ROYAL SOCIETY
OF CHEMISTRY

Chemical
Science

View Article Online
View Journal | View Issue

EDGE ARTICLE

CrossMark
& click for updates

Cite this: Chem. Sci., 2016, 7, 6786

Perylene bisimide hydrogels and lyotropic liquid
crystals with temperature-responsive color
changef

Daniel Gorl, Bartolome Soberats, Stefanie Herbst, Vladimir Stepanenko
and Frank Wurthner*

The self-assembly of perylene bisimide (PBI) dyes bearing oligo ethylene glycol (OEG) units in water affords
responsive functional nanostructures characterized by their lower critical solution temperature (LCST).
Tuning of the LCST is realized by a supramolecular approach that relies on two structurally closely
related PBI-OEG molecules. and the
nanostructures exhibit a single LCST in between the transition temperatures of the aggregates formed by
single components. This permits to precisely tune the transition from a hydrogel to a lyotropic liquid
crystal state at temperatures between 26 and 51 °C by adjusting the molar fraction of the two PBIs.
Owing to concomitant changes in PBI-PBI interactions this phase transition affords a pronounced color

The two PBIs socially co-assemble in water resulting
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Introduction

Molecular self-assembly has attracted a great deal of attention
as an elegant and inexpensive approach for fabricating nano-
structured functional materials." In particular, self-assembly of
m-conjugated dye molecules has intensively been studied,?
because m—T-interactions between dyes lead to peculiar changes
of electronic and optical properties which holds great promise
for applications in organic electronics,® photonics* and
sensing.” Materials composed of dye aggregates have recently
also gained much interest in an aqueous environment because
the intermolecular interactions between the m-conjugated
chromophores are remarkably enhanced due to the hydro-
phobic effect.® The majority of the so far investigated
m-amphiphilic molecules rely on oligoethylene glycol (OEG) as
a water solubility providing element. Interestingly, this struc-
tural motif can provide additional features to the material such
as formation of hydrogels at higher concentration and lower
critical solution temperature (LCST) behaviour.” LCST is
a phenomenon based on the entropy-driven phase transition of
an at least binary mixture at a specific temperature due to
changes in the noncovalent interactions with surrounding
solvent molecules. However, the relevance of LCST behaviour
for self-assembled discrete molecules has only recently come
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change with “fluorescence-on” response that can be utilized as a smart temperature sensory system.

into focus.>™ It is of special interest in 7-conjugated systems
because the structural changes accompanying the phase tran-
sition can be used to trigger an optical or electronic response, as
has been shown for oligo(p-phenylene) derivatives® and photo-
switchable diarylethenes.' In this context, the use of perylene
bisimide (PBI) dyes is very attractive due to their outstanding
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Fig. 1 (a) Chemical structures of PBI 1 and PBI 2. (b) Schematic illus-
tration of the self-assembly features and LCST properties of PBI 1, PBI
2 and PBI 1/PBI 2 co-aggregates.
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optical and self-assembly properties.%** In our recent work on
PBI 2 self-assembly in water we noted an unexpected high
solubility at lower temperatures,** but precipitation at higher
temperatures, i.e. LCST behaviour.’® Our subsequent research
was accordingly devoted to reveal the origin of this effect which
led to several interesting discoveries in the field of amphiphilic
dyes.

Herein we report on hydrogel and lyotropic liquid crystal
mesophase formation and a novel supramolecular approach to
tune the LCST properties in self-assembled aggregates of
bolaamphiphilic PBI dyes. Fluorescent PBI 1 and PBI 2 differ
only in a methylene bridge in the OEG termini (Fig. 1a) but their
aqueous aggregates exhibit remarkably different LCSTs
(Fig. 1b). This unique feature allows the creation of PBI 1/PBI 2
co-aggregates with a single LCST phase transition that is
precisely tuned between 26 and 51 °C by adjusting the molar
fraction of the two PBI components (Fig. 1b). This unprece-
dented strategy is further applied for the development of
tunable temperature responsive PBI 1/PBI 2 hydrogels that
afford a remarkable color change during LCST phase transition,
overall highlighting the impact of implementing small struc-
tural changes at the molecular periphery for fine-tuning of the
LCST.

12a

Results and discussion

In the present work, we synthesized the new PBI-OEG derivative
PBI 1 that differs from the previously reported PBI 2 (ref. 12) by
one methylene unit at the termini of the OEG side chains
(Fig. 1a) (for synthetic details, see the ESIT). According to their
structural similarity, PBI 1 and PBI 2 exhibit identical optical
and aggregation properties, but surprisingly show a strikingly
distinct LCST behaviour in water, which has been of great
relevance for the LCST tuning in the mixtures described below.

We have previously shown that PBI 2 self-organizes hierar-
chically into columnar and lamellar superstructures in water,
which are soluble at room temperature but precipitate at
increased temperatures, indicative of LCST behaviour." For PBI
1, we found a similar aggregation behaviour like for PBI 2
(Fig. S17). For example, the UV-vis absorption spectra of both
compounds in THF show the vibronic fine structure commonly
observed for monomerically dissolved PBI dyes, whereas the
UV-vis spectra in water reveal a hypsochromically shifted
absorption maximum concomitant with a loss of the vibronic
fine structure, indicating the self-assembly of the PBIs into well-
defined H-aggregates. Moreover, both compounds exhibit
almost identical extinction coefficients and fluorescence
quantum yields in both THF (@q(PBI 1) = 42%, @q(PBI 2) =
43%) and in pure water (Fig. S1T). These results confirm that
PBI 1 and PBI 2 self-assemble in water with the same chromo-
phore arrangement, forming long aggregates even at nanomolar
concentrations."

The temperature response of PBI 1 and PBI 2 aggregates
was examined by turbidity measurements in water (¢ = 2.5 x
10~* M) (Fig. 2a and S27). These experiments revealed abrupt
drops in the transmission at 800 nm after exceeding a certain
temperature (Fig. 2a). This behaviour is attributed to the
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Fig.2 (a) Transmission at 800 nm of aqueous solutions (2.5 x 10™% M)
of PBI 1, PBI 2 and PBI 1/PBI 2 (1 : 1) as a function of the temperature.
Heating rate 0.1 °C min. (b) Phase transition temperatures for PBI 1/
PBI 2 aggregates (2.5 x 10~* M) as function of the molar fraction (x) of
PBI 1.

temperature dependent dehydration of the OEG chains which
provoke the phase separation of the aggregates and water,
which is known as critical solution temperature phenomenon.”
In the present work, the onset temperature of this phase tran-
sition (Fig. S21) will be referred as LCST. Interestingly, it was
found that PBI 1 exhibits a phase transition at 51 °C, while we
previously reported that PBI 2 exhibits a LCST transition at
26 °C (Fig. 2a and S2t). Hence, small differences in the molec-
ular structure such as the replacement of ethyl by methyl end
groups (Fig. 1a) have remarkable impact on the LCST behaviour,
which has barely been addressed in literature so far.”* The
heating curves are highly reproducible, which suggests that
both dyes form thermodynamically stable aggregates in water.

Inspired by previous studies on random copolymers, which
showed that the LCST behavior can be tuned by the control of
the ratio of two different polymer building blocks,” we hypoth-
esized that PBI 1 and PBI 2 would socially self-assemble to form
co-aggregated structures™ exhibiting a LCST behaviour depen-
dent of the PBIs mixing ratio. Accordingly, different aqueous
solutions of PBI 1/PBI 2 mixtures were prepared and their
transmission at 800 nm was monitored as a function of
temperature (Fig. 2 and S27). For example, the 1 : 1 solution of
PBI 1 and PBI 2 exhibits a single transition at 35 °C (Fig. 2a),
which is a strong indication that both dyes perfectly mix with
each other even without an orthogonal binding motif, thus
forming socially self-sorted heteroaggregates.* Pleasingly, the
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LCSTs of the PBI 1/PBI 2 system is consequently adjusted in
between the temperature interval ranging from 26 °C (LCST of
PBI 2 aggregate) to 51 °C (LCST of PBI 1 aggregate) depending
on the molar fraction of both dyes (Fig. 2b). Such control of the
LCST properties in co-aggregated structures of discrete mole-
cules is indeed unprecedented but constitutes a facile and
efficient strategy to fine-tune temperature responsive systems.
Therefore the LCST seems to be a powerful tool for the inves-
tigation of supramolecular co-assemblies.

In the aim to demonstrate that this strategy can be applied
for the development of stimuli responsive materials, we focused
on highly concentrated aqueous materials based on PBI 1 and
PBI 2. Both PBIs exhibit thermotropic columnar liquid crystal-
line phases under anhydrous conditions (Fig. S3 and S4f),
whereas they form lyotropic columnar hexagonal phases upon
addition of 20 wt% of water (Fig. S5 and S67)."* After further
addition of water up to 80 wt% water content, the dye molecules
form hydrogels at room temperature. Most interestingly, these
hydrogels are subject to LCST behaviour at temperatures of 51
(for PBI 1) and 26 °C (for PBI 2) which are accompanied by
a significant color change from dark red to bright orange-red
that can easily be followed by the naked eye (Fig. 3a). It is
noteworthy that this process is reversible and proceeds in
quasisolid state without any appreciable volume change.

In order to unravel the origin of the color change we next
conducted temperature-dependent fluorescence measurements
of hydrogel films by fluorescence microscopy (ESIT). Indeed, the
fluorescence emitted at the surface of the hydrogels is enhanced
remarkably upon LCST phase transition (Fig. 3b and S7t) and
resembles the excimer-type emission known for PBI 2 aggre-
gates,"” which is consistent with the formation of face-to-face
stacked PBI assemblies (Fig. 1b). The fluorescence intensity is
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Fig. 3 (a) Photographs illustrating the color change of PBI 2 hydrogel

(80 wt% water content) upon phase transition (ca. 26 °C). (b) Fluo-
rescence spectra of PBI 1 in water (80 wt%) before (21 °C, blue) and
after (56 °C, red) LCST phase transition. Ae, = 380—-420 nm. (c) Phase
transition temperatures of PBI 1/PBl 2 hydrogels (80 wt% water
content) as function of the molar fraction (x) of PBI 1.

6788 | Chem. Sci., 2016, 7, 6786-6790

View Article Online

Edge Article

increased by a factor of ~7, which we attribute to a rigidification
effect,'® i.e. decrease in the rotational and translational motion
of the stacked PBI molecules. These motions, which are known
as fluorescence quenching pathways in photoexcited PBI
aggregates,'” are less restricted below the LCST, in which the
OEG chains are solvated. Also for less concentrated samples (¢ =
8 x 107> M) an increase in fluorescence intensity has been
observed upon LCST phase transition (Fig. S8a and ct). Corre-
sponding absorption measurements revealed insignificant
changes of the absorption profile, while scattering effects
become pronounced due to the turbidity of the sample (Fig. S8b
and dt). Accordingly, the thermally induced color change in PBI
hydrogels is mainly attributed to an increase of the excimer-type
fluorescence intensity (Fig. 3b, S7 and S8f) as well as other
factors such as changes in light scattering and diffraction
indices induced by the phase separation (vide infra).

In order to prove the tunability of the LCSTs of PBI 1/PBI 2
mixtures in the hydrogel state, we prepared mixtures of 3 : 1,
1:1 and 1:3 ratios of PBI 1/PBI 2 and we examined their
temperature behaviour by differential scanning calorimetry
(DSC) measurements (Fig. S9t). These experiments revealed
indeed only one phase transition for each mixture, which is
accompanied by a single, fast and reversible color change that
can be easily followed by naked eye. Like in case of the diluted
samples, the LCST phase transition in the PBI 1/PBI 2 hydrogels
occurs at a temperature in between 26 (LCST of PBI 2) and 51 °C
(LCST of PBI 1) (Fig. 3¢). Accordingly, the LCST process in PBI 1
and PBI 2 is not influenced by the concentration but highly
dependent on the mixing ratio of the PBIs. It is noteworthy that
the optical response is identical for PBI 1, PBI 2 and for their
corresponding mixtures, because the two PBIs differ in the OEG-
chains which does not influence the electronic coupling
between the photoactive part of the self-assembled structure
(PBI-cores).”® Therefore, the small structural changes in the
molecular periphery allow to affect LCST transition tempera-
tures while keeping the optoelectronic and self-assembly
properties of the PBI material unchanged.

To gain insight into the origin of this LCST phase transition
in these hydrogels, we have examined the structural features of
PBI 1 and PBI 2 with 80 wt% water content below and above the
LCST by means of scanning electron microscopy (SEM), X-ray
diffraction (XRD) and optical microscopy (OM) (Fig. 4, 5 and S10-
S15%). Fig. 4a and b show the cryo-SEM images of PBI 1 hydrogel
below and above LCST, respectively, which reveal a significant
morphology change upon LCST phase transition. A porous
network with rather random branching has been obtained below
LCST (Fig. 4a, S10a, b and S11a, bf), which is common for gel
materials.” In contrast, above the critical temperature a compact
and non-porous structure consisting of bundled aggregate
strands with a diameter of up to 400 nm (Fig. 4b, S10c, d and
Siic, dt) is observed. These results indicate that PBI 1 forms
a higher ordered state after LCST phase transition.

This observation was further corroborated by X-ray scat-
tering below LCST and above LCST (Fig. 4c and d and S127). The
2D X-ray patterns of PBI 1 with 80 wt% water content at 35 °C
(below LCST) show no reflection in the small angle region
(Fig. 4c), which indicates the absence of a well-ordered

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Cryo-SEM images of PBI 1 in H,O (80 wt% water content) (a)
below LCST and (b) above LCST. Corresponding 2D X-ray diffraction
patterns of PBI 1 in H,O (80 wt% water content) obtained at (c) 35 °C
(below LCST) and (d) 70 °C (above LCST), respectively.
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Fig. 5 Optical microscope images of PBI 1 in H,O (80 wt% water
content) (a) below LCST (40 °C) and (b) above LCST (58 °C). The
release of water at the periphery of the gel is indicated with a white
arrow. (c) Schematic illustration of the LCST induced phase transition
in PBI 1 and PBI 2 hydrogels. Col: columnar nanostructure.

nanostructure. In contrast, the X-ray pattern of the same sample
at 70 °C exhibits one intense and three weak reflections along
the equator corresponding to the (100), (110), (200) and (210)
lattices of a columnar hexagonal phase (Fig. 4d).
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Corresponding OM images of PBI 1 hydrogel revealed
a homogenous phase below the LCST (Fig. 5a), but after heating
above the LCST a biphasic mixture consisting of a red phase and
a transparent liquid (water) is observed (Fig. 5b). These micro-
scope observations show that the phase transition is accom-
panied by the expulsion of water from the gel matrix, which
likely triggers the temperature-induced transition between the
hydrogel state and a biphasic state consisting of pure water and
a nanostructured columnar PBI phase (Fig. 5¢).

This LCST transition behaviour was found in hydrogels of
PBI 1, PBI 2 as well as in PBI 1/PBI 2 mixtures (Fig. S13-S157)
and is always accompanied by the remarkable color change. It
should be noted that the biphasic state observed above LCST
exhibits a similar X-ray pattern to that observed for the lyotropic
columnar hexagonal phase (20 wt% water content) of the same
compound (Fig. S5t). For the latter, temperature-induced water
expulsion has not been observed. Accordingly, a rather high
concentration of water is required for the formation of PBI 1
and PBI 2 self-assemblies that are subject to LCST phase
transition.

Conclusion

In summary, we have developed a new supramolecular strategy
to tune LCST properties in self-assembled aggregates of OEG-
substituted dyes. PBI 1 and PBI 2 differ only in one methylene
group at the peripheral ends of the OEG side chains, but their
aggregated structures in water exhibit remarkably different
LCST properties. This unique feature allows for the develop-
ment of mixed hydrogel materials with only one phase transi-
tion due to the social co-assembly of PBI 1 and PBI 2 into
supramolecular co-aggregates. The phase transition of these
hydrogels is accompanied by a remarkable color change from
dark red to bright orange-red that can accordingly be adjusted
to any temperature between 51 and 26 °C by controlling the
molar ratio of PBI 1 and PBI 2. Taking into account that the
LCSTs of the present hydrogels cover environmentally and
physiologically relevant temperatures, we foresee smart sensory
systems based on these novel stimuli responsive materials.
Applications in (bio-)medical sensing®® and health monitoring®*
should be possible as well if our concept can be extended to
other self-assemblies of m-conjugated molecules.
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