimerization of
peripheral carboxylic groups of different columns has a negligible
influence on the energy values of the underlying structures. This type
of peripheral interactions leads to a rigidification of the whole
supramolecular structure, thus resulting in smaller non-radiative rates
and causing the well-known aggregation-induced emission
enhancement.'®

Additionally, DFT reveals that S; and T, computed for all
aggregation forms of 1 are mostly described by HOMO — LUMO
excitations. These states have a strong charge transfer (CT) character,
the charge being transferred from the peripheral side groups to the
central aromatic cores.’” Although HOMO and LUMO show only
poor overlap, transitions to higher-lying excited states, which are
described by (HOMO — x) — (LUMO + y) excitations, do possess
much larger oscillator strength and still exhibit CT character. After
absorption, energy transfer to defects may also play a role in the
emission.'®

In agreement with the literature, all amide groups within a supra-
molecular column are pointing to the same direction, giving rise to
a strong macrodipole.”” This may explain the CT character of the
excited states of supramolecular aggregates of 1, as a spatial charge
separation can stabilize the macrodipole. However, it is important to
remember that the structure shown in Fig. 3 is a very simplified model
that helps to understand the experimental results. Therefore molec-
ular dynamics simulations are necessary to achieve a more complete
representation of the aggregates, since a great number of interactions
are expected to be present in the film and in the gel.

Conclusions

The solid-state luminescence of 1 in combination with the pH-
controllable self-aggregation in aqueous media has proved to be
highly useful to investigate the self-assembly process of the widely
used BTA motif. DFT and experimental results strongly suggest that
the blue luminescence recorded for the film and the hydrogel of 1
arises exclusively from supramolecular columnar stacks with a large
number of monomers. The strong CT character of the calculated
excited states, together with their well-shielded electron densities,
suggest that 1 is an excellent candidate to be used as a model system
for new functional supramolecular materials like non-covalent
molecular wires.
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