REVIEW

Polymer Journal (2016) 48, 843-853
© 2016 The Society of Polymer Science, Japan (SPSJ) Al rights reserved 0032-3896/16

=)

www.nature.com/pj

Polymer functionalization by luminescent

supramolecular gels

Hirotaka Ihara'?, Makoto Takafuji! and Yutaka Kuwahara!

In this review, we describe luminescent supramolecular gels that are formed by the self-assembly of low-molecular-weight
compounds, focusing specifically on glutamide-based derivatives. We have developed various glutamides as supramolecular
gel-forming compounds, and their unique features are characterized by the fact that most of the derivatives can form nanofibrils
based on highly ordered aggregation in aqueous and organic solutions. The aggregated states are often accompanied by
supramolecular functions. For example, when the glutamide has an optically functional group, such as a fluorophore, the
produced aggregates show unique optical functions such as enhanced chirality (circular dichroism), fluorescence with a large
Stokes shift and circularly polarized luminescence. Interestingly, these functions can be achieved in polymer-mixed systems.
Because the glutamides form nanofibrillar networks even in polymers, the obtained polymer composites remain transparent
because of low light scattering. Supramolecular functions are introduced in the presence of glutamide aggregates.

This paper also describes polymer functionalization with glutamide-based supramolecular gels and their applications in light

management technologies.
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INTRODUCTION
Transparent materials are widely applied in material and energy
conversion processes that use light as an energy source. There is
currently a strong demand for transparent materials to replace
inorganic glasses, particularly those that are lighter and more flexible,
and possess special functionality. The candidate materials best
matching these criteria are organic polymers. However, inorganic
glasses exhibit high durability because of their high heat, light and
chemical resistance. Inorganic glasses have some disadvantages, but
presently they are still the most widely used transparent material.
The potential of polymer materials is increasing beyond their
conventional advantages of being light weight and flexible because
they allow for the possibility of diverse functional designs. An example
of applying this functionality is through the blending of polymer
materials with fillers such as inorganic oxide particles. This method
has been widely adopted for the functional reinforcement and
conversion of generic polymers. The use of nanosized fillers limits
light scattering, so such fillers are becoming favored for applications
requiring transparency. For example, blending polymers with
inorganic nanoparticles such as zirconia or titania can provide a high
refractive index that cannot be achieved solely with polymer
materials.'® Blended polymers (nanocomposites) incorporating
clays, silica, carbon nanotubes and magnetic particles have also
received much research attention.””'> They have been used to
suppress gas permeability, improve strength and both the heat and

flame resistance of modules, and in applications involving magnetic
responsiveness.'3-1°

Nanofillers also have several significant disadvantages. Many
nanoparticles possess high specific surface areas, which make it
difficult to suppress particle aggregation.'®!® The ability of these
nanoparticles to disperse must be improved by methods such as
surface treatments, which is a barrier to further research and
development.!®-2!

This review focuses on gels (hereafter called supramolecular gels)
that can manifest supramolecular functionality through molecular
orientation when used as bottom-up nanofillers. We review their use
in improving the functionality of transparent polymer materials.
Supramolecular gels allow new functionality to be introduced into
polymer materials by forming a gel network while maintaining
transparency. In this review, we discuss concepts and methods for
manufacturing supramolecular gels, their optical characteristics and
their applications as optical materials.

SUPRAMOLECULAR GELS

Polymer gels can exhibit a state in which a three-dimensional network
structure forms. This is caused by the cross-linking of polymer chains
in liquid media (Figure la). The solvent is encapsulated within the
three-dimensional network structure, which results in low fluidity and
the so-called gel state. In contrast, the gels discussed in this review are
in a gel state primarily consisting of low-molecular-weight molecules.
Figure 1b shows how such molecules produce fibrous aggregates.
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Figure 1 Schematic illustrations of a polymer gel (a) and molecular gel (b). A full color version of this figure is available at Polymer Journal online.

These aggregates develop and interweave into a polymer gel-like
three-dimensional network structure, thus forming a gel state.
The gathering of these molecules with low molecular weight leads
to supramolecular functionality; thus, these gels are often referred to
as supramolecular gels. The intended uses of polymer and
supramolecular gels often differ greatly. In the former, it is important
to be a physical gel state and enclose the solvents in their network
structure. The absorbents used in paper diapers are polymer materials
that can realize such a state. In supramolecular gels, increasing fibrous
aggregation causes the interweaving fibers to form a gel state.
However, their main functionality is the supramolecular functionality
arising from low-molecular weight-compounds forming a highly
ordered structure. This is in contrast to the functionality arising from
the physical gel state. Supramolecular gels involve a minimum
concentration required to form a physical gel state, which is known
as the critical gelation concentration.?? However, supramolecular gels
visually appear to be in a solution state at concentrations below this
and thus are often referred to as manifesting supramolecular
functionality. This is because there is generally a minimum
concentration required for molecules to aggregate, known as the
minimum aggregation concentration. This is lower than the
critical gelation concentration and is similar to the critical micelle
concentration recognized in surfactants and lipids.

There is no physical necessity for a substance forming a
supramolecular gel to be of low molecular weight. However,
low-molecular-weight substances possess advantages because of the
freedom of their molecular design and their ease of synthesis and
purification. For molecules with low molecular weight to gather in
solution and reach a gel state, the following are necessary: (1) a region
providing suitable interaction between molecules; (2) a region
providing compatibility for dispersion in the solvent; and (3) a
structure with a mechanism for easily forming a one-dimensional
aggregation state (fibrous aggregation). The low-molecular-weight
gels that have most profoundly been developed in this research field
are the cholesterol derivatives reported by Weiss et al.>>** However,
the synthetic bilayer membranes reported by Kunitake et al.?> were
perhaps more pioneering with respect to fibrous aggregates in diluted
solvent, but the authors did not allude to the visual gel state. Fibrous
aggregations of several hundred million Dalton molecules reportedly
formed as part of the synthetic bilayer membrane.?®
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Substances other than cholesterol derivatives have since been
shown to form low-molecular-weight gels and have been the subject
of previous reviews.?»?’2% Figure 2 shows low-molecular-weight
organogelators that have led to subsequent development.

In this review, we focus on amino-acid-derived supramolecular
gelators. They allow for much freedom in molecular design, and
functionality is easily introduced. These factors make them more
versatile than cholesterol- or sugar-based derivatives. For example,
multiple amide bonds can be introduced into glutamic acid. This can
promote intermolecular interactions through one amino group and
two carboxyl groups or various functionalities through the amino
group. Hereafter, we refer to the glutamic acid derivatives as
glutamides (denoted G in the chemical formula shown in Figure 3).
These convenient amino acids include aspartic acid, y-aminoadipic
acid, ornithine and lysine.

As shown in Figure 3, supramolecular functionality produced by
glutamides can be developed in various ways according to the type of
functionality.?>3043 When the functional group is hydrophilic, such as
an amino (G-C,-NH,) or pyridinium (G-C,-Py*) group (Figure 3),
the glutamide will form tubular and helical bilayer membranes in
polar solvents such as water? 14446 and acetonitrile.*® However,
the glutamide forms fibrous aggregates in nonpolar solvents such as
benzene, and the solution gels at concentrations above the
critical gelation concentration.?>*” Figure 4 shows aggregates formed
from various glutamides.?>30:3%44-4648-50 A feature of the glutamide
supramolecular gelator is that the aggregate form changes with
molecular structure and with external factors such as the type and
temperature of the solvent. This characteristic can be used to modify
the aggregate form or supramolecular functionality.

OPTICAL CHARACTERISTICS OF SUPRAMOLECULAR GELS

Supramolecular functionality using the glutamide derivatives can be
observed when introducing functional groups with optical activity
(detailed in the following section). Here, we provide an example of a
pyrene derivative and an introduced fluorescent dye (Figure 5a,
G-C5-Pyr). G-C5-Pyr is a hydrophobic compound with a fluorophore
group. It is insoluble in water but soluble in many organic
solvents. Dissolving G-Cs-Pyr in heated cyclohexane or toluene at a
concentration of approximately 5 mm and then returning it to room
temperature yields a transparent gel. Transmission electron microscopy
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Figure 2 Structures of gel-forming low-molecular-weight compounds: (a) amino acid-based, (b) cholesterol-based, (c) polyaromatic-based and (d) sugar-based

derivatives.
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Figure 3 Structures of glutamide-based gel-forming compounds with various functional groups.

images show that the gel contains fibrous aggregates. Fluorescence
spectroscopy provides further information about its molecular orienta-
tion. When G-C;-Pyr in benzene at 25°C is excited at 350 nm, the
pyrene excimer fluoresces with a maximum at 455 nm. This is not
observed for the starting materials pyrenebutanoic acid and ester-
typeGe-Cs-Pyr, which only weakly aggregate. No excimer emission is
observed above 60 °C, the point at which G-Cs-Pyr disassociates.
Similar to G-Cs-Pyr, non-glutamide derivatives with fluorophores
have also been investigated by other groups. Figure 6 summarizes
typical examples of supramolecular gel-forming fluorophores in

organic solvents. Figure 6a shows an organogelator based on a
salicylideneaniline derivative with cholesterol moieties, which
self-assembles into a three-dimensional fibrous network.>! The
benzene/cyclohexane gel emits bright green light with a Stokes shift
of 177nm. This indicates that emission arises from excited
state intramolecular proton transfer luminescence. The fluorescence
intensity of the gel is more than 1000 times higher than that in
solution because of the formation of J-aggregates and restricted
intramolecular rotation. The molecular combination of two N-lauroyl
phenylalanine and one 1,4-bis(2-(pyridin-4-yl)vinyl)-benzene moieties
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Figure 4 Electron microscopy images of nanofibril aggregates from various glutamides in aqueous (a—f)*446:48:49 and organic (g-1) media.22:30.39.45,50
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Figure 5 Fluorescence (a) and CD (b) spectra of G-C3-Pyr (solid) and Ge-C3-Pyr (dotted) in cyclohexane. A full color version of this figure is available at

Polymer Journal online.

G-C3-Pyr: X=NH, Ge-C3-Pyr: X=0.

(Figure 6b) also exhibits gelation with nanofibers.’? A hot solution in
cyclohexane emits strong blue fluorescence, whereas the gel exhibits
enhanced yellow emission. These gel-phase nanofibers have been
applied to detect organic amine vapor in fibrous films. Emission
changes from yellow to blue upon exposure to aliphatic amines.
The r-phenylalanine derivative with 5,8-bis[2-(carbazol-3-yl)]-2,
3-dimethylquinoxaline (DCQ) moieties (Figure 6¢)> reportedly gels
in some organic solvents and self-assembles into one-dimensional
nanofibers in gels. The DCQ gel exhibits enhanced green fluorescence
compared with its heated solution. DCQ gel films also exhibit strong
fluorescence and have been used to detect trifluoroacetic, hydrochloric
and acetic acids. The reported detection limits of DCQ thin films for
these three volatile acids are 43, 122 and 950 ppb, respectively.

The orientation and aggregation states of G-C3-Pyr can be estimated
using circular dichroism (CD) spectroscopy.> Figure 5b shows the CD
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spectra of G-Cs-Pyr and Ge-Cs-Pyr. G-Cs-Pyr can form an excimer,
and its CD spectrum exhibits a strong positive signal due to the
Cotton effect. The pyrenyl group contains no chirality, so chirality is
induced from the glutamide to pyrenyl groups. This is referred to as
induced chirality, and the resulting CD is referred to as induced CD.
The orientation state of the pyrenyl group can be estimated from the
induced CD spectrum (Figure 5b inset) using Davydov splitting
theory.>® Figure 5 shows the resulting estimated orientation state.
One advantage of glutamides is that various functional groups can
be introduced. G-TPP can aggregate and orientate in solution, even
when it contains large tetraphenylporphyrin groups. G-TPP/Zn is a
glutamide derivative with a zinc-inserted tetraphenylporphyrin
moiety.***® When G-TPP/Zn is dissolved in cyclohexane and pyridine
or its derivatives are selected as an axial ligand, a particular CD pattern
can be observed (Figure 7).°° Such changes are not observed during
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Figure 6 Structures of low-molecular-weight gel-forming fluorophores.51-53

the non-aggregated state and are thought to result from the axial
ligand perturbing the stacking (for example, angle, distance, number
of aggregates, so on). Such changes in chirality can also be applied to
the optical resolution of amino acids.®® We previously reported the
concentrated orientation of fullerenes using pyridyl groups. The
resulting system exhibits high electronic transfer efficiency (Figure 8).

The optical characteristics of glutamide derivatives are further
emphasized by their circularly polarized luminescence (CPL).>* These
have been touted as next-generation light sources, and the G-C;-Pyr
system is particularly promising in this regard. The r-isomer of
G-C5-Pyr provides CPL with negative signals around an emission
band of excimeric pyrene, with the p-isomer providing the opposite
signal (Figure 9a). The glutamide system also exhibits induced CPL,
known as iCPL. Figure 9b shows that the helical bilayer membrane
formed from G-C,-Py" results in iCPL for non-chiral and non-
functionalized anthracene. Similar iCPL is also observed for small
fluorophores such as pyrene and fluorene, but not for bulky ones such
as diphenylanthracene.’”>® This is the first report of CPL resulting
from simple non-chiral fluorophores.

POLYMER FUNCTIONALIZATION BY SUPRAMOLECULAR GELS
There are some examples of supramolecular gels being used for
polymer functionalization. Here, we introduce an example of a
supramolecular gel being used as a bottom-up nanofiller for
functionalizing polymer materials. G-C5-Pyr can be used for gelation
with various polymerizable solvents, as shown in the transmission
electron microscopy images in Figure 10°°. This indicates that
supramolecular gels can be formed in polymerizable monomers.
Incorporating 1 wt% G-Cs-Pyr into methyl methacrylate in

the presence of a suitable photosensitizer and subsequent photo-
polymerization in the cell at 0 °C yields a transparent solid thin film
with a large CD signal. This indicates that the chiral orientation of the
pyrenyl group can be observed.?® The strength and pattern are similar
to those before polymerization, indicating that the chiral orientation of
G-C5-Pyr is fixed in the solid thin film. Photopolymerization at 70 °C
yields a similar colorless transparent solid thin membrane that exhibits
almost no CD signal. These results indicate that the specific oriented
states of G-Cs-Pyr can be fixed in the polymer, that is, the polymer
state has been memorized. Even when a fixed thin film created at 0 °C
is heated to 70 °C, no significant change in the CD signal is observed.
It is clear that heat stability is improved by encapsulating G-Cs-Pyr
aggregates into the polymer.>

A simple method of producing these composite polymer films is by
casting from a polymer solution containing the glutamide. Mixed gels
containing bulk polymers can be produced, with subsequent casting
and drying producing transparent films. Polystyrene, polymethyl
methacrylate and poly(ethylene-vinyl acetate) (EVA) copolymers have
all been used as bulk polymers.>”**> Figure 11a shows the CD and
fluorescence spectra of films produced by cast-coating from a solution
containing G-C3-Pyr and Polystyrene. These spectra show excimeric
emission and strong CD similar to those in solution systems.
These results suggest that chirally ordered states can be reproduced
by casting.’’

Casting also allows functional dyes to be added as chromophores.
Figure 11b shows the CD spectra of an anionic glutamide
(G-C5-COOH, Figure 3) used as a supramolecular gel. Blending
cationic dyes with the G-C5-COOH-polymer system yields cast films
that are colored but transparent. Figure 11b shows that the dye-doped
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Figure 7 Ultraviolet-visible absorption (solid) and circular dichroism (dotted) spectra of G-TPP/Zn (0.25 mwm) containing 10 equivalents of various pyridine

derivatives in cyclohexane at 20 °C.
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Figure 8 Schematic illustration of a phase-separated donor-acceptor system consisting of G-TPP/Zn and pyCgo. A full color version of this figure is available

at Polymer Journal online.

polymer gel film exhibits specific CD patterns based on each
absorption band. The doped dyes are all non-chiral, so the CD signals
are induced CD generated by statically bound chirally orientated
glutamide aggregates in the polymer film.>?> The induced CD of the
dye-supramolecular gel-polymer could potentially be further improved
using technology that increases the freedom of its functional design as
an optical film.

The fibrous aggregation of glutamides in polymers can be observed
using electron microscopy.”®? Figure 12 shows that dying EVA films
containing G-C3-Pyr using an osmium plasma coater form fibrous
aggregates with diameters of 10nm or less in the EVA film.

Polymer Journal

Aggregated states can also be observed using conventional heavy
metal staining agents when forming composites with high-polarity
amphiphilic glutamide derivatives. Figure 12 shows that G-C,-Py™" is
formed of helical aggregates with the polyvinylpyrrolidone.

DEVELOPMENT OF OPTICAL MODULATORS

Solar light and various artificial light sources often do not contain the
most suitable wavelengths or intensities for a given purpose. Light
management can be achieved through shielding, wavelength cutting,
polarization and wavelength selective reflection.%0? Silicon solar
batteries have a low optical sensitivity to ultraviolet (UV) light. The
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Figure 9 Circularly polarized luminescence (CPL) spectra of G-C3-Pyr isomers in polyvinyl alcohol (PVA) film (a) and luminescent pyrene and anthracene on
G-Co-Py* aggregates in aqueous solution (b). dex=330 nm (a), 320 nm for pyrene and 340 nm for anthracene (b).

Figure 10 Transmission electron microscopy images of G-C3-Pyr in styrene (a), divinylbenzene (b), methyl methacrylate (c) and methacrylate (d).

[GCa-Pyrl=1 mm.

incident energy level is relatively high, so the UV component is often
removed using glass filters. The solar spectrum also contains a large
portion of unused infrared wavelengths. Dyes for dye-sensitized solar
cells have been developed to better harvest infrared wavelengths.
Similarly, most artificial light sources contain unused wavelengths.
More efficient use of these wavelengths will be an important issue in
the future.

The simplest methods in light management are cutout and
polarizing filters. Technologies for converting UV and infrared
wavelengths to visible wavelengths in common living environments
are required to efficiently use all incident light. Fluorescent materials
containing rare-earth elements are the most advanced in this respect.
Converting UV wavelengths to visible wavelengths has mainly involved
nitrite- or garnet-based rare-earth compounds. Eu** and Ce** have
been used as activators in light-emitting materials for lamps, lighting
and white light-emitting diodes. Up-conversion from infrared light has
been achieved using fluoride- or oxide-containing lanthanides, such as
Er**, Yb?" or Tm>*.9® Their application has spread to photovoltaic
cells and light-emitting materials for biosensing.*~%

There have recently been calls to refrain from using rare-earth
compounds and strong demands for all- organic systems that can
control various functions. Many materials exhibiting high Stokes shifts
required for wavelength conversion have been reported.3%37:38:59.70-72
In this section, we discuss the application of a luminescent
supramolecular gel as an organic fluorescent system.

Supramolecular gels do not rely on the chemical structure of the
doped dye for the Stokes shift. The Stokes shift of such gels can be
controlled by the orientation state between dyes. For glutamides,
Stokes shifts of approximately 100 and 170 nm can be obtained
with pyrene®® and anthracene® respectively. Figure 13 shows a
G-Cs-Pyr-containing EVA composite applied to the surface of a
CIGS (copper indium gallium diselenide)-type photovoltaic cell
(Honda Soltec Co., Ltd, Kumamoto, Japan). The result of this system
was compared with the conversion rate of simulated solar light
(AM1.5). Figure 13 shows that it emits blue light because of the
projection of UV light on the solar power battery coated with the
glutamide gel. Measurement was performed on a 5x 5 cm? region in
the center of the cell. The power generation efficiency of 15% before
coating increased to 15.8% after coating. This is attributed to the

Polymer Journal
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Figure 11 Circular dichroism (CD) and fluorescence spectra of a G-C3-Pyr/PSt [1:99 (wt/wt)] cast film (a) and CD spectra of cationic dyes with G-C3-COOH

aggregates in polystyrene (PSt) films (b).

Figure 12 Transmission electron microscopy images of G-C3-Pyr aggregates in poly(ethylene-vinyl acetate) (a) and G-C,-Py* aggregated in polyvinyl
pyrrolidone (b and c). Staining by Ru(ll) tetraacetate (a) and uranyl acetate (b and c).

supramolecular gel absorbing UV light with low spectral sensitivity
and converting it to visible wavelengths with high spectral sensitivity
(excimer emission occurs at 460 nm).”®

Constructing energy transfer systems with other dyes can produce
transparent films with various emission bands. Figure 14 shows a
CIExy chromaticity diagram® and coordinates for EVA films
containing coumarin, Nile red and rubrene, as well as the G-Cs-Pyr

Polymer Journal

system. The composition and wavelength both significantly change
with temperature. This is thought to be due to differing energy
transfer rates between the doped dyes and changes in the G-Cs-Pyr
monomer/excimer ratio. Such significant changes in emission wave-
length are not observed for pyrene, which does not contain glutamide.

Various living organism-related molecules possess optical activity
(chirality). Their existence affects the basis of life phenomena. For this
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Figure 13 CIGS solar cell before and after coating with a spectral conversion
film (SCF). The power conversion efficiency was improved from 15.0 to
15.8% by using the SCF. Efficiencies were measured for a 5x5 cm? region
at the center of the cell.
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online.
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reason, distinguishing polarization characteristics is an important
ability for living things. There has been much recent research and
development of CPL materials.”>~”7 CPL is expected to be applied in
display materials, optical recording devices, sensors, biological probes
and optical media. CPL can reportedly be generated from fluorescent
dyes spatially fixed in cyclodextrin.”®”® There are reports of CPL from
chiral metal complexes, helical polymers, chiral liquid crystals and
other chiral organic systems.’0-8°

Chirality produced from supramolecular gels differs from molecular
chirality. The former possesses a secondary chirality due to the chiral
stacking of molecules and thus exhibits a much larger cotton effect
(CD signal) than molecular chirality. There are high expectations for
its use in optically active filters. The luminescent group does not need
to be chiral, which greatly increases the freedom of molecular design.
Figure 15 shows the CPL spectra of a transparent film produced from
G-Cp-Pyr and EVA. The light emission band matches that of the
G-Cy-Pyr excimer, which suggests that this is CPL based on chiral
stacking (secondary chirality) of the pyrenyl group.>”8¢ The CPL
intensity is greatly affected by heat-treating the polymer film because it
greatly affects the physical state of the bulk polymers. There are high
expectations for the development of CPL-generating films containing
luminescent supramolecular gels.

CONCLUSIONS

We have provided an overview of luminescent supramolecular gels.
We have also explained the principles of their optical characteristics,
the compounding of polymers and their applications. It is unlikely that
the same level of durability will be achieved for supramolecular gels
based on organic materials as for those based on inorganic materials.
However, the advantages of all organic materials include their light
weight, flexibility, excellent processability and high degree of freedom
with respect to functional design. We conclude by summarizing the
merits of supramolecular gels.

Supramolecular gels provide compatibility between polymers and
polymer solutions based on their design. It is possible to apply a
process free of dispersants when forming a composite, which simplifies
handling. Such dispersants can have negative effects on polymers.
Specially designed materials such as block polymers are not required
for the bulk polymer. Thus, supramolecular gels can be formed from
generic polymers.

b
Natural light

600

Figure 15 Circularly polarized luminescence (CPL) spectra of G-Co-Pyr in poly(ethylene-vinyl acetate) with and without thermal treatment (a) and a schematic
illustration of a self-assembled nanofiber-containing polymer composite film exhibiting CPL (b). A full color version of this figure is available at

Polymer Journal online.
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The gel-forming molecules form self-organized nanofibers in the
polymer. There is nothing to cause whitening from secondary
aggregation,which often occurs in metal oxide nanoparticles. Thus,
it is easy to maintain transparency even after forming the polymer
composites.

The gel-forming molecules are phase separated when forming the
orientated structure in the polymer. This allows for secondary
functionality based on their orientation. The molecular design of the
gel-forming compound thus dictates the supramolecular functionali-
zation of the polymer. High Stokes shifts, induced chirality and CPL
generation can be imparted as required to the polymer material.

Light management using molecular optical modulators has potential
applications in solar-powered batteries, homes, cars and displays, as
well as artificial and agricultural lighting. Light management using
supramolecular gels through a G-tool is well suited to such
applications. Various G-based luminescent molecules have been widely
investigated.8”-%3
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