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Supramolecular w-gels were formed in a mixture of aliphatic alcohols and water for a series of
chromophoric phenylenedivinylene bis-N-alkyl pyridinium salts (PPV) appended with terminal
aliphatic hydrocarbon chains of different lengths. Gelation could be controlled either by altering the
ratio of various alcohol-water mixtures or by changing the aliphatic chain length of the gelator. The
temperature- and the ratio-variation in the ethanol-water mixtures exhibited a tunable emission
behavior depending on the extent of aggregation which was promoted by aromatic m-stacking, van der
Waals and electrostatic interactions among the individual PPV units. Thus, a light-blue emission at
higher temperature (>40 °C), a reddish-orange emission at low temperature (<20 °C) and a white-light
emission at room temperature (25-30 °C) were observed in solution. The gelators possessing longer
aliphatic chains exhibited a higher gel-melting temperature, increased viscoelasticity and shorter fiber
diameter based on a delicate hydrophobic/hydrophilic balance. A semiconducting nature of the
electrical conductivity was observed for the individual compounds and the magnitude of the current
increased with increasing width of the gel fibers upon decreasing the aliphatic chain length. A reversible
one-electron redox behavior was observed for the chromophore and the redox potential decreased with
the increase in the chain length. A diffusion-controlled redox behavior was observed for the gelators
with shorter aliphatic chains. However, the compounds with longer chains made the process diffusion-
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limited.

Introduction

Low-molecular-mass gelators (LMMGs) are capable of immo-
bilizing the flow of liquids for the generation of functional soft-
materials.! The solvents immobilized can be either organic or
aqueous or even a mixture of the two.> Supramolecular associ-
ation among these LMMGs leads to physical gel formation,
which represents a macroscopic expression of their self-assembly
via optimization of various non-covalent interactions, such as
hydrogen bonds, m—m stacking, solvatophobic, dipole-dipole,
electrostatic, van der Waals forces efc.? Self-association of these
LMMG:s into three-dimensional aggregates provides a route for
the generation of nano- or micro-sized materials for the fabri-
cation of optoelectronic devices.* Thus, rational design of gelator
molecules together with a proper understanding of the gelation
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mechanism and their structure-property relationship remain an
important objective.

The self-association of LMMGs depends upon a variety of
factors, which includes, solvent, concentration, temperature, and
above all the molecular structure.*> A minimal structural
alteration such as the length of the flexible aliphatic part of a
gelator is often crucial for the manipulation of the gelation
induced properties depending on the subtle hydrophobic/
hydrophilic balance.® Most of the gelators are reported to form a
gel in a single solvent entity. However, a mixture of solvents
could reflect tuning of the supramolecular organization of the
LMMGs.? We have reported previously how the gelation by an
amino acid based LMMG in a mixture of two different miscible
hydrocarbons controls the self-assembly pattern.” Therefore, an
optimum balance between the hydrophilic and hydrophobic
groups in the LMMG obtained either by varying the molecular
structure or changing the polarity of a solvent mixture could
control the gelation assisted properties.

In the field of functional molecular assemblies, achieving
supramolecular control over the chromophore-linked molecular
systems remains a challenge. Therefore, the design of novel 7t-
conjugated electroluminescent organic materials is important as
they show potential applications in organic light emitting diodes
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(OLEDs),® enhanced charge transport,® light harvesting and
photonic devices etc.'® Furthermore, the gelation process has
been shown to be capable of providing novel chromophore
assemblies and as a consequence, gelators based on porphyrins, !
phthalocyanines,'? perylene,"® conjugated oligothiophenes' and
other chromophoric moieties’> have indeed been developed. In
this context, the self-assembly of conjugated systems based on
oligo(p-phenylenevinylene)s has drawn considerable attention
especially for their excellent photophysical properties.'6!”

Herein, we report a new class of chromophoric gelator based
on phenylenedivinylene bis-pyridinium (PPV) salts with a fixed
central PPV core and aliphatic chains of different lengths which
are connected to the pyridinium ends (1-7, Chart 1). These
compounds can immobilize a mixture of aliphatic alcohol and
water through varying propensities of van der Waals interactions
at the end functional groups. Such variations of the chain lengths
indeed influence their aggregation and gelation properties, such
as minimum gelator concentration, morphology, fiber diameter,
viscoelasticity, photophysical and electrical properties etc. A
combination of spectroscopic, microscopic, and diffraction
methods were used to probe the influence of the aliphatic chains
on the molecular gelation ability and chromophore induced
properties.

Experimental
Materials and general methods

All reagents, starting materials and solvents were obtained from
the best known commercial sources. Solvents were distilled and
dried prior to use. FT-IR studies were performed on a Perkin—
Elmer FT-IR Spectrum BX system. 'H and '*C NMR spectra
were recorded on a Bruker-400 Avance NMR spectrometer.
Chemical shifts were reported in ppm downfield from the
internal standard, tetramethylsilane. Mass spectrometry of
individual compounds was performed on a MicroMass ESI-TOF
MS instrument. Elemental analysis was recorded on a Thermo
Finnigan EA FLASH 1112 SERIES instrument.

Synthesis

Syntheses of all the amphiphilic PPV derivatives 1-7 were easily
accomplished using two step procedures as summarized in
Scheme S1 (see ESIT). Aliphatic chains of desired length were
first attached to 4-picoline as a quaternary salt, which in turn
increased the reactivity of the -CHj; protons at the para-position.
A base promoted aldol-type condensation reaction of the
respective 4-picolinium salt with terephthalaldehyde gave rise to

+,R R = C6H13, 1
N g CgHy7, 2
CioHy, 3
CioHys, 4
Cy4Hy, S
Ci6Hss,
18H37,

=
X
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Chart 1 Molecular structures of the PPV based gelators used in the
present study.

the desired product. All the new compounds 1-7 were adequately
characterized by FT-IR, '"H NMR, 3C NMR, mass spectrom-
etry and elemental analysis (see ESIt). An all-trans configuration
of the two vinyl moieties was confirmed from the coupling
constants in the "H NMR spectrum in CD;0D (e.g. J = ~16 Hz
for 5, Fig. Slat).

Gelation studies

A weighed amount of a particular compound was added to an
excess of the chosen solvent or the solvent mixture and the
resulting mixture was heated until the solid was completely dis-
solved in the closed vial. The clear solution so obtained was left
to cool in air at 25 °C without any disturbance. Observations
with regard to gelation were recorded from time to time, and
each experiment was performed in duplicate. The state of the
materials was examined by the “stable-to-inversion of a test
tube” method.'” If a gel was formed, it was evaluated quantita-
tively by determining the minimum gelator concentration
(MGC) which is the minimum amount of the gelator required to
form a self-standing gel.

Gel melting temperature

The melting temperatures of the gels were investigated using the
dropping ball method. In this method, a steel ball (130 mg) was
placed on top of a 0.5 mL volume of gel in a closed glass vial of
8 mm inner diameter. Then the gels were slowly heated (2°C min™")
in a water bath. The temperature at which the ball reaches the
bottom of the vial is recorded as the gel melting temperature (7).

Variable temperature '"H NMR

"H NMR spectra of gels of 4 and 5 were recorded on an AMX
400 MHz (Bruker) spectrometer using 60% CD3;0D/D,0 as the
solvent.

UV-vis and fluorescence spectroscopy

The UV-vis and fluorescence spectroscopy of the gelators in
solution were recorded on a Shimadzu model 2100 spectropho-
tometer and Hitachi F-4500 spectrofluorimeter, respectively,
both equipped with a temperature-controller bath. Fluorescence
spectroscopy of the gels was performed using the front-face
geometry in a Jobin Yvon Horiba spectrofluorimeter.

Fluorescence and polarized optical microscopy

Diluted solutions of 2-7 (1 x 10~* M) in 60% ethanol-water
were drop cast on pre-cleaned glass slides and left overnight to
air-dry in a dust free environment and finally evacuated. The
fluorescence microscopy images were taken on an Olympus IX-
71 microscope with a blue excitation range of 340-400 nm.
Polarized optical microscopy images were taken of the same
samples using polarized light microscopy (Olympus BX51) and
the optical textures were recorded using cross-polarizers.

Scanning electron microscopy

The gels in 60% ethanol-water were melted by heating and
carefully drop cast onto brass stubs and were allowed to
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freeze-dry. The samples were then coated with gold vapor and
analyzed on a Quanta 200 SEM operated at 15 kV.

X-ray diffraction

The gel samples prepared in 60% ethanol-water mixtures were
individually placed carefully on a pre-cleaned glass slide and
were allowed to freeze-dry. This yielded a self-supported cast film
of the individual gel on which the measurements were performed
using a Bruker Advance D8 instrument. The X-ray beam
generated with rotating Cu anode and K, beam wavelength of
1.5418 A was directed towards the film edge and scanning was
carried out up to a 26 value of 50°. Data were analyzed and
interpreted using the Bragg equation.

Rheological studies

An Anton Paar 100 rheometer using a cone and plate geometry
(CP 25-2) was utilized. The gap distance between the cone and
the plate was fixed at 0.05 mm. The gel was scooped onto the
plate of the rheometer. A stress amplitude sweep experiment was
performed at a constant oscillation frequency of 1 Hz for the
strain range 0.001 to 550 at 20 °C. The rheometer has a built-in
computer which converts the torque measurements into either G’
(the storage modulus) or G” (the loss modulus) in oscillatory
shear experiments. The values are plotted in the log scale.

Cyclic voltammetry

Cyclic voltammetric measurements were carried out at room
temperature (25 °C) on an EG&G PAR 253 VersaStat poten-
tiostat/galvanostat using a three-electrode configuration con-
sisting of a glassy carbon working, platinum wire auxiliary, and
saturated calomel reference (SCE) electrode. Each compound
was dissolved in DMSO (1 mM) and 100 mM TBAP (tetrabutyl
ammonium perchlorate) was used as the supporting electrolyte.
All solutions were deoxygenated by passing a stream of pre-
purified N, gas into the solution for at least 10 min prior to
recording the voltamograms.

Thermogravimetric analysis (TGA)

Thermal stability of the compounds (2-7) was analysed by
thermogravimetric measurements carried out in the presence of
air with the heating rate fixed at 10 °C min~'. The samples were
heated up to 1000 °C on a TA instrument model SDT Q600 V8.2
Build 100 machine.

Current(/)—voltage(?) measurements

The gels of 2-7 in 60% ethanol-water (2 mg mL™") were drop-cast
on separate gold sputtered glass plates having an electrode gap of
30 um, and allowed to air-dry in a dust free environment overnight.
Finally the samples were further dried in vacuo and the I-V char-
acteristics of each sample were measured in a two-probe electrode
using a semiconductor parameter analyzer 4155C (Agilent).

Results and discussion

One of the main aims of this study is to develop a structure-
property relationship for a closely related new family of gelators

based on a PPV backbone that only differs in chain lengths at the
termini. Herein, we describe the facile synthesis of these mole-
cules and report physical characterizations of their aggregation
induced properties.

Gelation studies

The gelation efficiency of 1-7 was checked towards different
aliphatic and aromatic hydrocarbons, aliphatic alcohols and in
aqueous medium. Attempted gelation in hydrocarbons such as n-
heptane or toluene failed due to the lack of solubility. The
gelation also failed in a number of solvents including DMF,
dioxane, ethyl acetate, DMSO, CHClI;, acetone, ethanol, and
water. However, gelation was observed in acetonitrile for
example when compound 5 was used. This implied that the
polarity of the solvent plays a specific role in deciding the
hydrophilic/hydrophobic balance and hence the resulting gela-
tion. This observation prompted us to check gelation in a
mixture of solvents. We selected two solvents i.e., ethanol, where
all the compounds remained in solution; and water, where the
compounds with longer aliphatic chains (3-7) showed poor
solubility. Interestingly, physical gelation was observed in the
mixture of ethanol and water in different proportions indicating
an optimum polarity has been achieved in the mixture (Fig. 1a).
Also, the water molecules in the mixture provide extra stabili-
zation through hydration of the quaternary pyridinium moieties.
This result prompted us to check the gelation further in ethylene
glycol by imagining HOCH,CH,OH as a 1:1 mixture of
CH;CH,OH and water together. Interestingly, ethylene glycol
was also able to gelate the compounds. Following from this
result we tried to increase the polarity of the EtOH solution of
gelator 5. When we added oxalic acid into the ‘sol’, it again

MGC (wt%)

@ 60% ethanol/water

\
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Fig. 1 (a) Typical sol-gel phenomena of gelator 5 in 60% ethanol-water
mixture under normal light (i) a ‘sol’, (ii) a ‘gel’ and under 365 nm UV
light (iii) a ‘sol’, (iv) a ‘gel’. (b) Physical gelation efficacies of 4, 5 and 6 in
different ratios of EtOH in H,O. (c) Comparison of the gelation efficiency
of 2—6 in 60% ethanol-water mixture. (d) Physical gelation efficacy of 4, 5
and 6 in different aliphatic alcohols in the presence of 40% H,O and also
in ethylene glycol.
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turned into a gel. Clearly, the stabilization of the repulsive
positive charge is key and maintaining an optimum hydrophobic/
hydrophilic balance leads to the physical gelation.

The gelation efficiency of 2—6 was estimated in terms of the
minimum gelator concentration (MGC) by increasing
the percentage of water in the ethanol-water mixture (Fig. 1b).
The MGC decreased progressively with the increasing percentage
of water up to 60% ethanol-water and beyond that the MGC
again increased (Table S17). Further addition of water rendered
these compounds insoluble. Thus, an optimum ratio of 60%
ethanol-water showed a minimum value of MGC for 4, 5 and 6
and this was taken as the standard medium for further studies.
The gelation efficiency was compared for 1-7 in 60% ethanol-
water mixtures. In this medium, while compound 1 remained
soluble, compound 7 showed only partial/weak gelation, clearly
due to the mismatch in the hydrophilic/hydrophobic balance.
Stable gelation was observed for 2-6 (Fig. 1c) and the lowest
value of MGC was obtained for 5, which has two tetradecyl
chains attached to the central chromophore. Also a trend in the
MGC for gelation was observed where, with decreasing chain
length, the MGC increased (Table S27).

The gelation efficiency was also checked in different aliphatic
alcohols that included MeOH, n-PrOH, i-PrOH, -BuOH in 60%
alcohol-water mixtures for the gelators 4, 5 and 6. These
compounds were found to be more efficient gelators compared to
2 and 3. In each alcohol-water mixture, gelator 5 was found to be
more efficient compared to 4 and 6 (Fig. 1d). Efficient gelation
was observed in EtOH, i-PrOH and ethylene glycol by each of 4-
6 (Table S37).

Gel-melting temperatures

The melting temperature (7) of the gels of 3-6 in 60% ethanol-
water were measured using the dropping ball method (Fig. 2).'®
T,e1 increases progressively with increasing concentration of the
individual gelators. This indicates that with increasing concen-
tration of the gelator, the density of the gel assembly increases to
ensure participation of a greater number of gelator molecules per
unit volume in the thermally induced transitions.'” Above a
certain concentration, the T reached a plateau. In the case of 6,
when the concentration reached 10 mg of compound in 1 mL
solvent, this quantity of compound could not be solubilized,
indicating a saturation was reached. The Ty increased gradually
upon increasing the length of the hydrocarbon chain of the
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Fig. 2 Melting temperatures of different gelators (3, 4, 5, 6) with
increasing concentrations in a 60% ethanol-water mixture.

gelators at a particular concentration. For example, at 8§ mg
mL~! the Tgei for 4 was 47 °C. At the same concentration, as
much as an 8 °C increase for 5 (55 °C) and another 15 °C for 6
(70 °C) were observed. At 14 mg mL ™", the Tye1 for 3 was 37 °C,
and 52 °C for 4 and 57 °C for 5 were observed. Clearly, greater
van der Waals interactions were experienced for the thermally
induced transitions with increasing chain length, giving rise to a
progressively greater Tge."

Variable temperature '"H NMR study of the gels

"H NMR spectra of the gels in 60% CD;OD in D,O at different
temperatures provide an insight into the self-assembly process of
the thermoreversible gelation. As a gel (at 25 °C), the 'H NMR
signals of 5 were broadened and almost quenched due to the
restriction of the molecular tumbling to produce zero-average
dipolar coupling (Fig. 3).2° The broadening and subsequent
disappearance of the proton signals suggest intervention of the
strong intermolecular interactions leading to the aggregation of
the PPV units and subsequent self-organization of the molecules
leading to gelation. On gradual increase of the temperature, as
the gel melts, an isotropic distribution of the molecules was
achieved in solution and their NMR signals appeared gradually,
indicating a disruption of the self-organization. The protons
which appeared broadened in the gel phase became well-resolved
as the gel melted on increasing the temperature. Above 45 °C,
there was a dramatic sharpening of all the resonance lines upon
complete gel melting.?!

Similar behavior of line-broadening was also observed for 4 in
60% CD;OD in D,O (Fig. S1b¥). This kind of observation has
been made for various other types of LMMG gel,?* which provide
evidence of the manifestation of self-assembly in the gel phase.

Rheological properties

The mechanical stability and the flow behavior of gels were
measured by rheological studies.®® In an oscillatory frequency

3 (ppm)

Fig. 3 Variable temperature '"H NMR spectra of the gel of 5 (7 mg
mL~") in 60% CD30D in D,O. The spectrum is assigned to the protons in
the molecular structure for convenience.
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sweep experiment, the storage (G') and loss moduli (G) were
measured as a function of angular frequency (w) at a fixed strain
(0.01%). The G’ and G” of the gels of 3-6 in 60% ethanol-water
mixtures showed a plateau region over the entire angular
frequency range (1-100 rad s~') (Fig. S2a and bt). At a partic-
ular concentration (10 mg mL™"), G’ showed greater values with
increasing length of the aliphatic chain i.e. 6 (1040 Pa) > 5 (610
Pa) > 4 (230 Pa). Increasing the concentration (20 mg mL ') of
the gelators showed a significant increase in the G’ for individual
gelators although the trend remained the same i.e. 5 (5600 Pa) > 4
(2950 Pa) > 3 (1270 Pa). In each case a greater G’ over G” sug-
gested a substantial elastic response of the gels and the ratio of
G'/G"" was found to be 7.5 for 4, 9.7 for 5 and 12.2 for 6 at 10 mg
mL~!. Also ~7-fold higher G’ than G’ was observed when the
concentration was raised to 20 mg mL .

In an oscillatory amplitude sweep experiment, the complex
modulus (G*) is composed of two components: (i) G', repre-
senting the ability of the deformed material to restore its original
geometry, and (ii) G”, representing the tendency of a material to
flow under stress. For the gels, G’ is generally an order of
magnitude greater than G, showing the dominant elastic
behavior of the system. An applied stress above which the gel
starts to flow (G > @) is called the yield stress where the viscous-
liquid-like behavior dominates. Under applied stress the gels of
3-6 in 60% ethanol-water showed 6-7 times higher values of G’
over G indicating a dominating viscoelastic-solid-like behavior
(Fig. S2c and d). When the gels succumbed to the applied stress,
they began to flow at 1.0 Pa for 4, 3.1 Pa for 5 and 7.2 Pa for 6 at
10 mg mL~'. With increasing concentration the yield stress
values increased and became 5.7 Pa for 3, 11.1 Pa for 4 and 33.2
Pa for 5. Therefore, the viscoelastic-solid-like behavior (G’) and
the yield stress were increasingly dominant with increasing chain
length and also with increasing concentration of the gelators
(Fig. 4). Clearly, the aliphatic chains play a significant role in
modifying their mechanical properties.

Morphological characterization of the gels

Microscopic studies were undertaken to observe the morphology
of the gel network. The luminescent nature of the gelator mole-
cules allowed us to observe the superstructures created in the self-
assemblies using fluorescence microscopy (FM)."”” When
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Fig. 4 A bar diagram showing the G’ and yield stress values of different
gels at different concentrations. A 60% ethanol-water mixture was used
in each experiment.

excited at the near UV region (340-400 nm), the thin-films of 2-7
obtained from 60% ethanol-water mixtures showed yellowish-
orange emission and the presence of three-dimensional fiber
bundles was clearly visible (Fig. S31). In the case of 2-5, fibers of
high aspect ratios were observed with diameters within the range
~4-5 num. However, with increase in the hydrocarbon chain
length, the aspect ratio decreased and the fibrous nature started
to diminish. Fibers with lower aspect ratio were observed in the
case of compound 6 and even smaller fibers were seen for 7.

To discern the superstructures and the gel fiber morphologies,
scanning electron micrographs (SEM) of the freeze-dried gels
derived from the different gelators were recorded. The gels (2-7)
showed the presence of three-dimensional fibrillar networks with
uniform fiber diameters in all instances (Fig. 5). Progressively
decreasing fiber diameter and aspect ratio were observed with
increasing aliphatic chain length. The fiber diameters of the
xerogels ranged from 4-5 pm for 2, 2-3 um for 3, 1-2 um for 4, 1-
1.5 pm for 5, 700-800 nm for 6 and 300-400 nm for 7. Clearly, a
lateral association of the individual nano-fibers resulted in a
collation of themselves to form tape-like fibers for the shorter-
chain analogues. This means that the gel fibers probably consist
of hierarchical structures and growth of the monomeric entity
into the superstructure depends on the fine balance between the
aromatic and aliphatic parts.

X-ray diffraction studies (XRD)

X-ray diffraction studies were undertaken to acquire information
about the packing patterns of the gelator molecules in the
supramolecular self-assemblies. The diffraction pattern of the
xerogel of 2 obtained from 60% ethanol-water shows five peaks
corresponding to the d-values of 2.57 nm, 1.25 nm (which is in the
ratio of 1 : 1/2), 0.82 nm (1 : 1/3), 0.61 nm (1 : 1/4) and 0.49 nm
(1:1/5) (Fig. 6). This indicates a lamellar arrangement of the
aggregates® of the xerogel of 2 with an interlayer spacing of
2.57 nm. The diffraction patterns of each of these xerogels
showed sharp Bragg’s reflection peaks ensuring highly ordered
lamellar organization was present in each case (Table 1). It may
be noted that with increasing hydrocarbon chain length, the
higher order Bragg’s reflections become weaker and eventually
they disappear. This indicates that the crystallinity decreases with
increasing aliphatic chain length of the gelators, which is in line
with the microscopic images. However, in each case the first

Fig. 5 Scanning electron microscopy images of the freeze-dried samples
of (a) 2, (b) 3, (c) 4, (d) 5, (e) 6 and () 7.
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Fig. 6 X-ray diffraction patterns of the freeze-dried gels of 2-7 in 60%
ethanol-water mixtures.

diffraction peak appeared more intense compared to the higher
order reflection peaks. Only the alternate peaks appeared for 3-5.
Depending upon the aliphatic chain length, the Bragg’s reflec-
tions also vary for how the peaks corresponding to the planes 1/3
(marked by ‘*’) and 1/5 (marked by ‘**’) appear in Fig. 6.

Interestingly another set of peaks appeared invariably in each
of the gelators. These can be assigned due to the presence of an
aromatic segment which is identical in every instance (Table 1).
These peaks provide valuable information about the arrange-
ment of the aromatic segment in the self-assembly. The
stacking distance emerged at 0.39 nm, which is slightly above the
reported values® and this could be due to the presence of two
positive charges at the end of the aromatic segment. The lengths
of the appended alkyl chains were obtained from the ground
state geometry of compounds 2-7 optimized through B3LYP/6-
31G* level computations (Fig. S4t). A model has been proposed
by considering the above mentioned results (Fig. 7).

XRD analysis reveals a periodic lamellar organization with the
repeat distances being slightly less than double the alkyl chain
length. This indicates that the hydrophobic chains are inter-
locked with each other so that they introduce strong van der
Waals interactions among the long chains. A J-type aggregation
in the aromatic segments may give rise to the d-spacing of
0.85 nm. The thickness of a single layer could be assigned to
0.41 nm (as obtained from the breadth of the optimized molec-
ular structure) and the distance between the successive layers is
0.79 nm. The XRD pattern of 5 obtained from only ethanol
revealed similar Bragg’s peaks, indicating a similar self-assembly
pattern remained in the thin film (Fig. S57).

Table1 Bragg’s reflection peaks (d-values)? obtained from XRD studies
for the xerogels of 2-7 in 60% ethanol-water mixture

1 12 13 14 1/5 R 2"set of peaks

2 257 125 082 061 049 1.11 0.87 080 042 039
3 274 0.89 053 136 085 0.79 042 0.39
4 293 0.97 0.58 1.62 084 0.78 041 0.39
5 333 1.06 1.87 0.85 0.79 041 0.39
6 364 175 1.15 2.13 0.85 0.79 041 0.39
7 374 184 122 0091 2.39 0.40 0.39

@ All the d-spacing values are expressed in nm. © R represents the length
of the hydrocarbon chain from the quaternary N.

0.79 nm

Y T G W g I S
-‘1‘f-ju'1f-af""

0.41 nm

Fig. 7 Proposed model depicting the probable self-assembly motif of 5
in the gel as evidenced from the XRD studies.

The crystalline lamellar nanofibers were further examined
under a polarized optical microscope (POM) in order to confirm
the presence of birefringent textures. Thin films obtained from
solutions of the gelators in 60% ethanol-water mixtures indeed
showed the presence of birefringent textures in every instance.
This indicates an anisotropic growth of the three-dimensional
aggregates of the PPV molecules leading to the formation of
nanofibers (Fig. S61)."” Also, the fiber diameters decreased
progressively with increase in the aliphatic chain length, which
agrees well with the FM and SEM studies. As observed under
XRD, the thin film obtained from EtOH is also crystalline in
nature which again showed the presence of birefringent texture
although the aspect ratio is smaller (Fig. S7t). The birefringent
textures were also evident in the gel of 5 in 60% ethanol-water
mixture.

UV-vis and fluorescence spectroscopy

The chromophoric nature of this class of molecules allows
manifestation of interesting optical and photophysical proper-
ties.?® The absorption maxima (Anay) of each of 2-7 (1 x 107°
M) in ethanol at 25 °C appeared at 400 nm (So — S;) in
addition to a small band at 250 nm (Sy — S,) due to the
presence of the same chromophore unit (Fig. S81). The Ay, did
not shift when the absorption spectrum was recorded for
example with compound 5 in 60% ethanol-water where it
transformed into a physical gel. The emission maximum
appeared at 470 nm when excited at 380 nm for each of 2-7
(1 x 107> M) in ethanol.

The aggregation leading to the gelation in ethanol-water
mixture exhibited a drastic visual color change under normal
daylight as well as under a 365 nm UV lamp (Fig. 1a). The
color changed from intense light-blue to yellowish-orange
upon sol-to-gel transformation, as observed under the UV-
light. The self-assembly of the gelators clearly depends on the
polarity (the hydrophobic/hydrophilic balance) of the medium
as they formed a ‘sol’ in ethanol and an ‘aggregate’ in water.
Thus, by varying the ratio of ethanol-water it may be possible
to modulate their aggregation. Snapshots of the solution of 5
(1 x 107° M) in different ratios of ethanol-water mixtures
were viewed under a 365 nm UV lamp (Fig. 8a) and also under
normal daylight (Fig. S9f). The solution in ethanol alone
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(100%) and up to 40% of ethanol-water mixture showed highly
fluorescent light-blue emission representing a ‘monomeric’
emission. But at the ratio of 30-0% ethanol-water, a
yellowish-orange emission appeared indicating an aggregated
emission. This suggests that the aggregation of the gelator
molecules in the mixed solvent system is assisted by intermo-
lecular w7 stacking and van der Waals interactions. These
solutions were then analyzed using UV-vis and fluorescence
spectroscopies.

Under UV-vis, the A,,.x appeared at 400 nm when the ratio of
ethanol-water was between 100 and 50% (Fig. 8b). However, the
intensity of the A,.. decreased when the ratio became 40%
although there was no significant shift in the A,,,x. Beyond this
ratio, the absorption patterns changed drastically. A new band
appeared at 370 nm followed by a broad band at 430 nm and a
hump-like shoulder band at 480 nm. Also the small band at
250 nm experienced a red-shift. Under fluorescence, the solutions
showed intense monomeric emission at 470 nm up to the
ethanol-water ratio of 50% (Fig. 8d). The intensity decreased at
40% ethanol-water without any change in the emission maxima
and beyond that a significantly hypochromic, red-shifted emis-
sion maximum at 575 nm was observed for 30-0% of ethanol-
water, indicating an aggregated emission.?” These studies indi-
cate that the monomeric species form self-assembled species
when the amount of ethanol is below 40% in the ethanol-water
mixture.

) (b)
100-50 %
o 08
e 40 % EtOHH,0 8
S <
£ o4 S
9 30-0% 5
2 EtOH/H,0 4
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Fig. 8 (a) Snapshots showing solutions of 5 (1 x 107> M) in different
ethanol-water mixtures (% of EtOH) (A) 100%, (B) 90%, (C) 80%, (D)
70%, (E) 60%, (F) 50%, (G) 40%, (H) 30%, (I) 20%, (J) 10%, (K) 0%. (b)
UV-vis and (d) fluorescence emission spectra of 5§ (1 x 1073 M) at
different ratios of ethanol-water mixtures (A, = 380 nm). Variable
temperature (c) UV-vis and (e) fluorescence spectra of 5 (2 x 107> M) in
35% ethanol-water mixture (1., = 380 nm).

To imitate a thermoreversible sol-gel transition, a 35%
ethanol-water solution of 5 was subjected to temperature
variation. At higher temperature (50 °C) the A, appeared at
400 nm in addition to a small band at 250 nm which resembled
the monomeric absorption (Fig. 8c). When the temperature was
lowered, the intensity of the A.,,x decreased gradually and a red-
shifted band appeared at 480 nm. The generation of an aggre-
gated state was also accompanied by a gradual loss of the shape
and intensity of the 250 nm band along with a ~10 nm red-shift
of the Ayn.x which is suggestive of a possible J-type aggrega-
tion.”® Under fluorescence, at higher temperature (50 °C) the
emission was observed at 470 nm due to the molecularly dis-
solved species (Fig. 8¢). On decreasing the temperature the
intensity of the band decreases progressively with the gradual
generation of a red-shifted band at 575 nm indicating that an
aggregated state has been reached. The presence of clear iso-
sbestic points in the UV-vis spectra and an isoemissive point
(565 nm) in the fluorescence emission spectra indicated a
thermal equilibration between the aggregated and non-aggre-
gated states, which is approximately reversible irrespective of
whether the temperature was varied in the low-to-high or high-
to-low direction.

When we looked at the variable temperature emission spectra
of 5 in 35% ethanol-water closely, we found that at room
temperature (~25-30 °C) the spectra covered the whole visible
range of emission (~450-650 nm). This prompted us to observe
the solution under UV light (365 nm) at room temperature.
Interestingly, the solution showed a white-light emission under
this condition (Fig. 9). However, the same solution when cooled
(~10 °C), showed a yellowish-orange emission and when heated
(~50 °C), it showed a light-blue emission. We have recorded the
emission spectra of these three solutions after pre-adjusting their
emission colors visually under the UV lamp. The emission
spectra were consistent with the previous observations and
resembled that of a ‘monomeric’ emission (470 nm) at high
temperature, aggregated emission (575 nm) at low temperature
and a wide-range emission (~450-650 nm) at room temperature.
The CIE chromaticity diagram exhibited the coordinates for the
white-light emission (0.32, 0.39) which are quite close to pure
white-light emission (0.33, 0.33). The excitation spectra of these
three solutions resembled the spectral patterns as observed under
the variable temperature absorption spectra (Fig. S111). There-
fore, it may be assumed that, at room temperature a certain
proportion of the monomeric and aggregated species exist
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Fig. 9 Variable temperature fluorescence spectra of 5 (2 x 107> M) in
35% ethanol-water mixture (excited at 380 nm).
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together in the mixture which could cover the whole visible
emission spectral range. This depends upon the temperature,
ratio of ethanol-water in the mixture and most importantly the
concentration of the gelator. Thus, when a gel of 5 (10 mg mL™})
in 60% ethanol-water was heated and then cooled it did not show
white-light emission, instead it showed a direct transformation
from light-blue to yellowish-orange emission. This is due to the
direct and fast transformation from the monomeric to the
aggregated species as the concentration was very high
(Fig. S127). Thus, white-light emission can be observed from a
single component depending on the aggregate fraction in the
mixture, unlike the other white-light emitting substances repor-
ted in the literature which generally contain more than one
chromophore.?®

Cyclic voltammetry

The structural features of such compounds prompted us to
examine their electronic redox behavior. Accordingly, the
cyclic voltamograms (CV) were recorded for a freshly prepared
solution of 2-7 (1073 M) in DMSO at 100 mV s~! scan rate
and using a glassy carbon working electrode. The cyclic vol-
tammograms exhibited a cathodic peak (reduction) with a
directly associated anodic peak (oxidation) in the reverse scan
(Fig. 10a). In each case only one oxidation-reduction wave
was observed throughout the scan range +1 to -2 V
(Fig. S13at). Corresponding reduction (E.q) and oxidation
(Eox) potentials were obtained from the CV plots (Table 2).
The potentials were found to be greater for the compounds
with shorter aliphatic chains (2 and 3). Interestingly, a sudden
jump in E,, was observed for 4 (with —-C;,H,s chain) and after
that a gradual decrease in the E,.q4 and E,x was observed with
the increase in the aliphatic chain length (Fig. 10b). Clearly,
the electron transfer is strongly influenced by the length of the
alkyl chains.

The ratio of the reduction (/,) and the oxidation (/)
currents (I,o/I,,) is close to 1, which indicates the electro-
chemical reversibility of the electron transfer process (Table 2).3°
The E.q and E,, for 2 appeared at —0.853 and —0.787 V,
respectively, and show a sudden jump for compound 5 (Eq
—0.832 V and E,, —0.717 V) as observed clearly in Fig. 10a.
The experimental AE value (E..q — Eoyx) for 2 is 0.066 V which is
close to 0.059 V (theoretically expected for an electrochemically
reversible one-electron redox process).?! Using the AE value, the
number of electrons (#) involved in the redox process is calcu-
lated from the equation AE = 0.059/n, which indicates a one

®1(a) 7 (b)

—
—
ool
—
—8
15 ] “ —7

05 06 07 08 09 40 -1 04 06 08 10 12
E/Vvs. SCE E/Vvs. SCE

Fig. 10 Cyclic voltammogram of 1 mM solution of (a) 2 and 5 and (b)
comparison of 2-7 in DMSO at a scan rate 100 mV s~

Table 2 Cyclic voltammetry peak potentials (E..q, Eox) and redox
potentials (E) obtained from differential pulse voltammetry for 2-7¢

E° (V)
Eea (V)  Eo (V) AE(V) LI, Ejp(V) from DPV

2 -0853  —0.787  0.066 1.2 —0.820  —0.804
3 -0853  —0.787  0.066 1.2 ~0.820  —0.804
4 -0853 —0.721 0.132 1.1 —0.787  —0.806
5 -0832  —0717 0.115 1.2 —-0.774  —0.783
6 -0813 —0.705 0.108 0.9 ~0759  —0.771
7  -0803 —0.695 0.108 0.8 ~0.749  —0.761

“ Conditions: scan speed 100 mV s~!, temperature 25 °C, supporting
electrolyte 100 mM TBAP, solvent DMSO, three electrode system:
SCE as reference, Pt wire counter and glassy carbon working electrode.
E) > is the half-wave potential = (Eeq + Eox)/2.

electron exchange process.’> However, the AE value for the
compounds with longer aliphatic chain length departed from
the constant value (0.059 V) suggesting that probably structural
reorganization and aliphatic chain reorientation take place on
reduction.?® The half-wave potential (Ej,,) can be obtained from
a voltammogram by calculating the average value of the anodic
and cathodic peaks. The subscript 1/2 indicates that the
potential is obtained approximately at the half-height of the
cathodic and anodic peaks and at these points the concentra-
tions of the reduced and oxidized species on the electrode are
equal.?®* The redox potentials (E®) were also obtained from the
differential ~ pulse  voltammetry (DPV) measurements
(Fig. S13b-gtf). E;» decreases progressively with increasing
aliphatic chain length in the series and is consistent with the E°
values obtained from DPV.

The peak current (/) for compound 2 increases linearly as a
function of square root of the scan rates (v/?) ranging from 25—
300 mV s~! indicating that the electrode reactions are diffu-
sion-controlled for the redox process (Fig. S147).3* However, a
deviation from linearity in the Iy vs. v is observed for 5, a
member with longer aliphatic chains, indicating that at suffi-
cient overpotential, the reaction is diffusion-limited.** In both
the cases, compounds 2 and 5 display larger peak separations
at higher scan rates, which may be due to a relatively slow
electron transfer rate between the oxidized species and the
electrode.*® The plot of I, vs. v!2 for 2 shows a linear fit
passing through y = 0. Using the ‘slope’, the diffusion coeffi-
cient (D) for reduction can be calculated using the well known
Randles-Sevcik eqn (1).%”

e = (2.687 x 10°) n*? y!2 D' 4 C (1)

Slope = (2.687 x 10°) n*? D'? 4 C

where, n = the number of electrons appearing in the half-
reaction for the redox couple, A4 is the electrode area (0.2827
cm?) and C is the concentration of the electrolyte solution (10~°
mol cm™3). Using the magnitude of slope (5.1909 x 107> A
s'2 V712) and considering a one-electron transfer reaction, the
diffusion coefficient (D) of 2 is calculated to be 4.67 x 107’

cm? s
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Thermogravimetric analysis (TGA)

The decomposition behavior of 2-7 was elucidated using TGA.
A typical weight-loss profile shows a two-step decomposition
pathway for this class of molecules (Fig. S15%). A sharp
decomposition between 250 and 340 °C with ~60% mass loss
followed by another comparatively slower decomposition
between 340 and 600 °C with more than 95% weight loss. The
derivative plots of the TGA curves show the peak of the mass loss
(the peak degradation temperature) between 299 and 330 °C for
the first step followed by 481-535 °C for the second step of
decomposition (Fig. S167). The weight loss in the first step is due
to the degradation of the alkyl chains and the second step
corresponds to the loss of aromatic residue of the gelators.*® The
peak degradation temperatures are listed in Table 3. The
decomposition temperatures and hence the thermal stability
increased progressively with increasing aliphatic chain length
appended to the PPV core.

Electrical conductivity (I~V) measurements

Since the gelators 2-7 have w-electron conjugation in their
backbones and also carry two cationic charges, it would be
interesting to investigate their electrical conductivity across the
fibers created by the intermolecular stacking interactions
through the aromatic surface in the xerogel matrices. The I-V
measurements for the dried gels of 2-7 were measured in a two
probe electrode. In the low voltage region (~1-10 V) the curve
followed Ohm’s law (¥V/I = R) (the linear region of the curve)
and the corresponding resistance (R) was calculated from the
I-V curve (Fig. 11).*® However, in the higher voltage region, the
I-V curves show deviation from the linearity which is charac-
teristic of a typical semiconducting nature of the gels.*® On
increasing the voltage, the current increased in a nonlinear
fashion. Notably, the device did not collapse even after applying
100 V, which showed the robustness of the system comprising
the nanoassembly. The current at voltages of 10 V, 50 V and
100 V and the calculated resistance at 10 V are recorded
(Table S4t). The magnitude of current increases with the
decrease of the length of the aliphatic hydrocarbon chains. It
has been observed from the microscopic studies that the fiber
diameter increases with the decrease in the aliphatic chain
length. Thus, with larger fiber diameter and higher aspect ratio,
the electrical conductivity increases. It is also possible that with
increasing chain length the weight fraction of the semicon-
ducting chromophore in the gelator decreases and hence the
conductivity decreases.

Table 3 Peak degradation temperatures of 2-7 in the two-step decom-
position profiles based on thermogravimetric analysis

Loss of aliphatic Loss of aromatic

parts (°C) parts (°C)
2 299 481
3 295 502
4 300 503
5 300 505
6 306 505
7 330 535
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Fig. 11 Electrical conductivity studies showing /- characteristics of 2—
7 in a two-probe electrode. Inset shows a magnified plot for easier
comparison.

Conclusions

We have described the synthesis and aggregation properties
exhibited by a new family of PPV derivatives tailored with
different aliphatic chains on the periphery. With increasing
length of the aliphatic chain, their gelation ability increases.
However, the presence of excess hydrophobic moiety at the
periphery weakens the gelation ability. Spectroscopic studies
unravel a thermoreversible self-assembly leading to emission
switching depending on the temperature and a white-light
emission at room temperature. A high degree of crystallinity and
the presence of lamellar structures in the self-assembly of the
gelators were evident from the X-ray diffraction studies.
Microscopic studies suggest that the shorter alkyl chains favor
the self-assembly of PPVs leading to a greater aspect ratio of the
fibrillar networks. The electrical conductivity increases progres-
sively with larger fiber diameter i.e. with the shorter aliphatic
chains. Also, the redox reaction at the electrode surface depends
on the aliphatic chain length on the PPV core and the redox
potentials decrease with increasing aliphatic chain length.
However, their mechanical and thermal stabilities increase
gradually with the increase in the chain length. Clearly, the subtle
balance between the hydrophobic and hydrophilic groups in the
PPV backbone holds the key in tuning the gelation phenomenon
assisted with the modulation of the ethanol-water solvent
polarity. These systems therefore provide a convenient way for
the modulation of macroscopic properties of the resulting soft
materials. This study thus provides opportunities for the devel-
opment of nanostructured advanced materials from the gelation
of a variety of linear, 7-conjugated systems and organic semi-
conductors, which may find applications in the emerging field of
supramolecular electronics.
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