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Proton-conductive materials formed by coumarin
photocrosslinked ionic liquid crystal dendrimers†

Alberto Concellón, a Ting Liang,b Albertus P. H. J. Schenning, bc

José Luis Serrano, d Pilar Romero *a and Mercedes Marcos *a

In this work, we have successfully examined for the first time the use of ionic dendrimers as building

blocks for the preparation of 1D and 2D proton conductive materials. For this purpose, a new family of

liquid crystalline dendrimers has been synthesized by ionic self-assembly of poly(amidoamine) (PAMAM)

dendrimers bearing 4, 8, 16, 32 or 64 NH2 terminal groups and a coumarin-containing bifunctional

dendron. The noncovalent architectures were obtained by the formation of ionic salts between the

carboxylic acid group of the dendron and the terminal amine groups of the PAMAM dendrimer. The

liquid crystal properties have been investigated by polarized optical microscopy (POM), differential

scanning calorimetry (DSC) and X-ray diffraction (XRD). All the compounds exhibited mesogenic

behavior with smectic A or hexagonal columnar mesophases depending on the generation of the

dendrimer. Coumarin photodimerization was used as a crosslinking reaction to obtain liquid crystalline

polymer networks. All the materials showed good proton conductive properties as the LC arrangement

leads to the presence of ionic nanosegregated areas (formed by the ion pairs) that favor proton

conduction.

Introduction

Ion transport is an important phenomenon in biological pro-
cesses, batteries and separation technologies. The use of ionic
liquid crystals (LCs) has been found to be a versatile approach
for the development of ion transporting materials.1,2 In fact, LC
materials can self-organize into various nanostructured phases,
such as nematic, smectic or columnar. These nanosegregated
structures provide well-organized channels for the transport
of electrons, holes or ions.3–6 Columnar and smectic arrange-
ments may lead to the formation of 1D and 2D channels
(respectively) capable of transporting ions. As with all LC
properties, ion transport is highly anisotropic thus, the orienta-
tion of the 1D and 2D channels on the macroscopic scale is
an important and challenging feature. Smectic LCs can be

considered as 2D ion conductors with ion conduction in
the directions within the layer plane. However, LCs showing
columnar mesophases can be used to create 1D ion conductors,
with ion conduction taking place in the direction of the
columnar axes.7,8 Therefore, LC materials have potential as
new functional electrolytes for electrochemical devices, for
example, in lithium-ion batteries (transport of Li+ ions), dye-
sensitized solar cells (transport of the I�/I3

� redox couple) or
fuel cells (proton transport).9–18

Nanostructured LC phases can be stabilized by photopoly-
merization to maintain the anisotropic ion transport over a
longer period of time. Crosslinking of polymerizable LC mono-
mers in their mesophase can yield nanostructured, thermally
and mechanically stable membrane materials with permanent
pathways for ion transport.19–23

Over the last few years, we have been working on LC
dendrimers with the aim of combining the inherent properties
of the dendrimer scaffold with the anisotropic properties pro-
vided by the LC state.24,25 LC dendrimers are generally prepared
by the introduction of promesogenic units at the periphery of
a preformed dendrimer. However, it is possible to design LC
dendrimers without any promesogenic unit. Ionic LC dendri-
mers are the most interesting examples; nanosegregation
between polar and apolar regions was the driving force for
the formation of the observed mesophases.26–31 In addition, the
structural versatility of dendrimers allows the introduction of
different functional units on the periphery, obtaining materials
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with potential applications in targeted drug-delivery, opto-
electronics, light harvesting and sensors.32–35

To date, proton conductivity has been reported with low-
molecular-weight mesogenic compounds that were stabilized
by photocrosslinking to maintain the ionic conductivity over a
longer period of time. In the present study, to develop 1D and
2D proton-conductive materials, we have examined the supra-
molecular LC organization of ionic dendrimers. A new family of
ionic hybrid dendrimers were synthesized from poly(amido-
amine) (PAMAM) dendrimer generations 0 to 4 (bearing 4, 8, 16,
32 or 64 NH2 terminal groups) (Fig. 1). PAMAM was surrounded
by carboxylic acid dendrons bifunctionalized with a promeso-
genic unit (cholesteryl hemisuccinate) and coumarin moieties.
Coumarin derivatives have been widely used as fluorophores in
materials science.36–42 In this work coumarin was chosen as a
reactive group for the crosslinking reaction. Upon UV irradia-
tion, coumarins undergo [2+2] cycloaddition to yield cyclo-
butane dimers. It doesn’t require an initiator or a catalyst and
side reactions may be avoided.

Results and discussion
Synthesis and characterization of ionic dendrimers

The carboxylic acid dendron (Ac-ChCou, Fig. 1) was prepared
via a synthetic route and the experimental details are given in
the ESI.†

Ionic dendrimers were prepared by mixing a tetrahydrofuran
(THF) solution of Ac-ChCou with a solution of the corres-
ponding generation of the PAMAM dendrimer in the stoichio-
metry necessary to functionalize all terminal amine groups. The
mixture was ultrasonicated for 5 min, then the THF was slowly
evaporated at room temperature and the sample was dried
under vacuum at 40 1C until the weight remained constant. The
formation of ionic interactions between the PAMAM dendrimer
and the dendron acids was studied by infrared spectroscopy
(IR) and by nuclear magnetic resonance (NMR).

As a representative example that demonstrates the formation
of the ionic salts, the FTIR spectra of Ac-ChCou, PAMAM16 and
the corresponding ionic dendrimer are shown in Fig. 2. In the
spectrum of Ac-ChCou, three CQO stretching bands appeared at
1683, 1730 and 1741 cm�1. The band at 1730 cm�1 is assigned to
the ester groups, whereas the bands at 1686 and 1741 cm�1

correspond to the dimeric and free form of the carboxylic acid
group, respectively. In the spectrum of PAMAM16-ChCou the
signals at 1686 and 1741 cm�1 were replaced by two new bands at
around 1550 and 1400 cm�1 due to the asymmetric and sym-
metric stretching modes of the carboxylate group.

The 1H NMR spectra recorded in CDCl3 clearly show the for-
mation of the ionic assemblies. As a representative example the
1H NMR spectra of the dendron Ac-ChCou, the third generation
PAMAM dendrimer (PAMAM32) and the ionic dendrimer
PAMAM32-ChCou complex are shown in Fig. 3. In the initial
dendron, the acid proton signal was very broad and barely

Fig. 1 Schematic representation of the ionic self-assembly process to prepare the ionic LC dendrimers and the nomenclature of the ionic dendrimers.

Fig. 2 FTIR spectra (CQO st. region) of PAMAM16 (black line), Ac-ChCou
(blue line), and PAMAM16-ChCou (red line) (see Fig. S1 (ESI†) for the FTIR
spectra in the complete frequency range).
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visible in the 1H spectrum, thus this signal could not be used to
determine the formation of the salt. The protons close to the
ionic pairs experienced the highest chemical shifts. For instance,
the proton signals of diastereotopic methylene (HP and HP0)
moved to a higher field after the formation of salts. In the same
way, quantitative protonation of terminal amine groups of the
PAMAM dendrimer was confirmed by the absence of the NH2

proton signal at 7.91 ppm and the appearance of the NH3
+ broad

signal at 5.20–4.00 ppm. The absence of the CH2C�H2–NH2 (Ha,
d = 2.77 ppm) and CH

�
2CH2–NH2 (Hb, d = 3.22 ppm) signals and

the appearance of the CH2CH
�

2–NH3
+ (Ha, d = 3.13 ppm) and

CH
�

2CH2–NH3
+ (Hb, d = 3.52 ppm) signals also confirm the

quantitative protonation of terminal amine groups.
1H–1H NOESY experiments were also employed to study the

formation of these ionic dendrimers in solution. The main
feature of NOESY is their ability to provide in a single experi-
ment all the correlations between nuclei which are physically
close in space, thus making it a very valuable tool for deter-
mining whether supramolecular interactions were established
between the Ac-ChCou dendron and the PAMAM dendrimer.
The 1H–1H NOESY spectrum of PAMAM32-ChCou is shown in
Fig. S2 (ESI†). Significant cross-peaks were observed between
the diastereotopic protons of Ac-ChCou (HP and HP0) and Ha

and Hb protons of the terminal branches of PAMAM, indicating
that these groups were close in space because of the ionic pair
formation. Besides this, HP and HP0 docked closely with the
terminal NH3

+ groups of PAMAM.
In the 13C NMR spectra (Fig. 3) the carboxyl group signal

(CS) of the acid shifts from 176.98 to 178.18, indicating the
formation of carboxylate (COO�). Likewise, the deprotonation
of carboxylic acid was also corroborated by the displacement of
the methylic carbon (CQ), the methyl (CR) carbon and the

methylene carbons (CP and CP0) to a lower field. In addition,
when terminal amine groups of PAMAM are protonated, the
methylene carbons (Ca and Cb) move from 41.6/42.4 to 39.7/37.7,
respectively (data confirmed by 1H–13C HSQC experiments,
Fig. S3, ESI†).

The 13C cross-polarization magic-angle spinning (13C CPMAS)
NMR spectra were recorded at room temperature for the ionic
hybrid dendrimers (Fig. 4). The downfield shift of the carboxylic
carbon (CS) signal of PAMAM16-ChCou provides strong evidence
for the formation of the carboxylate anion.

Thermal properties and mesogenic behavior

The thermal stability of the ionic dendrimers was studied by
thermogravimetric analysis (TGA). All the samples showed good

Fig. 3 1H (left) and 13C (right) NMR spectra in CDCl3 solution at 25 1C of: (a) Ac-ChCou, (b) ionic dendrimer PAMAM32-ChCou, and (c) PAMAM32.

Fig. 4 13C CPMAS NMR spectra of: (a) Ac-ChCou, (b) ionic dendrimer
PAMAM16-ChCou, and (c) ionic dendrimer PAMAM16-ChCou after
photodimerization.
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thermal stability and in all cases the 5% weight loss tempera-
ture (T5%) was detected at temperatures more than 100 1C above
the isotropization point (Table 1). Thermal transitions and
mesomorphic properties were studied by polarized optical

microscopy (POM), differential scanning calorimetry (DSC)
and X-ray diffraction (XRD). Three cycles were carried out in
DSC experiments and data were taken from the second cycle. In
some cases, temperatures were taken from POM observations
because transition peaks were not detected in DSC curves.

Dendron Ac-ChCou displayed an enantiotropic nematic meso-
phase, which was observed at room temperature by POM on
applying mechanical stress to the sample (Fig. S4, ESI†). The XRD
pattern of the nematic phase contains diffuse scattering at low
angles and a diffuse halo at high angles corresponding to the
intermolecular short-range interactions between molecules.

All the ionic dendrimers displayed liquid crystalline beha-
vior. The DSC curves showed only a glass transition freezing
the mesomorphic order at room temperature. Dendrimers for
generations G = 0–3 exhibited a smectic A mesophase that was
identified by POM on applying mechanical stress to the sample
showing birefringent textures (Fig. S4, ESI†). However, the
G = 4 ionic dendrimer PAMAM64-ChCou, surrounded by 64
dendrons Ac-ChCou, exhibited a hexagonal columnar meso-
phase. The smectic A and hexagonal columnar nature of the
mesophases was confirmed by X-ray diffraction (XRD)

In G = 0–3 ionic dendrimers, the XRD patterns were con-
stituted by a diffuse halo in the wide angle region, corresponding
to the short-range correlations between the conformationally
disordered alkyl chains, and by one or two sharp maxima in the
small angle region. These sharp maxima evidence a long-range
lamellar packing of molecules, and when there were two low-
angle maxima in the reciprocal spacing ratio 1 : 2, they can be

Table 1 Thermal properties and structural parameters

T5%
a

(1C)
Phase
transitionsb

dobs
c

(Å) h k ld
Structural
parameters

Ac-ChCou 190 g 9 N 70e I — — —

PAMAM4-ChCou 188 g 6 SmA 65e I 42.7 1 0 0 d = 42.7 Å
4.5 (br) + = 14.5 Å

PAMAM8-ChCou 203 g 27 SmA 74 I 43.2 1 0 0 d = 43.3 Å
21.7 2 0 0 + = 20.9 Å
4.5 (br)

PAMAM16-ChCou 209 g 21 SmA 63e I 46.2 1 0 0 d = 46.2 Å
23.1 2 0 0 + = 28.8 Å
4.5 (br)

PAMAM32-ChCou 200 g 18 SmA 75e I 41.1 1 0 0 d = 41.1 Å
4.5 (br) + = 43.5 Å

PAMAM64-ChCou 198 g 29 Colh 81e I 49.3 1 0 0 a = 56.7 Å
28.2 1 1 0 hd = 44.0 Å
4.5 (br)

a Temperature at which 5% mass loss is detected in the thermo-
gravimetric curve. b DSC data of the second heating process at a rate
of 10 1C min�1. g: glass, SmA: smectic A mesophase, Colh: hexagonal
columnar mesophase, I: isotropic liquid. c d value calculated according
to Bragg’s equation. d Miller indices. e POM data.

Fig. 5 (a) Variation of the elementary ionic dendrimer cylinder as a function of generation number, (b) proposed arrangement of the ionic dendrimers in
the smectic A (left) and the hexagonal columnar (right) mesophase.
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assigned to the first and second order reflections. The layer
spacings (d) of the SmA mesophase were obtained by applying
Bragg’s law and they are gathered in Table 1.

The XRD pattern obtained for the G = 4 ionic dendrimer was
consistent with a hexagonal columnar mesophase. It exhibited
a diffuse maximum corresponding to a distance of about 4.5 Å
between the conformationally disordered aliphatic chains. In
the low-angle region the XRD patterns showed a set of two
sharp reflections in the reciprocal ratio of 1 : 1/O3. These two
reflections can be assigned to the reflections (100) and (110) of
a hexagonal columnar arrangement with a lattice parameter (a)
of 56.7 Å.

On the basis of our previous work on LC dendrimers,43,44 we
propose a cylinder-shaped conformation of the G = 0–3 den-
drimers, in which the dendrimer matrix occupies the central
section whereas the ionic pairs extend up and down with the
dendrons statistically distributed (Fig. 5). To gain insight into
the molecular arrangement and the packing in the mesophase,
it is possible to make some theoretical calculations using the
experimentally measured spacings (d) and the molecular weight
values (M). The density r of a smectic mesophase can be
calculated by the formula:27

r = (4�1024�M)/(p�d�NA�+2)

where + is the diameter of the cylinder and NA is the
Avogadro’s number. Assuming that the density of organic
compounds is around 1 g cm�3, it is possible to estimate the
diameter + in Å of the cylindrical dendritic molecules. The
results of these calculations show that the diameter of the cylinder
increases with the increase in the generation of the dendrimer
due to the predominant spreading of the dendritic branches
of PAMAM in the plane perpendicular to the cylinder axis to
accommodate all the dendrons. Indeed, the height of the
molecular cylinder (d) remains practically constant for all the
G = 0–3 dendrimers, whereas the cylinder diameter (+)
increases from one generation to the next one. This can be
explained if the dendritic matrix strongly deforms in the direc-
tions parallel to the smectic layers upon increasing the genera-
tion number. However, the growth of the diameter has a limit
where the supermolecule undergoes conformational changes
because the cylinder does not have enough space to accommo-
date the increasing number of functional units. The flexibility
of the dendrimer matrix allows a molecular conformation in
which the dendrons extend radially from the central dendrimer
nucleus (Fig. 5). The supramolecular organization of these disk-
like molecules in columns gives rise to the observed hexagonal
columnar mesomorphism. As for the smectic mesophases,
simple calculations can be carried out for the columnar meso-
phases to gain an insight into the packing in the liquid crystal
phase. These calculations enable estimated values for the mean
disc thickness (hd) with the formula:27

hd = (20�M)/(O3�6.023�a2)

A comparison of hd with a indicates that the shape of the
dendrimer in the mesophase is more appropriately described
as a flattened cylinder than a disk. The arrangement of these

disks within supramolecular organizations gives rise to cylind-
rical columns and therefore to the hexagonal columnar meso-
phase (Fig. 5).

Polymer network formation by coumarin photodimerization

The UV-Vis absorption and fluorescence spectra of ionic
dendrimers were recorded on dilute solutions (10�5 to 10�7 M)
in tetrahydrofuran (THF) and in thin films at room tempera-
ture. The results are given in the ESI.† The ionic dendrimers
present identical absorption spectra in solid thin films with a
band at 323 nm related to the p–p* transition of the coumarin
units.

Photodimerization of coumarin units was employed for the
crosslinking process by locking the LC arrangement. Exposure
of the films to 365 nm UV irradiation caused a decrease of the
p�p* band due to photoinduced [2+2] cycloaddition (so-called

Fig. 6 Coumarin photodimerization reaction: (a) UV-Vis absorption spectra
of a UV-irradiated PAMAM64-ChCou film at different times. (b) FTIR spectra of
PAMAM16-ChCou before (blue) and after (red) coumarin photodimerization.
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photodimerization) of the coumarin units (Fig. 6). After 30 min
of light irradiation only slight changes were further detected in
the UV-Vis spectra (Fig. 6a). To examine the structural details of
the photo-crosslinking process, irradiated films were studied by
FTIR and 13C CPMAS. Irradiation at 365 nm results in coumarin
photodimerization as indicated by the decrease in the intensity
of the CQC stretching band at 1620 cm�1 and the shift of the
CQO stretching band from 1730 to 1750 cm�1 (Fig. 6b).45 After
photodimerization, a band at 1730 cm�1 did not completely
disappear because it comprises contributions from the choles-
teryl hemisuccinate ester groups. This reaction can also be
followed by 13C CPMAS which showed the disappearance of the
peak at 113 ppm (CB), which corresponds to the CQC moieties
(Fig. 4). Additionally, after coumarin photodimerization the
signal at 163 ppm (CA) is shifted upfield due to the formation
of a cyclobutane ring.46

The crosslinking of the smectic or columnar ionic dendrimers
gave rise to a LC polymer network, whose lattice spacings are signi-
ficantly smaller (ca. 5 Å) that those of the starting ‘‘single’’ dendrimer
(Fig. 7a). These results suggest that the ionic pathways have not been
disrupted after coumarin photodimerization, thus this reaction can
be used to lock in the arrangement of the LC phase (Fig. 7b)

Proton conduction properties

The proton conductivity was measured using electrochemical
impedance spectroscopy in samples consisting of films sandwiched

between ITO-coated electrodes. The typical impedance response
(Nyquist plots) consisted of a suppressed semicircle in the high-
frequency region and an incline straight line in the low-frequency
range (Fig. S5, ESI†).

Because protons have to travel between two electrodes,
in anisotropic materials the measured conductivity depends
on the macroscopic degree of order and the orientation of the
phase with respect to the electrodes. Initially, a random orienta-
tion of the samples (polydomain) was observed between electro-
des in just prepared cells. Thus, several alignment procedures
(shearing or thermal treatments) were performed in an effort to
obtain long-range, uniform planar or homeotropic alignment
over large areas of the SmA or Colh samples, respectively. As a
representative example, the proton conductivities of PAMAM64-
ChCou before and after thermal annealing are shown in Fig. 8a.
The ionic conductivities after annealing are approximately one
order of magnitude higher than those of the films without
annealing. This result suggests that thermal treatments favor
columnar arrangement perpendicular to the electrodes, having a
decisive influence on the proton conductivity.

In Fig. 8b, the proton conductivities (after alignment) were
compared among the different generations of the ionic dendri-
mers. Interestingly, the G = 4 ionic dendrimer exhibits the highest
conductivity. This result can be understood by keeping in mind
that the G = 4 dendrimer displayed a hexagonal columnar phase
whereas G = 0–3 presented smectic A mesomorphism. Most likely,

Fig. 7 (a) 1D XRD profiles of PAMAM16-ChCou and PAMAM64-ChCou before and after photodimerization. (b) Proton conduction through the
nanochannels generated in the ionic dendrimers.

Fig. 8 Proton conductivities as a function of the temperature of: (a) PAMAM64-ChCou, (b) all ionic dendrimers, (c) PAMAM16-ChCou and PAMAM64-ChCou
before and after photodimerization.
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the supramolecular organization of PAMAM64-ChCou may facili-
tate the protonic charge transport due to the presence of 1D
nanochannels. On the other hand, there are no big differences in
the ionic conductivities for the G = 0–3 ionic dendrimers. There-
fore, these results suggest that the hexagonal columnar organiza-
tion in the liquid crystal state clearly favors proton conduction.

The proton conductivities after coumarin photodimerization
were estimated by taking compounds PAMAM64-ChCou, which
exhibits a hexagonal columnar mesophase, and PAMAM16-
ChCou, with a smectic A mesophase, as representative examples
(Fig. 8c). It is remarkable that after crosslinking both dendrimers
showed a decrease in conductivities similar to the previously
reported polymerizable liquid crystals whose conductivities
reduced about one-order of magnitude after polymerization
due to the decrease in the mobility of ionic moieties.21,22

Conclusions

A new strategy for the preparation proton conductive materials
has been developed using ionic LC dendrimers combined with
a crosslinking reaction based on coumarin photodimerization.
1D and 2D ionic nanosegregated assemblies can be obtained in
a modular approach using different generation dendrimers.
The use of coumarin photodimerization imparts a new tool to
fabricate mechanical stable ionic materials. All ionic materials
showed good proton conductivity and it is expected that macro-
scopic alignment will enhance this. The proton conduction in
these ionic LC dendrimers may open a new path in the search
for electrolyte materials for the preparation of electrochemical
devices.
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and Dendrons, Wiley-VCH Verlag GmbH & Co. KGaA, 2004.
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