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The self-assembly of liquid crystals (LCs) is an important method to control the organization of single molecules into

periodically nanostructured phases that have found applications in organic electronics. Herein, we report a new family of

LC porphyrin-core dendrimers bearing carbazole moieties at the periphery of the dendrimer. These compounds are

synthetic light-harvesting antennas, which exhibit intramolecular energy transfer from the carbazole moieties to the

central porphyrin core. We also demonstrate that it is possible to deposit spherical polymeric nanoparticles on ITO

electrodes via electrochemical crosslinking of peripheral carbazole units. Moreover, the porphyrin-core dendrimers exhibit

discotic nematic phases with excellent film-forming properties and a strong tendency towards defect-free homeotropic

alignment. Charge mobility studies reveal promising semiconductor properties with high hole mobility values. Therefore,

such carbazole-containing LC dendrimers exhibit a unique combination of interesting properties, opening the way for the

preparation of new optoelectronic materials.

Introduction

Liquid crystals (LCs) are fascinating soft materials that combine
order and mobility from the molecular to the macroscopic
level.l Due to their dynamic nature, LCs can potentially be
used as new functional materials for electron, ion, and
molecular transport, as well as for sensors, optics, and soft
robotics.2® Semiconducting LCs enable many organic
electronic devices because they self-organize into
nanostructured phases which provide properties similar to
those of organic single crystals, while their dynamics is vital for
the processability and the self-healing of structural defects.’-?
Specifically, discotic LCs, composed of a rigid anisotropic core
surrounded by several flexible alkyl chains, are the most
promising candidates. Often, these disk-like molecules self-
intermolecular
overlap of the delocalized m-electrons, providing quasi-one-
dimensional channels for charge transport.10-1

Molecular engineering can unlock further opportunities for the
development of advanced multifunctional materials, since the
self-organizing process of single moieties into periodically

assemble into columns with a significant

nanostructured mesophases can enhance the functions of such
single molecules.’®18 Thus, dendrimers are attractive
candidates for the preparation of functional LCs. In these
materials, the functional units are arranged in a highly
congested environment, which leads to the formation of
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unigue supramolecular organizations that are not achievable
with conventional LCs.1%21 Over the last few years, our group
has exploited the structural versatility of dendrimers for the
introduction of different functional units (donor-acceptor
systems) in the dendritic structure. These functionalities self-
assemble into a LC arrangement with a supramolecular order
that facilitates charge transport. For example, we have
recently obtained high charge mobility values out of Janus
dendrimers containing carbazole electroactive moieties.?2
Interestingly, their semiconducting properties relied on the
self-organization in columnar LC phases with a strong coaxial
segregation within each column, wherein carbazole units filled
the central column cross-section. Alternatively, we have
described LC porphyrin-core dendrimers that have coumarin
functional units around the porphyrin core.?® 2% These
dendrimers exhibited a discotic nematic phase with a
pronounced tendency to defect-free homeotropic alignment.
Moreover, charge mobility studies showed promising
semiconductor properties with high hole mobility values (~ 1
cm? V-1 s1).24 However, the supramolecular structure of the
discotic nematic phase does not exhibit any long-range
columnar order, and this left an open question as to why such
a high mobility is observed in a relatively disordered phase.
Although the role played by a porphyrin-coordinated metal is
certainly central for charge transport,24 the contribution of the
peripheral coumarin units is a question to be solved.

In order to clarify such issues, we describe here the synthesis
and characterization of two porphyrin-core dendrimers with
two different carbazole peripheral units (Figure 1). We decided
the introduction of carbazole units at the periphery of the
dendrimers, replacing coumarins, since carbazole derivatives
have been widely used in organic electronics. We expect that
this structural modification may shed light on the contribution
of the peripheral units in charge transport properties. In order
to advance in the structure-properties relationship, we have
designed two different carbazole units, Cz and PhCz, which


mailto:a.golemme@unical.it
mailto:joseluis@unizar.es

differ in the connectivity of the carbazole unit. The aim of the
work described here was to exploit the capability of these

porphyrin-core  dendrimers to self-assemble into LC
organizations and evaluate their possible use in
optoelectronics.
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Figure 1. Chemical structure of the carbazole-containing porphyrin-
core dendrimers.

Results and Discussion
Synthesis and Structural Characterization

The carbazole functional units (2 and 7) were prepared by the
synthetic methodology described in Scheme 1a. Compounds 2
and 7 were then alkylated with 11-bromo-1-undecanol under
standard Mitsunobu etherifications conditions. Subsequent
etherification with methyl gallate under Williamson conditions
yielded the methyl ester protected dendrons. Alkaline
hydrolysis of the methyl ester group and subsequent
esterification in the presence of ethanolazide resulted in dCz
or dPhCz. (Scheme 1b).

The synthesis of the porphyrin-core dendrimers with carbazole
units at the periphery (ZnP-dCz and ZnP-dPhCz) relies on the
copper-catalyzed azide-alkyne ‘click’ cycloaddition (CuAAC)
between tetraalkyne porphyrin (ZnP)®> and azide-
functionalized dendrons dCz and dPhCz (Scheme 1b). The
CuAAC reaction was performed in THF/water at 40 2C using
CuS04-5H,0/sodium ascorbate as catalytic system, which has
been widely used for the synthesis of dendritic structures with
excellent coupling yields.2622 A slight excess of the azide
dendron (1.5 equivalents per alkyne group) was employed to
drive the coupling to completion and was removed by using an
alkyne functionalized polystyrene resin. ZnP-dCz and ZnP-
dPhCz were purified using standard column chromatography
techniques and fully characterized. Evidence for the formation
of the dendrimers was provided by the *H NMR spectra, where
new peaks corresponding to the formed triazol ring appeared
at 7.5-8.5 ppm (Hwm in Figure 2) upon CuAAC coupling, and at
4.5-5.0 ppm corresponding to the methylenic protons linked

to it (Hk and H. in Figure 2). Further confirmation of the
coupling was provided by MALDI-TOF mass spectroscopy. The
MALDI-TOF mass spectra showed the expected peak and no
other signals corresponding to dendrimers with a partial
functionalization were detected (Figure S7 and S8).
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Scheme 1. Synthesis of the porphyrin-core dendrimers with peripheral
carbazole moieties.

Thermal Stability and Liquid Crystalline Properties

The thermal stability of all the compounds was studied by
thermogravimetric analysis (TGA). All compounds showed
good thermal stability, with 2% weight loss temperatures (T2%)
more than 150 °C above the clearing point (Table 1).

Table 1. Thermal Stability and Transition Temperatures.
Ty (°C)le]

Phase transitions!?l

dCz 255 g 61 N 107(< ]
dPhCz 190 g-41

ZnP-dCz 320 g 82 Np 155
ZnP-dPhCz 315 g 50 Np 89lcl |

[a] Temperature at which 2% mass loss is detected by TGA. [b]
DSC data of the second heating process at a rate of 10 °C/min.
Temperatures are read at the maximum of the peak. g: glass,
N: nematic mesophase, Np: discotic nematic mesophase, I:
isotropic liquid. [c] POM data.
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Figure 2. (a) *H NMR spectrum (500 MHz, DMSO-ds, 353K) of ZnP-dCz, and
(b) *H NMR spectrum (500 MHz, TCE-d, 373K) of ZnP-dPhCz.

Thermal transitions and liquid crystal properties were studied
by polarized optical microscopy (POM), differential scanning
calorimetry (DSC) and X-ray diffraction (XRD). The most
relevant temperatures are gathered in Table 1. dCz exhibited
an enantiotropic liquid crystal phase that was assigned as
nematic on the basis of the birefringent textures with
homeotropic domains observed by POM (Figure S9a). The
absolute assignment of the mesophase was achieved by XRD
studies. The XRD pattern showed diffuse scattering in the low-
angle region, suggesting the absence of long-range positional
order in the liquid crystal phase (Figure S9b). This kind of XRD
pattern is consistent with a nematic mesophase. The other
azide-functionalized dendron, dPhCz, behaved as a glassy
material without showing liquid crystal properties.

Both porphyrin-core dendrimers (ZnP-dCz and ZnP-dPhCz)
exhibited stable enantiotropic liquid crystalline mesophases, as
observed by POM. Their DSC traces showed only a glass
transition freezing the mesomorphic order at room
temperature. The clearing temperatures were taken from
POM observations because transition peaks were not detected
in DSC curves. Under POM, both compounds had a high
tendency to form large homeotropic domains. Therefore, the
mesophase was observed on applying mechanical stress to the
samples, showing birefringent textures (Figure 3). The nature
of the mesophase was identified by XRD. The XRD patterns
recorded for ZnP-dCz and ZnP-dPhCz showed diffuse
scattering in the low-angle region (Figure 3). In the high-angle
region, a broad diffuse scattering maximum was observed,

which corresponds to an approximate distance of 4.5 A. Such
scattering is characteristic of liquid crystal phases and
associated with the liquid-like order of the hydrocarbon
chains. These XRD patterns, along with the POM textures are
consistent with discotic nematic mesophases.

(a)

(b)

=
Figure 3. POM microphotographs (left) and XRD patterns

(right) taken at room temperature for: (a) ZnP-dCz, and (b)
ZnP-dPhCz.

Absorption and Emission properties

The UV-Vis absorption and fluorescence spectra of porphyrin-
core dendrimers were collected on dilute solutions (10 to 1077
M) and in thin films at room temperature. Relevant data are
shown in Table 2. The UV-Vis absorption spectra of ZnP-dCz
and ZnP-dPhCz in solution consisted of the porphyrin Soret
(425 nm) and Q (500-700 nm) bands, and the characteristic
carbazole m-mt* (295-305 nm) and n-rt* (340-370 nm) bands
(Figure 4a). These absorption spectra were a combination of
the spectra of the corresponding building blocks, and the
presence of new bands was not observed. This result implies
no conjugation effect between the two chromophores as the
porphyrin core and the dendritic structure itself do not
interfere with the absorption properties of the carbazole. The
absorption bands for the porphyrin-core dendrimers in thin
film exhibited a bathochromic shift of about 5 nm in relation to
those in solution, due to an aggregation effect.

The fluorescence emission spectra of ZnP-dCz and ZnP-dPhCz
obtained at an excitation wavelength (Aex) of 425 nm,
consisted of two bands with a Q(0-1)-band at around 600 nm
and a Q(0-2)-band at around 650 nm (Figure 4b). The
fluorescence quantum yields (@f) were also measured with
tetraphenylporphyrin (@f= 0.11 in benzene) as standard,
obtaining low quantum vyield values. In addition, the
fluorescence was also collected in thin film, and compared to
the data from DCM solutions, the emission peaks were red-
shifted ca. 5 nm (Figure 4b).



Table 2. Photophysical data in solution and in thin film.

Aabs (nm) }\abs (nm)

)\abs (nm)

Aem (nmM) Aem (nmM) Aem (NmM)

Carbazole Soret band Q-bands  Carbazole Q(0-1) Q(0-2) Prl Drrer
dCz THF 300 - 389 - - - -
film 306 - 495 - - - -

ZnP-dCz THF 301 427 559, 600 389 609 650 0.10 16%
film 306 436 562, 603 —[b] 610 654 - -
dPhCz DCM 295 - 385 - - - -
film 299 - 392 - - - -

ZnP-dPhCz DCM 294 424 551, 592 385 601 643 0.12 23%
film 297 437 564, 606 —[b] 614 651 - -

[a] The @¢ values were calculated from DCM solutions with tetraphenylporphyrin (0.11 in benzene) as standard, excitation at 420

nm. [b] Not detectable.
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Figure 4. (a) Normalized UV-Vis absorption spectra in DCM solution of dPhCz, ZnP and ZnP-dPhCz. (b, c) Normalized UV-Vis absorption spectra in
DCM solution (red line) and normalized emission spectra in DCM solution (blue line) and in thin film (dashed line) of ZnP-dPhCz: (b) Aexc = 425 nm,

and (c) Aexc =295 nm.

However, when peripheral carbazole units were excited
selectively in their m-t* band (Aexe= 295 nm), emissions from
both the carbazole units and the porphyrin acceptor were
observed (Figure 4c), thus demonstrating that fluorescence
resonance energy-transfer (FRET) was facile but not
quantitative in these systems. Light energy collected by
peripheral carbazole chromophores is transferred to the
porphyrin core (antenna effect), despite the low degree of
overlap between the emission spectrum of the carbazole and
the absorption spectrum of the porphyrin. The FRET
efficiencies (@rrer) are summarized in Table 2 and were
calculated by comparing the donor emission in the presence of
the acceptor relative to that in the absence of the acceptor.30-
32 Moderate @gger values were obtained.

The fluorescence spectra at an excitation wavelength of Aex =
295 nm were also collected in thin film and compared to the
data from solutions and almost no residual emission of the
carbazole moieties was observed (Figure 4c). This result
demonstrates that energy-transfer from carbazole units to the
porphyrin core is more efficient in the thin film than in
solution.?4

Electrochemical Properties and Crosslinking of Carbazole Units

To study the possible application of these dendrimers in
optoelectronics, it is important to investigate their
electrochemical properties, which can be deduced from cyclic
voltammetry (CV) experiments. ZnP-dCz and ZnP-dPhCz
exhibited similar cyclic voltammograms, with one reduction
wave corresponding to the porphyrin core, which is consistent
with the electron acceptor character of this unit. Moreover,
several oxidation processes were observed, and these are
consistent with the porphyrin and carbazol electron donating
moieties. The HOMO and LUMO energy values, calculated
from the oxidation and reduction waves, are summarized in
Table 3.

Table 3. Electrochemical parameters.

Eox (V)[a] Enomo (ev)[b] Ered (V)[a] ELumo (ev)[b]
ZnP-dCz 0.82 -5.14 -1.36 -2.96
ZnP-dPhCz 0.59 -4.91 -1.38 -2.94

[a] Onset potential for the first oxidation/reduction process.
[b] Evomo = — (Eox — E1/2, Foc + 4.8) eV. Erumo = — (Ered — E12, Foc +
4.8) eV.
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Figure 5. Cyclic voltammograms (100 mV/s, 10 cycles) of the electrochemical polymerization (left), tapping-mode AFM topography images
(middle), and SEM images (right) of the electropolymerized films domains from: (a) dPhCz, and (b) ZnP-dPhCz.

Upon further cycling in CV experiments, it is possible to induce
an electropolymerization of carbazole units due to inter- and
intramolecular crosslinking at the 3,6-positions to form
poly(3,6-carbazole) derivatives with great potential for
producing electro-optical materials.33-3¢ Therefore, we carried
out electrochemical crosslinking of carbazole units on ITO
substrates from the precursor azido-functionalized dendrons
(dCz and dPhCz) and the porphyrin-core dendrimers (ZnP-dCz
and ZnP-dPhCz). In all cases, 10 cyclic voltammetry (CV) cycles
were applied by scanning the electrodes from -0.2 to 1.2 V.
Cyclic voltammograms are shown in Figure 5, with the arrows
pointing from the 15t to the 10t cycle.

In the first cycle of ZnP-dPhCz, the onset of porphyrin and
carbazole oxidation was found at around 0.63 and 0.79 V,
respectively. dPhCz exhibited one oxidation peak at 0.85 V
corresponding to carbazole units. Starting from the second CV
cycle, the oxidation waves ranged from 0.8 to 1.0 V
corresponded to the doping process of the polymerized
carbazoles and the formation of polaronic and bipolaronic
species.3” The reduction peaks from 1.0 to 0.7 V corresponded
to the dedoping process, in which the polarons and bipolarons
gained electrons to give the neutral coupled carbazole
species.3” Upon further cycling, the oxidation and reduction
currents increased progressively, indicating a continous mass
deposition of dPhCz and ZnP-dPhCz with more charges built up
in the electropolymerized films. The anodic and cathodic
currents of dPhCz were significally lower than those of ZnP-
dPhCz due to the lower number of active species (carbazole)
per molecule. Nevertheless, in ZnP-dPhCz, which has a higher
number of carbazole moieties per molecule, the anodic and
cathodic peaks moved further apart with increasing CV cycles.
This suggests that more ZnP-dPhCz was electrochemically
deposited onto the electrodes. On the other hand, dCz and

ZnP-dCz were not electrochemically deposited onto ITO
electrodes, as deduced from the CV voltammograms (Figure
$10). These compounds have 3-substituted carbazole units and
consequently, the coupling of carbazoles at 3,6-position and
subsequent polymerization is not expected.

Crosslinking of the peripheral carbazoles at the 3,6-position
leads to the formation of electrodeposited materials onto ITO
electrodes. Their morphology was studied by using AFM
measurements (Figure 5). In the case of dPhCz, small globular
particles (<40 nm) were formed, while for the porphyrin-core
dendrimer (ZnP-dPhCz), the size increased up to 150 nm. The
increasing number of electropolymerizable units has a decisive
influence on the final size of the particles. An increase of the
number of cycles (up to 20) does not modify the size of the
particles, which suggests that the equilibrium is readily
achieved. The morphology of dPhCz and ZnP-dPhCz after
electrochemical deposition onto ITO electrodes was also
studied by SEM to confirm agreement with the AFM
measurements. As shown in Figure 5, the size of the globular
particules was found to be around 50 nm (for dPhCz) and 170
nm (for ZnP-dPhCz).

Charge Transport Properties

The charge carrier mobility measurements were performed by
using the space charge-limited current (SCLC) technique. For
this purpose, it is necessary to have an ohmic contact between
the semiconductor and the injecting electrode. Specifically, in
the case of hole conductors the energy level of the HOMO (the
LUMO for electron conductors) and the work function of the
injecting electrode should not differ by more than ~ 0.3 eV.

Considering the HOMO energy value of the materials (Exomo =
— 5.0 eV) and the work function of Au (Way=— 5.1 eV), Au was
chosen for the injecting electrode to ensure the formation of



an ohmic contact. As a counter-electrode, ITO was used
because its work function (Wito = — 4.6 eV) is significantly
lower than the estimated LUMO of the semiconductor (E.umo =
— 3.0 eV), and thus the contribution to the measured current
from electrons should be negligible. As detailed in the
Supporting Information, in the current-voltage measurements,
at low fields, the observed current is ohmic and shows a linear
dependence on the applied field, while at higher fields the
current may become space-charge limited, showing a different
dependence. In this regime, charge mobilities can be obtained
from J-V curves.

In thick samples (7-12 um), high currents with only a linear
dependence on the applied field (ohmic regime) were
observed for ZnP-dPhCz, even at the highest applied electric
fields, and the SCLC regime was not achieved, probably
because the injected charges never reached a density high
enough for the set-up of the space-charge regime. Only in a
single area of a single sample of ZnP-dPhCz the SCLC regime
was obtained (Figure S12 in the Sl), and thus mobility could be
measured, an area where the current was particularly low,
probably a consequence of a more disordered environment. In
contrast, measurements on samples of ZnP-dCz did not show
the same problem; a typical J/V curve of the SCLC regime is
shown in Figure S11 of the SI. It should be pointed out that the
mobility values extracted from SCLC measurements suffer
from being model dependent. Measurements as a function of
sample thickness could help to establish the reliability of
results.3® 3% As described in the Supporting Information,
thinner samples were prepared but no SCLC regime was
observed for either compound. As a consequence, the values
that were measured should only be considered as an estimate
of the order of magnitude of hole mobility.

The estimated hole mobility for ZnP-dCz is u~0.5 + 0.4 cm?2V-1s-
1. In the case of ZnP-dPhCz, as already explained and detailed
in the Supporting Information, a reliable measurement could
not be performed, but the high currents, compared to those
measured for similar samples of ZnP-dCz, hint at even higher
mobility values. These hole mobilities are on the higher end of
the spectrum, when compared to those reported so far in the
literature for purely organic columnar LCs (in the range of 10-2-
1 cm2:V-1.571),10. 15 and are of the same order of magnitude as
those found in columnar metallomesogens (values around 1-
10 cm?:V-1.s1).12 We note that the results reported here are
particularly relevant as those semiconducting LCs with high
hole mobility exhibited highly ordered columnar organizations.
However, the introduction of the carbazole units does not
introduce a significant increase in the hole mobility, when
comparing with values obtained using coumarin analogues.2*
These results confirm the importance the central metal-
porphyrin core in determining the phase structure, charge
mobility and the alignment on surfaces. The spontaneous
homeotropic alignment, with its very low density of defects,
seems to play a fundamental role for inducing such high hole
mobility values, more than the intrinsic contribution of the
peripheral functional units.

Conclusions

In conclusion, we have prepared a new family of disk-like liquid
crystalline dendrimers with a porphyrin core and carbazole
units at the periphery. All the compounds displayed a high
HOMO energy level (of around -5.0 eV). Notably, we have
demonstrated that it is possible to deposit spherical
nanoparticles on ITO electrodes via electrochemical
crosslinking of peripheral carbazole units. The high HOMO
level and the electrodeposited films are promising features
and make these dendrimers suitable for optoelectronics
applications. Moreover, these carbazole-containing porphyrin-
core dendrimers displayed nematic discotic LC phases and are
stable up to 300 °C. In this anisotropic arrangement, the
compounds can be easily processed as thin film and show a

high tendency to form large, defect-free homeotropic
domains. Charge mobility studies revealed that these
dendrimers in the frozen discotic nematic mesophase

displayed semiconductor properties with very high hole
mobility.
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