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ogelators formed by liquid-crystal
carbazole-containing bis-MPA dendrimers†

I. Gracia,a J. L. Serrano,b J. Barberáa and A. Omenat*a

Novel functional gelators with a dendritic structure based on flexible bis-MPA dendrons that combine

mesogenic and carbazole moieties have been prepared. Both the precursory dendrons and the resulting

codendrimers show rich supramolecular chemistry, exhibiting both liquid crystalline phases and gelling

properties in several low-polarity organic solvents. The study of the self-assembly processes reveals that

non-covalent weak interactions control the formation of the supramolecular gels. Due to the carbazole

moieties, these gels show interesting electronic properties with an increased fluorescence emission

arising from an aggregation-induced emission enhancement (AIEE) effect and electrochemical

behaviour. Oxidative polymerisation has been proven to be effective for fixing the gel structure in thin

layers of xerogels deposited on ITO electrodes.
Introduction

Due to their straightforward preparation, high functionality and
versatility, gels have attracted a lot of interest during recent
years in materials science, in elds such as electrooptics,
sensors and organic electronics.1–3

Among supramolecular gels, dendritic molecules exhibit
interesting properties that favour the formation of gel phases.
A branched structure and the subsequent multivalency are the
key features of these molecules that stand between low-
molecular weight and polymeric gelators.4–8 The tuning of
the chemical structure of the core, the dendritic backbone or
the peripheral units enables the formation of gels of different
nature such as organogels, hydrogels or liquid-crystalline
gels.9 H-bonding interaction has been widely employed as
the major driving force for the formation of self-assembled
aggregates based on dendritic molecules because of its
strength and directionality. Molecules functionalized with
amino acids, peptides or other H-bond donor or acceptor
motifs have been extensively studied to obtain dendritic
gelators.10–12 Self-assembly ruled by weaker interactions has
been also explored by introducing aliphatic chains13,14 or pol-
y(benzyl)ether as repeating units.15,16 In these materials, the
dendritic effect can play an important role in the formation of
supramolecular organisations.17

The introduction of p-conjugated structures in the back-
bone or the periphery of dendritic molecules has also been
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largely studied in optoelectronics because of the possibility to
obtain self-organized functional materials with application as
OLEDs, OPVs, OFETs and sensors.18 The properties of these
materials are oen inuenced not only by the structure of the
molecules but also by their supramolecular self-assembly,
which can lead to the modication of the emission proper-
ties. Aggregation usually causes the quenching of the uo-
rescence.19–22 However, the reverse effect, known as
aggregation induced emission enhancement (AIEE) effect,
has also been described in some liquid crystalline or gel
materials.23–26 Recently, a highly efficient and versatile den-
dron with 2-(20-hydroxyphenyl)benzoxazole at the core that
can form stable organogels with various apolar and polar
organic solvents has been developed. These uorescent
dendritic organogels exhibit gelation-induced enhanced
uorescence emission and multiple stimuli-responsive
behaviour.27

Carbazole based gelators, and specially carbazole rigid den-
drons,28–31 have been widely studied because they usually show
AIEE effect32,33 which makes them good candidates as sensors
towards uoride ions or amine vapors34,35 and some explosives,
such as TNT.36–39

In our previous work, the synthesis of a family of block
codendrimers that combine liquid crystalline and optoelec-
tronic properties was reported.40 Given the molecular struc-
ture of these macromolecules, the formation of
a supramolecular network in the presence of an organic
solvent can be envisaged, and will be favoured by intra- and
intermolecular interactions between different regions of the
molecules. These molecules are one of the few examples of
codendritic organogels.41,42

In this paper, we focus on the study of the gelation properties
of the dendrimers shown in Scheme 1.
This journal is © The Royal Society of Chemistry 2016
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Scheme 1 Molecular structures of the dendrons and codendrimers studied.
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Results and discussion
Synthesis

In an initial screening, it was found that dendrons and coden-
drimers with mesogenic units bearing just one dodecyloxy
chain, directly linked to the periphery of 2nd generation bis-MPA
dendrons, formed gels. Mesogenic bis-MPA dendrons 1 and 2,
and codendrimers 3 and 4 with a rigid linker (L1) were already
described in our previous work40 (Scheme 1). Herein, 5 and 6 are
prepared by condensation of 2 through a exible linker (L2) with
the corresponding carbazole unit bearing one or two carbazole
groups, respectively.
Liquid crystal properties

Liquid crystalline properties of the pure compounds were
evaluated by POM, DSC and XRD. The results of these studies
are gathered in Table 1. Block codendrimers 5 and 6 show an
enantiotropic SmC phase. This statement is conrmed by POM
observations (Fig. S1†). The structure of the mesophase is
This journal is © The Royal Society of Chemistry 2016
retained in the glassy state when the dendrimers are cooled
down to room temperature. In comparison with the previously
described monotropic phases of 3 and 4, the introduction of
a exible linker between both dendrons in 5 and 6 with an
amido group stabilises the mesophase by the enhancement of
the intermolecular interactions by H-bonding, resulting in
enantiotropic phases.

Powder XRD patterns of these compounds show a diffuse
halo in the high-angle region corresponding to the short-range
interactions between terminal aliphatic chains of the meso-
genic dendron in the liquid crystalline phase. The low-angle
region shows the rst order reection which denotes
a lamellar packing (Fig. S2†). The characteristic structural
parameter, d layer spacing, of the smectic packing was obtained
by application of Bragg's law. These results are in good agree-
ment with a cylindrical model in which two molecules of
codendrimer associate to form a cylinder by interacting through
their carbazole moieties while mesogenic units lie statistically
upwards and downwards (Fig. S3†).43,44 The similar values found
RSC Adv., 2016, 6, 39734–39740 | 39735
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Table 1 Mesogenic properties and XRD data of the dendrons and codendrimers

Compound Phase transitionsa T (�C) Phase dobs
b (�A) Structural parametersc (�A2)

1 C 34 [4.6] SmC 91 [10.8] I rt SmC(g) 33.5 S ¼ 207.2
Sch ¼ 51.8

2 C 49 [11.2] C0 130 [78.7] I [dec.]d

3 C 60 [12.5] C0 120 [38.6] I
I 113 [21.4] SmC 60 [14.0] C 39 [19.6] C0

80 SmC 37.3 S ¼ 208.5
Sch ¼ 52.1

4 C 51 [21.4] I
I 45 [15.6] SmC 19 C

5 SmC(g) 33 SmC 46 [36.7] I rt SmC(g) 39.4 S ¼ 193
Sch ¼ 48

6 SmC(g) 29 SmC 56 [27.5] I rt SmC(g) 43.5 S ¼ 203
Sch ¼ 51

a Temperatures, read at the onset of the corresponding peaks, and enthalpies [KJ mol�1, in square brackets] were obtained by DSC (second heating
scan, 10 �C min�1). C, C0 ¼ crystal, SmC¼ smectic C mesophase, SmC(g)¼ glass maintaining the SmC order, I ¼ isotropic liquid. b Measured layer
spacing. c S ¼ molecule cross-section and Sch ¼ cross-section per chain. d DSC values obtained in the rst heating scan.
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in all cases for the molecular cross-section and cross-section per
chain (Table 1) supports this model. Differences between the
lamellar constant and the theoretical length of the cylinder in
the most elongated conformation of the molecules can be
explained, apart from the conformational disorder, by the
existence of interdigitation of the aliphatic chains of adjacent
layers and also some degree of tilting in the mesophase ex-
pected for SmC mesophases.
Gel formation studies

The gel preparation procedures are detailed in the ESI.† A range
of organic solvents were selected for the gelation tests. Non-
polar or low-polarity solvents that can dissolve the
compounds when temperature is slightly increased resulted to
be the most effective gelation solvents (Table 2).

When polar or halogenated solvents were used alone, sol-
ubilisation occurred but no gel was formed aerwards, whereas
in some very polar solvents, such as ethanol, or in long-chain
hydrocarbons precipitation took place.

As seen in Table 2, the molecular structure plays an impor-
tant role in the formation of the supramolecular assemblies.
Table 2 Gelation tests and study of compounds 1–6 in several gela-
tion solventsa

Solventb

Hex Cy Tol Dod 1-Oct

Compound 1 I G (0.5)[44] S G G
2 I P S G G (0.5)[60]
3 I G (0.5)[38] S P PG
4 I G (1.0)[39] S P PG
5 I G (0.25)[40] S G G
6 I G (1.0)[38] S P P

a G: gel, PG: partial gel, P: precipitate, I: insoluble, S: soluble. Critical
gelation concentration (CGC, in wt%) in brackets and observed Tgel in
square brackets. b Hex: n-hexane, Cy: cyclohexane, Tol: toluene, Dod:
n-dodecane, 1-Oct: 1-octanol.

39736 | RSC Adv., 2016, 6, 39734–39740
The introduction of an amido group in the linker between the
mesogenic and the carbazole segments favours the gel forma-
tion (compare 5 and 3) due to the increasing attractive inter-
actions by H-bonding. The critical gelation concentration (CGC)
for these compounds ranges from 1 to 0.25% wt. These low
CGCs, specially for dendrons (1 and 2) and codendrimers
bearing one Cbz group (3 and 5), are consistent with a strong
dendritic effect,9,16 which in this case means that the presence
of four mesogenic units together enhances the stabilisation of
the interactions through p–p and van der Waals forces. Ther-
moreversibility of the gels was stated in cyclohexane by
measuring the gel–sol transition temperature (Tgel, in Table 2).
As expected the Tgel values increase with the concentration
(Fig. 1).

Moreover, it was also found that molecules with carbazole
groups (dendrimers 3 and 5) show lower Tgel values than those
without them (dendrons 1 and 2). This effect has already been
observed in pure compounds where carbazole groups tend to
prevent the formation of mesophases.40

The driving forces for the gel formation were evaluated by
studying the dendrons 1 and 2 by NMR at variable temperature.
Fig. 1 Schematic representation of Tgel vs. concentration. All
compounds measured in cyclohexane gels except 2, which is
measured in 1-octanol.

This journal is © The Royal Society of Chemistry 2016
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Table 3 XRD data of the xerogels of compounds 1–6 in cyclohexane
(2.5% wt)

Compound dobs (�A) Reection order dcalc (nm)

1 41.1 001 4.1
2 20.0 002 4.0

10.1 003
3 40.0 001 4.0
4 18.3 002 3.7
5 18.6 001 3.7
6 18.0 002 3.6
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In the case of 1 only p–p, dipole–dipole and van der Waals
interactions occur in the gel phase because all proton signals
slightly shi to lower elds with increasing temperatures45–47

(Fig. S4†). Once the carbazole unit is introduced to the meso-
genic dendron, the 1H NMR spectrum shows that the NH amide
peak, at 6.1 ppm at 65 �C, is temperature dependent (Fig. S5†).
This signal is shied upeld (0.15 ppm) with increasing
temperature, which is in accordance with the weakening of H-
bonding with the temperature.

IR spectra also undergo important changes upon gelling in
the N–H stretching band of 5 and 6, that broadens and shis
from 3410 to 3555 cm�1 in 5 and almost disappear in 6
(Fig. S6†). In concentration dependent IR studies, we have also
found that carbonyl bands shi to lower wavenumbers when
decreasing concentration (Fig. S7†).

The morphology and structure of the gels were studied by
SEM, TEM and XRD. SEM images usually show a layer of
material resulting from the breaking of the structure upon
evaporation of the solvent. However, for dendrons it is possible
to observe bundles 500–800 nm thick formed by the association
of 5 to 10 bres (140–270 nm thick and 5–10 nm long), which
are usually aligned along their long axis (Fig. S8†). The bres
found in samples of codendrimers are slightly thinner (70–100
nm) than those of dendrons and tend to aggregate in bundles
that, in some cases, lead to the formation of ribbons. TEM
observations show an interpenetrated network formed by bres
23 � 2 nm thick that associate in larger ribbons, as those
observed by SEM (Fig. 2).

XRD studies of the xerogels carried out at room temperature
conrmed a layered structure in the self-assembled systems
(Table 3). Some of the diffractograms show a weak rst order
reection at small angles while others only show weak higher
order reections in this angular region (Fig. S9†). These low-
angle maxima are weak, whereas the high-angle diffuse halo
is strong due to the majority presence of solvent.

Interlayer distances vary from those found for the SmC
mesophases of the same compounds. The more functional
groups able to participate in supramolecular interactions, the
smaller interlayer distances are found.

In addition, p-interactions play an important role in the
molecular packing in the gel phase as well. In this sense, the
rst generation dendrons of carbazole 4 and 6 tend to form
more compact aggregates, which reduce the interlayer distances
Fig. 2 TEM images of the dendritic aggregates formed in cyclohexane
(0.1% wt): (a) compound 4, (b) compound 6.

This journal is © The Royal Society of Chemistry 2016
of the network compared to 3 and 5, respectively, or to the
precursory dendrons 1 and 2.

All the data gathered from SEM, TEM and XRD allow us to
suggest a molecular packing model in which bres are formed
by lamellae of 6 to 7 layers of gelling molecules (Fig. 3). The
bres form bundles of 70–270 nm thickness and the space
between these bres is lled by the molecules of the organic
solvent. When concentration increases above the CGC, these
bundles tend to aggregate in larger bres or ribbons.

Optical properties and AIEE effect

Time dependent UV-Vis experiments show that in dilute solu-
tions, no aggregation takes place and the absorption bands due
to the n–p* electronic transition of carbazole at 332 nm
remained unchanged.

However, in concentration-dependent experiments, those
bands slightly red shi (Fig. S10†). Besides, when a warm
solution was cooled to room temperature, it was possible to
monitor the gel formation through the shiing of the UV-Vis
signals. This same effect was observed in the uorescence
emission spectra. In this case, increasing the concentration and
thus favouring the gel formation induces a bathochromic shi
of the emission bands as well as the disappearance of the more
energetic peak at concentrations close to the CGC (Fig. S11†).
Interestingly, the extension of the aggregation with the time
causes the increase of the intensity of the emission band
without any shi in wavelength (Fig. 4).48 These results conrm
the slow process of gel formation and the AIEE effect.

Electrochemical polymerisation of xerogels derived from 5
and 6

The presence of the carbazole rings provides these systems with
potential electrochemical behaviour. To evaluate the
Fig. 3 Proposed model for the molecular packing in the gel phase.

RSC Adv., 2016, 6, 39734–39740 | 39737
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Fig. 4 Emission spectra of 6 in cyclohexane (0.17% wt) during the
cooling and gel formation processes.

Fig. 5 CV traces for the electropolymerisation process xerogel-
modified ITO-WE (black lines) (100 mV s�1, 0.1 M (n-Bu)4N(PF6) in
acetonitrile). CV traces of the electropolymerised materials (red lines):
(a) compound 5, (b) compound 6.
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electrochemical properties, we have prepared modied working
ITO electrodes by coating the electrode surface with the cyclo-
hexane gels of 5 and 6 and slow evaporation of the solvent to
complete the xerogel formation.49,50 These xerogel modied
electrodes have been studied by cyclic voltammetry, using
a three-electrode cell and acetonitrile as a solvent, in which 5
and 6 are insoluble. The CV studies have shown the electro-
chemical activity of these xerogels (Fig. S12†). In a further step,
we have performed several scans on the same working electrode
(WE) to provoke the electropolymerisation of the carbazole
groups. Oxidative electropolymerisation effectively occurs in
Fig. 6 FE-SEM images of electropolymerized xerogel films on ITO-
WE: (a) compound 5, (b) compound 6.

39738 | RSC Adv., 2016, 6, 39734–39740
some extent as denoted by the increasing intensity and Epc
values of successive cycles (Fig. 5). The presence of more than
one carbazole group per molecule favours the intra- and inter-
molecular crosslinking giving rise to a more extended chemical
network. This material is less soluble in dichloromethane as
shown by the voltammograms of the ITO electrodes aer being
soaked in this solvent.

The study of the electropolymerised ITO surfaces by SEM
showed that a thin layer of the supramolecular self-assembled
material is xed during this process retaining the bre nature
of the xerogel in 5, while an amorphous layer of material was
obtained upon polymerisation xerogels of 6 (Fig. 6).
Experimental

The general methods and materials as well as the synthesis of
compounds 5 and 6 are gathered in the ESI.†
Gel and xerogel preparation

The procedure for the gel preparation consisted in weighing
specic amounts of the different compounds and dissolving
them in the corresponding volume of warm solvent until
homogenous solutions were obtained. Aer slow cooling to
room temperature, the solution gave rise to translucent or
transparent gels in some of the cases. Precipitates or solutions
were obtained in other. Gelation tests have been carried out
starting with a 2.5% wt and decreasing 0.5% wt each time until
no gel formation was observed. Gelling was investigated in all
the cases by the inversion method,51 and monitored over 72
hours. Tgel were estimated by heating the gels in a block-heater
until they started to become uid.

The xerogel samples were prepared by directly drop-casting
the gel on a surface cleaned glass or ITO-electrode, and evapo-
rating the solvent under vacuum at room temperature. For FE-
SEM characterisation, xerogels were covered with gold. For
TEM characterisation a drop of a solution 0.1% wt was depos-
ited onto a copper mesh and allowed to dry at open air and
stained with an aqueous solution of uranyl acetate (1% wt).
Conclusions

In conclusion, we have reported one of the rst examples of
multifunctional block codendrimer gelators that include
a mesogenic dendron and a carbazole unit or dendron. It is
remarkable that these molecules, 3–6, show mesomorphic and
gelling properties with different packing models for each
supramolecular organisation. The use of carbazole as elec-
tronically active unit allows the combination of the aforemen-
tioned properties with the typical uorescence emission and
electrochemical behaviour of this p-conjugated group. More-
over, it has been proven that the prepared organogels have
strong uorescence-emission due to an aggregation-induced
emission enhancement effect, which opens the possibility for
the application of these dendritic gelators as sensors. The
modication of a working-electrode with a xerogel and subse-
quent electropolymerisation has been accomplished, showing
This journal is © The Royal Society of Chemistry 2016
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that it is possible to x the structure of the xerogel under certain
conditions.
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21 A. Pérez, J. L. Serrano, T. Sierra, A. Ballesteros, D. de Saá and
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