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In the last few years, dendrimers have attracted increased interest
due to their monodisperse branched structure1 that, apart from
enhancing solubility and decreasing viscosity compared to linear
systems, allows the introduction of a higher number of active
moieties with specific properties of interest in applications in such
diverse fields asmedicine, biology, chemistry,materials science, and
engineering.2 On the other hand, noncovalent interactions, such as
H-bonding, metal-coordination, and electrostatic interaction are
being intensively studied due to their capability to assemble
building blocks yielding self-organized supramolecular materials.3

In particular, ionic linkage4 appears as a simple and versatileway to
design dendrimers supporting specific functions in their periphery.
Furthermore, the ionic attachment of certain organic molecules to
the dendrimer surface has demonstrated to provide liquid crystal
(LC) behavior,5 even when nonmesogenic building blocks are
employed.5a This is explained in terms of microsegregation phe-
nomena6 produced between the dendrimeric core and the ionically
linked peripheral moieties. This allows access to a wide variety of
LC structures whose dimensions can be fine-tuned with an appro-
priate choice of the constituent building blocks.7,6c

The incorporation of photoresponsive units in self-assemblies
allows the control of these structures by external light stimuli.8 In
this way azobenzene molecules have been incorporated, for
example, in amphiphilic vesicles to photoregulate membrane
permeability.9 Azobenzene molecules themselves are promeso-
genicmoieties that can result inLCphases, whose orientation can
be controlled by the use of polarized light showing large and
stable photoinduced anisotropy10 as compared with similar
amorphous materials. This property has been thoroughly ex-
plored due to its potential applications in volume holographic
storage, optical processing, or liquid crystal alignment.11

A simple and straightforward way to obtain both, LC and
photoactive properties in a dendrimer, is by ionic linkage of
several appropriated moieties, originating a combined material.
We have recently reported the photoinduction of optical aniso-
tropy in liquid crystal ionic homodendrimers containing azoben-
zene moieties.12 Despite the high and stable optical birefrigence
values obtained for these materials, their poor solubility in

conventional organic solvents, makes it difficult to process
them as thin films. To improve processability, we have synthe-
sized a new ionic codendrimer (PPI-4AZO-12BUPA) obtained
by ionically grafting of poly(propyleneimine) PPI-(NH2)16 (third
generation) with the aromatic-based carboxylic acid 5-[40-(4-
cyanophenylazo)phenyloxy]pentanoic acid (AZO) and the ali-
phatic 2,2-bis(undecanoyloxymethylene)propionic acid (BUPA)
(Scheme 1) (proportionAZO:BUPA 4:12). The AZOmoiety was
selected as the photoisomerizable group and its concentration
was significantly lowered (with respect to the previously prepared
homodendrimer) to favor the solubility of the material. Accord-
ing to our previous experience, aliphatic acids ionically grafted in
PPI dendrimers result inLCbehavior5 and promote the solubility
of the material. In an attempt to further enhance these properties
(mesomorphism and solubility) we have selected the BUPA
moiety. In fact, we have checked that the introduction of the
aliphatic palmitic acid (having one single aliphatic tail), instead of
BUPA in our system resulted in a highly insoluble material. This
lack of solubility also appears if the quantity of AZO is increased
in the codendrimer (proportion AZO:BUPA 8:8). On the other
hand, since we wanted to keep enough AZO to obtain optical
response, materials with lower AZO content were not explored.

The codendrimer obtained by simple addition of the stoichio-
metric amounts of the above-mentionedmoieties is liquid crystal-
line at room temperature (RT) and shows a broad mesomorphic
temperature range (from -19 to þ105 �C). The material thus
prepared shows good solubility in common solvents such as
dichloromethane and thin film proccesability. Photoinduced
optical anisotropy has been induced in thin films of this material
by using linearly polarized light. Cooperative interactions in the
mesophase reinforce the achieved photoinduced order reaching a
high and stable value. This is the first time that such an easy to
synthesize dendrimer combines mesomorphic properties at RT,
good solubility, adequate processability and large and stable
photoinduced optical anisotropy.

The codendrimer has been synthesized as previously de-
scribed13 by sonication of a solution in THF of the third genera-
tion PPI commercially available dendrimer, AZO and BUPA in
the appropriate stoichiometry (1:4:12). Carboxylate formation
(COO-) is demonstrated by different characterization techniques.
1HNMR studies (Figure S2, Supporting Information) reveal that
the peaks of the protons of the methylene group in R to the
carboxylic group of AZO (CH2COOH) appearing at 2.47 ppm,
are shifted to 2.39 ppm in the codendrimer, because of the
ionization process. On the other hand the 13C NMR (Figure S3,

Scheme 1. Synthetic Route for the Ionic Codendrimer
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Supporting Information) spectrum shows the displacement of
the signal of the carbon atomof the carboxylic groups (COOH) of
both acids from 178.7 ppm (BUPA) and 177.2 ppm (AZO) to
179.0 and 179.9 ppm respectively (Figure 1b). The disappearance
of the bands corresponding to the carbonyl groups of the previous
acids (1739 cm-1 in case of AZO and 1742 cm-1 for BUPA) and
the existence of a band at 1562 cm-1 corresponding to the
asymmetric stretching mode of the carboxylate group have been
observed byFT-IRmeasurements (Figures 1c andS4 (Supporting
Information)). Besides, ammonium groups (-NH3

þ) formation
is corroborated by 1H NMR, as can be deduced by the displace-
ment of the signal of the protons of the methylene group attached
to the terminal amine groups (CH2NH2) in the PPI dendrimer
(2.70 ppm) to higher shifts (3.00 ppm) (Figure 1d) and by 13C
NMR because of the displacement of the signal corresponding to
the CR to terminal amine (CH2NH2) from 40.5 to 37.5 ppm in the
codendrimer (figure S3). Apart from the successful formation of
the ionic complex, the experimental average stoichiometry of both
moieties introduced at random is confirmed by 1H NMR inte-
grated values of the signals appearing at 4.21 and 4.04 ppm. These
signals correspond to protons of the methylene groups situated in
R of oxygen atom (-CH2O-) in the BUPAandAZOrespectively
(Figure 1e).

The thermal behavior of thematerial was studied bydifferential
scanning calorimetry (DSC) and polarized optical microscopy
(POM).Despite neither acids (AZO,BUPA), nor commercial PPI
dendrimer display mesomorphic properties, the ionic interaction
promotes thermotropic LC behavior in PPI-4AZO-12BUPA due
to the microsegregation effect. Of special interest is that this

material exhibits LC behavior from -19 �C, as the first DSC
transition reveals (arrow 1 in Figure 2b) until its clearing point at
105 �C (arrow 3 in Figure 2b). Although the texture observed by
POM (Figure 2a) does not change in all the range, DSC curve
reveals that a phase transition takes place at 88 �C (arrow 2 in
Figure 2b), that indicates the existence of a high-temperature
phase. The identification of these two mesophases was performed
byX-ray diffraction. The X-ray scattering (WAXS) pattern taken
at 25 �C (second heating) (Figure 2c) consists of a diffuse halo in
the wide angle region (arrow 4 in Figure 2c), corresponding to the
distance between the conformationally disordered alkyl chains
(∼4.5 Å) and a sharp maximum in the low-angle region (arrow 5
in Figure 2c) related to the existence of a layered organization of
themolecules, that is, the smectic phase. By applyingBragg’s law a
layer thickness of 30.8 Å is estimated at this temperature. How-
ever, when studying at a temperature just above the transition
observed byDSC in the second heating, namely at 92 �C, this low-
angle region sharp halo disappears to give a diffuse maximum
(halo) (arrow 6 in Figure 2d). That is accounted for by the
existence of short-range layer fluctuations typical of the nematic
mesophase. It is the first time that a dendrimer containing azo
moieties appears asLC in such awide temperature range and from
such a low temperature.14

With reference to the thermal reproducibility of the transitions,
six successive DSC heating and cooling cycles at a scanning rate
of 10 �Cmin-1 have been performed, and it was observed that the
transition temperatures, including the isotropization one, remain
almost constant, especially in the heating process (Figure S5,
Supporting Information).

Figure 1. (a) Schematic representation of the complex. (b) 13CNMRand (c) FT-IR in the range of carbonyl group ofBUPA (blue), AZO (orange) and
PPI-4AZO-12BUPA (black). (d) 1HNMRof PPI-G3 (red) and PPI-4AZO-12BUPA (black). (e) Integration of 1HNMR signals corresponding to the
moieties BUPA (blue) and AZO (orange) in the PPI-4AZO-12BUPA complex.

Figure 2. (a)CodendrimerPOMtexture observed at 43 �C in the second cooling. (b) SecondDSCcycle ofPPI-4AZO-12BUPA (black). (c andd)X-ray
diffractograms of the codendrimer taken at 25 and 92 �C respectively in the heating process.
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Furthermore, this material exhibits good thermal stability as
shown by thermogravimetry analysis (TGA), its loss of weight
becoming significant at 50 �Cabove the clearing point.Namely, it
shows a 5.4% weight loss at 180 �C due to a partial formation of
amide group (as checked by NMR and IR experiments). The
onset temperature of decomposition occurs at 270 �C.

Figure 3a shows the UV-vis absorption spectrum of the
dendrimer in solution (CH2Cl2) and in a thin film (1.2 μm thick)
after thermal annealing (heating up to 120 �C for 10min and fast
cooling down to RT). The absorption spectrum of the solution
shows a main absorption band at 365 nm, associated with the
π-π* transition of the trans azo isomer, and a shoulder at 450 nm
corresponding to its n-π* transition.Ahypsochromic shift of the
main absorption band to 340 nm is observed in the thin film after
the thermal treatment. Similar changes have been observed in
ionic assembled materials containing azobenzene units and
have been associated with the formation of molecular aggregates
(H-aggregates of azobenzene units).8d Photoinduced anisotropy
studies using linearly polarized light of 488 nm (900 mW/cm2)
were performed in these films at different temperatures using a
setup reported elsewhere (for details see Supporting In-
formation).15 Because of the low optical absorption of the film
at the recording wavelength (OD below 0.1), the intensity of
the exciting light can be considered nearly constant through the
whole film thickness. Figure 3b shows the evolution of the
photoinduced birefringence (|Δn|) at 30, 40, and 50 �C
(birefringence was not induced when irradiated at higher
temperatures). Thin films were exposed for 90 min and then kept
in darkness for further 90 more minutes. In all the cases |Δn|
increases upon irradiation, the increase being faster at higher
temperatures. When 488 nm light is switched off |Δn| further
increases until it reaches a saturation value. Upon cooling down
to RT, birefringence further increases (not shown in Figure 3b)
until a stable value is reached.

The increase of birefringence during the irradiation period is
explained in terms of the isomerization and reorientation events
of azo units induced by polarized light.10b The higher mobility of
these units when temperature increases explains the increase of
|Δn| in going from 30 to 40 �C. At higher temperatures thermal
disorder competes with light induced reorientation and lower
values of |Δn| are reached (experiment at 50 �C), preventing
recording of birefringence at temperature of 60 �C or higher. The
observed phenomenology after the irradiation period can be
attributed to the liquid crystalline character of the codendrimer.
When light is switched off cooperative interactions between
mesogens can improve the initial order induced by polarized
light. The further increase of birefringence observed when the
sample is cooled down to RT is attributed to the increase of LC
molecular order upon cooling. After birefringence has reached a
saturation value, dichroism measurements were also performed
in these films at RT. The results for the sample irradiated at 40 �C
are shown in Figure 3c. Stable values of the in-plane order

parameter (see experimental section) of 0.63 have been achieved
in this material.

In conclusion we report in this communication on the synthe-
sis and characterization of a new functional codendrimer ob-
tained via ionic bonding of a commercial poly(propyleneimine)
PPI-(NH2)16 (third generation) dendrimer with the aromatic-
based carboxylic acid 5-[40-(4-cyanophenylazo)phenyloxy]-
pentanoic acid (AZO) and the aliphatic 2,2-bis(undecanoyloxy-
methylene)propionic acid (BUPA). It is demonstrated that the
simple combination of specifically selected building blocks results
in a ionic self-assembled material easy to process as a thin film,
showing a broad liquid crystalline phase (more than 120 �C
range) that includes room temperature and large and stable
photoinduced optical anisotropy.
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