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Abstract: We report a new family of multifunctional liquid 
crystalline porphyrin-core dendrimers which have coumarin 
functional groups around the porphyrin core. Porphyrin metalation 
strongly affects the photophysical properties, and therefore Zn (II) 
and Cu (II) derivatives have also been prepared. All synthesized 
dendrimers show nematic discotic mesophase. Their high 
tendency to homeotropic alignment makes these dendrimers 
excellent candidates for device applications due to their easy 
processability, spontaneous alignment between electrodes, self-
healing of defects owing to their dynamic nature. The charge 
mobility values of these materials are the highest ever reported 
for a nematic discotic phase. Moreover, these values are similar 
to the highest values reported for ordered columnar mesophases 
and this shows that a supramolecular organization in columns is 
not necessary to achieve high charge mobility.  

Organic electronic devices, such as organic light-emitting diodes 
(OLEDs), organic field-effect transistors (OFETs) and organic 
photovoltaic devices (OPVs), are based on the transport of 
electrical charges between electrodes.[1] The intrinsic 
supramolecular organization of Liquid Crystals (LC) is an effective 
asset that has been exploited in the preparation of such devices[2] 
and there are two reasons for this. On the one hand, the 
organization allows the control of order and packing, an important 
feature since charge transport in molecular materials is known to 
improve with orientational order. Furthermore, when compared to 
true 3-D solids, the incomplete positional order in LC systems 
means that they have a lower tendency to form structural defects 
and multi-domains on length-scales of the order of those needed 
in most devices. It is therefore not surprising that charge mobility 
has been studied most extensively in those LC phases that exhibit 
higher order. Smectic phases, in which roughly rod-shaped 
molecules are organized with a common average direction of their 
long axes within the structural motif of layers, show relatively high 

mobilities, usually within the 10–4–10–1 cm2V–1s–1 range.[3] As with 
all LC properties, such mobility is highly anisotropic, with the 
highest values in directions within the layer plane, since the 
combination of molecular structure and order within the phase 
favors π-π intermolecular interactions within the plane. The same 
interactions are invoked to explain the high mobilities of columnar 
phases, which are formed by stacked, disk-shaped molecules that 
typically consist of a rigid central aromatic core surrounded by 
several flexible alkyl chains. The combination of π-π interactions 
between the central rigid cores and of the conformational freedom 
of the external chains, which allows space-filling and favors 
molecular mobility, frequently leads to columnar organizations.[4] 
In such phases charge mobilities of the order of 1 cm2V–1s–1 along 
the direction of the columns have been reported. However, 
columnar mesophases still suffer from the disadvantage that 
orientationally uniform domains that are large enough to be used 
in most devices are often hard to obtain, even with the help of long 
thermal annealing, surface treatments or complex processing 
techniques.[5] In the work reported here it was found that charge 
mobilities of the same order of magnitude as those recorded in 
columnar phases can also be obtained in Nematic Discotic (ND) 
mesophases where, due to the lower degree of order, large 
uniform domains are achievable relatively easily. In contrast to the 
columnar phases, where the disk-shaped molecules are stacked 
in long columns, which in turn form rectangular or hexagonal 
lattices, ND phases do not have long-range positional order but 
only orientational order, where molecules share a common 
average orientation of the normal to the central rigid cores.[6] The 
ND phase is far less common than columnar phases and in this 
work the ND phase was obtained by exploiting the porphyrin a core 
in a newly synthesized dendrimeric structure.  
The materials used in this work consist of a porphyrin central core 
covalently linked to four dendronic structures derived from a 3,4,5-
trialkoxycarboxylic acid bearing coumarin moieties (Figure 1). 
The porphyrin core has often been used as a central platform to 
obtain discotic LC materials[7] and it is also relevant for organic 
electronic applications due to their photostability, photoabsorption 
over a broad range of wavelengths, interesting photophysical 
properties and convenient chemical synthesis.[8] In addition, 
porphyrin metalation has a marked effect on the photophysical 
properties and therefore the Cu(II) and the Zn(II) derivatives were 
also prepared. Coumarin units have been used in plastic 
electronics or light and energy harvesting[9] and these act as 
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fluorophores that modify the physical properties of these 
supermolecular systems. 

Figure 1. Chemical structure of the porphyrin-core dendrimers. 

The synthesis of the the porphyrin-core dendrimers was 
described in the Supporting Information. The chemical structures 
of all the compounds were confirmed by IR spectroscopy, one-
dimensional 1H and 13C NMR spectroscopy (Figure S1-S6) and 
two-dimensional 1H-1H COSY, DOSY, 1H-13C HSQC and 1H-13C 
HMBC experiments, MALDI-TOF mass spectroscopy (Figure S7-
S8) and elemental analysis.  
The thermal stability of the three compounds was studied by 
thermogravimetric analysis (TGA) using powdered samples. All of 
the samples showed good thermal stability and in all cases the 

2% weight loss temperature (T2%) was detected above the 
clearing point (Table 1). 

Table 1. Thermal properties. 

T2% [ºC][a] Tonset [ºC][b] Phase transitions[c] 

THPP-dCou 232 409 g 16 ND 61 I[d] 

Zn-THPP-dCou 271 403 g 11 ND 74 I[d] 

Cu-THPP-dCou 215 402 g 17 ND 73 I[d] 

[a] Temperature at which 2% mass loss is detected in the thermogravimetric
curve. [b] Onset temperature associated with mass loss detected in the
thermogravimetric curve. [c] DSC data of the second heating process at a
rate of 10 ºC min–1. g: glass, ND: nematic discotic mesophase, I: isotropic
liquid. [d] POM data.

Thermal transitions and mesomorphic properties were studied by 
polarized optical microscopy (POM) and differential scanning 
calorimetry (DSC) and the results are listed in Table 1. The DSC 
curves (Figure 2a) of the free base and metal porphyrin-core 
dendrimers show only a glass transition freezing of the 
mesomorphic order at room temperature. The clearing 
temperatures were established by POM observations because 
transition peaks were not detected in the DSC curves. All of the 
compounds displayed enantiotropic liquid crystalline mesophases 
from room temperature. Due to their tendency to homeotropic 
alignment, the mesophase was observed by POM on applying 
mechanical stress to the samples (Figure 2b and Figure S9). The 
incorporation of Zn2+ and Cu2+ metal ions into the porphyrins 
enhances the thermal stability of mesophases and their clearing 
temperatures are raised by 10–15 ºC. The enhanced interactions 
between neighboring porphyrins is believed to be responsible for 
this improvement, as metalation has been shown to increase both 
the rigidity of the porphyrin rings and their electrostatic 
attraction.[7a, 7d]

Figure 2. (a) DSC traces corresponding to the second heating scan for the porphyrin-core dendrimers (10 ºC min–1, Exo down). (b) POM microphotographs observed 
in the cooling process at room temperature after applying mechanical stress. (c) Room temperature XRD patterns of Cu-THPP-dCou in the ND mesophase. 
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The nature of the mesophase was identified by XRD. The 
diffractograms recorded for all porphyrin-core dendrimers showed 
only diffuse scattering in the low-angle region (Figure 2c) due to 
the lateral disk-disk distance. In the high-angle region a broad 
diffuse halo was observed and this is related to the conformational 
disorder of the liquid-like hydrocarbon chains. These patterns, 
along with the POM textures shown in Figure 2b, are consistent 
with a nematic discotic (ND) mesophase, which has only 
orientational order.[10] Indeed, the absence of Bragg reflections 
and the presence of only diffuse reflections indicate that there is 
no periodical order and thus the presence of columnar structures 
can be ruled out.  
The UV-Vis absorption and fluorescence spectra of the porphyrin-
core dendrimers were recorded on dilute solutions (10–5 to 10–7 
M) in dichloromethane (DCM) and in thin films at room
temperature (Figures S10-S13). Relevant data are listed in Table
S1.
The absorption and fluorescence spectra for the components
dCou and THPP are shown in Figure S14. There is partial
overlap of the THPP absorption spectrum (λabs = 420 nm) and
dCou emission spectrum (λem = 388 nm). In the present
porphyrin-core dendrimers, the porphyrin unit serves as an
acceptor whereas multiple coumarin donors are present in the
dendrimer periphery. When coumarin donors were excited
selectively (λexc = 320 nm), emission from both the coumarin units
and the porphyrin acceptor was observed, thus demonstrating
that fluorescence resonance energy-transfer (FRET) was facile
but not quantitative in these systems (Figure S13). Intramolecular 
energy transfer occurs from coumarin moieties to the porphyrin
core (antenna effect), despite the low degree of overlap between
the emission spectrum of the donor and the absorption spectrum
of the acceptor (Figure S14). FRET efficiencies (ΦFRET) were
calculated by comparing the donor emission in the presence of
the acceptor relative to that in the absence of the acceptor[11] and
moderate ΦFRET values were obtained.
The fluorescence spectra at an excitation wavelength of λexc = 320 
nm were also recorded in thin film and compared to the data from
DCM solutions and almost no residual emission of the coumarin
moieties was observed (Figure S15). This finding demonstrates
that FRET from coumarin units to the porphyrin core is more
efficient in the thin film than in DCM solution. This behavior is
probably because in the solid state the porphyrin-core dendrimers 
are in the ND mesophase and this forces the porphyrin ring to be

in the same plane as the coumarin units, with this arrangement 
leading to enhanced electronic communication.[12] 
In order to investigate the feasibility of electron and hole injection 
processes in these new porphyrin-core dendrimers, cyclic 
voltammetry (CV) measurements were carried out. The 
voltammograms are presented in Figure S16. All of the porphyrin-
core dendrimers exhibit similar cyclic voltammograms and these 
compounds can be easily oxidized. However, meaningful 
reduction processes were not detected. The HOMO and LUMO 
energy levels referred to the vacuum level were estimated by 
combining electrochemical and optical data. The values are 
summarized in Table 2.  
The charge carrier mobilities of the porphyrin-core dendrimers 
were measured by the space charge-limited current (SCLC) 
technique. SCLC was chosen considering the HOMO energy 
value of the materials, which matches the work function of Au and 
thus ensures the formation of an ohmic contact. The SCLC 
measurements were carried out in films placed between Au- and 
ITO-coated glass electrodes, as described in the Supporting 
Information. 
A typical double logarithmic plot of the current density (J) versus 
applied voltage (V) is shown in Figure 3a. All materials showed 
ohmic behavior at low voltages with a typical linear relationship. 
At higher voltages, where the current becomes space-charge-
limited, a quadratic relationship was observed. In the SCLC region 
the mobility could be calculated from the modified Mott–Gurney 
equation:[13] 

𝐽𝐽 = 9
8
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in which J is the measured current density, µ0 is the zero-field 
charge mobility, 𝜀𝜀0 is the free-space permittivity, 𝜀𝜀𝑟𝑟 is the relative 
dielectric constant of the material, V is the applied voltage, d is 
the thickness of the device and β is a constant that describes the 
field dependence of the mobility. Within this model, the mobility is 
expressed as:[14] 

µ = µ0𝑒𝑒𝑒𝑒𝑒𝑒 �β�
𝑉𝑉
𝑑𝑑
� (2)  

Table 2. Electrochemical parameters and hole mobilities at room temperature. 

Eox [V][a] EHOMO [eV][b] λedge [nm][c] ΔEg [eV][d] ELUMO [eV][e] µ0hole [cm2V-1s-1] β/10-2 [cm0.5V-0.5] µhole(at E=5 V/µm) [cm2V-1s-1] 

THPP-dCou 0.94 ‒5.26 592.0 2.09 ‒3.17 5·10-10 2.5 1.2 10-7 

Zn-THPP-dCou 0.61 ‒4.93 554.5 2.24 ‒2.69 0.12 1.0 1.1 

Cu-THPP-dCou 0.88 ‒5.20 545.7 2.27 ‒2.93 0.03 1.1 0.34 

[a] Onset potential for the first oxidation process. [b] EHOMO = ‒ (Eox ‒ E1/2, FOC + 4.8) eV. [c] Intersection of the normalized UV-Vis absorption spectrum and the
fluorescence spectrum. [d] Optical band gap, calculated by ∆𝐸𝐸𝑔𝑔 = ℎ𝑐𝑐 𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒⁄ . [e] ELUMO = EHOMO + ΔEg



Figure 3. (a) Typical current/applied voltage curve for a 8.8 µm thick Cu-THPP-dCou (symbols represent experimental data and the two continuous lines represent 
the ideal linear and quadratic dependence of J on V). (b) Temperature dependence of mobility for a 9.3 µm thick sample of Cu-THPP-dCou. These data are taken 
over the best performing area of the sample. 

and the two parameters µ0 and β can be extracted from fittings of 
the SCLC sections of the experimental data. The resulting hole 
transport mobilities are summarized in Table 2. The effect of the 
presence of the metal on charge mobility is dramatic and it can be 
appreciated on comparing the mobilities of the compounds at an 
applied field E = 5 V/µm within the range of the SCLC sections of 
the experimental J-V curves. In fact, while the free porphyrin 
derivative shows a very low µhole value (1.2 10–7 cm2V–1s–1), the 
metal-porphyrin derivatives exhibit a hole mobility 6–7 orders of 
magnitude higher. Regardless of the presence of the metal, these 
porphyrin-core dendrimers showed a strong tendency to orient 
with their short molecular axes normal to the substrate: without 
any surface treatment the alignment of the director was perfectly 
homeotropic for all compounds (director normal to the plane of the 
substrates; dark view observed by POM between crossed 
polarizers). This situation rules out the possibility that the large 
difference in mobility associated with metalation is due to a 
difference in macroscopic orientational order. The hole mobility of 
Cu-THPP-dCou was also measured at different temperatures. 
The mobility gradually decreased with increasing temperature as 
the isotropic transition was approached (Figure 3b). An SCLC 
regime was not observed when experiments were performed on 
the isotropic phase. To our knowledge, the hole mobility values 
measured for these metal porphyrin-core dendrimers are the 
highest ever reported for nematic discotic phases.[15] In fact, the 
values of the charge carrier mobility obtained for Zn-THPP-dCou 
and Cu-THPP-dCou are comparable to the highest values 
described to date in the more ordered hexagonal columnar 
mesophases.[16] In columnar phases, the high mobility values are 
commonly rationalized in terms of the high charge transfer rates 
allowed within the stack by the π-π intermolecular interactions 
between the cores of neighboring molecules. However, the phase 
structure of the ND phase does not exhibit any long-range 
columnar order and this leaves an open question as to why such 
a high mobility is observed in the ND phases formed by Zn-THPP-
dCou and Cu-THPP-dCou that, given the information outlined 
above, must be connected with metalation. A certain degree of 
short-range columnar order cannot be excluded but, given the 
lack of influence of metalation on the XRD patterns, a direct 
influence of metalation on the orientational properties can be 
excluded. It seems more reasonable to invoke either or both of (a) 

a direct involvement of the metal in the charge transfer via metal-
metal or metal-nitrogen intermolecular interactions and (b) an 
increase in the transfer integral due to the metal-induced variation 
of the ring shape, leading to stronger intermolecular interactions, 
as also suggested by the increase in the clearing temperature with 
metalation. The decisive influence that metalation has on the 
physical properties of some liquid crystal derivatives has been 
reported in previous works, although in many cases it is not 
possible to propose a plausible explanation for the experimental 
results.[4e, 17] The data presented in this work do not allow further 
conclusions to be drawn regarding this important issue and more 
experimental and theoretical investigations are required. 
In conclusion, we have prepared a new family of disc-like liquid 
crystalline dendrimers with a porphyrin core and luminescent 
coumarin units at the periphery. All of the porphyrin-core 
dendrimers studied display a nematic discotic (ND) mesophase 
and are stable up to 200 ºC. It has also been demonstrated that 
excitation of the coumarin moieties leads to energy transfer to the 
luminescent porphyrin core. Despite the fact that the compounds 
exhibit a nematic discotic phase, the charge mobility values 
measured in the metal-porphyrin derivatives are among the 
highest reported for discotic mesogens to date, including the 
values observed in the much more ordered columnar phases. In 
their ND phases, the studied compounds show a high tendency to 
form large homogeneously oriented domains, with very low levels 
of defects and scattering losses, as observed by POM. In addition, 
the compounds have a high viscosity and good processability and, 
in this respect, they are quite similar to thermoplastic polymers. 
For the reasons outlined above, the results described in this work 
seem to open a new way to the design of organic materials for 
optoelectronic applications. 
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