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Novel liquid crystalline porphyrin dendrimers derived from 5,10,15,20-tetra-(4-pyridyl)porphyrins (TPyP)

and their Zn complexes (ZnTPyP) have been synthesized by hydrogen bonding between the porphyrin

core and four peripheral carboxylic acid dendrons derived from bis(hydroxymethyl)propionic acid (bis-

MPA) to obtain 4 : 1 complexes. One family is derived from symmetric dendrons (G ¼ 1 and 2) bearing

promesogenic units in the terminal positions and two other families are derived from asymmetric

dendrons (G ¼ 1) that combine the promesogenic unit and an active moiety derived from coumarin or

pyrene units. The formation of the complexes was confirmed by IR and NMR spectroscopy. The liquid

crystalline properties were investigated by differential scanning calorimetry, polarizing optical

microscopy and X-ray diffraction. Only porphyrin dendrimers (free base and Zn complexes) derived from

symmetric dendrons exhibited a SmC mesophase. Porphyrin dendrimers derived from asymmetric

dendrons did not show liquid crystalline behaviour. The UV-vis absorption and emission properties of the

porphyrin dendrimers containing coumarin or pyrene have been investigated.
Introduction

Dendrimers are highly branched macromolecules that are
almost monodisperse and this is an important difference to
most other synthetic polymers, which are polydisperse.1–6 The
interest in these compounds is due to the special structural
characteristics, which give them unique properties. Dendrimers
can be obtained by divergent or convergent iterative methods7

but an alternative strategy is based on supramolecular chem-
istry, which allows the preparation of dendrimers by a self-
assembly process based on non-covalent interactions, such as
metal coordination chemistry, hydrogen-bonding or electro-
static interactions.8

In addition, when dendrimers are functionalised with
promesogenic units they can self-organise into liquid crystal
phases. Liquid crystal dendrimers represent an attractive option
for the design of functional materials that retain the inherent
properties of dendrimers and provide well-organised materials
that are able to respond to external stimuli.9–15

In 1998 Lehn and Zimmerman et al. reported the preparation
of a dendrimer consisting of three H-bonded dendrons of
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disubstituted phthalhydrazide units, which self-organised to
give a thermotropic discotic liquid crystal.16 Since then, several
papers have been published on supramolecular liquid crystal
dendrimers obtained by the self-assembly of dendrons.17

We recently studied a new type of liquid crystal dendrimers
functionalised with carbazole, coumarin and pyrene groups as
uorescence moieties.18,19 These compounds were prepared by
hydrogen bonding between a triazine core (M), as an electron-
transporting unit, and three peripheral carboxylic acid bifunc-
tionalised dendrons derived from bis(hydroxymethyl)propionic
acid (bis-MPA).

As a continuation of our research programme in this area, we
synthesised and characterised three novel families of
compounds that were formed by hydrogen bonding between
5,10,15,20-tetra(4-pyridyl)porphyrin (TPyP) or zinc metalated
porphyrin (ZnTPyP) as the core and four peripheral bifunc-
tionalised dendrons derived from bis(hydroxymethyl)propionic
acid (bis-MPA), which were described in a previous paper.19 The
TPyP unit was selected for this work due to its ability to recog-
nise other molecules through the donation and acceptance of
hydrogen bonds,20,21 a characteristic that plays a key role in the
self-organisation of molecules and thus facilitates the forma-
tion of liquid crystals in low molecular weight compounds as
well as in polymers or dendrimers. Zinc complexes of porphyrin
dendrimers have been prepared with the aim of increasing the
stability and providing better photophysical properties
compared to free-base porphyrins. Coumarin and pyrene were
chosen as the uorophores in the dendrimer. Pyrene is a widely
RSC Adv., 2016, 6, 65179–65185 | 65179
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used probe due to its high uorescence efficiency and excimer
formation22,23 and coumarin is biocompatible and is highly
valuable as a uorescent chemosensor in a variety of elds.24–26

The structures of the porphyrin dendrimers and dendrons
are shown in Scheme 1.
Scheme 1 Schematic representation of: (a) synthetic route and atom la
ZnTPyP-G1AX, (b) carboxylic acid dendrons of the first (Ac-G1AX) and s
dendrimers.

65180 | RSC Adv., 2016, 6, 65179–65185
Results and discussion
Synthesis of dendrons

Carboxylic acid dendrons were prepared by esterication with
dicyclohexylcarbodiimide (DCC) of the monomer 2,2-bis(hy-
droxymethyl)propionic acid (bis-MPA), protected with a benzyl
bels for the first generation of dendrimer complexes TPyP-G1AX and
econd (Ac-G2A4) generation, (c) nomenclature of the supramolecular

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Expansions of 13C NMR spectra of complexes TPyP-G1ACou
and ZnTPyP-G1ACou related to their dendron and porphyrin core (125
MHz, C2D2Cl4, 25 �C).
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ester group, and the appropriate promesogenic acid by previ-
ously reported method.19

Typical procedure for the synthesis of the dendrimers derived
from porphyrins and metalloporphyrins

The hydrogen-bonded complexes were prepared by mixing
a dichloromethane (CH2Cl2) solution of the appropriate
amount of each component [5,10,15,20-tetra(4-pyridyl)
porphyrin (TPyP) or Zn(II) 5,10,15,20-tetra(4-pyridyl)porphyrin
(ZnTPyP) and the dendron carboxylic acid derivative in a 1 : 4
ratio] and slowly evaporating the solvent by stirring at room
temperature. The general synthetic route for the dendrimers is
shown in Scheme 1.

Full characterization data for all dendrimers are provided in
the ESI.†

Structural characterization

The formation and stability of intermolecular H-bonding asso-
ciations between the TPyP or ZnTPyP and the dendrons were
studied by infrared spectroscopy (FTIR) on neat samples as KBr
pellets and by Nuclear Magnetic Resonance (NMR) spectroscopy
on solutions in deuterated solvents. The results conrmed the
proposed structures of these materials. The data are gathered in
the ESI.†

NMR characterization

The chemical structures of the dendrimers were conrmed by
one-dimensional 1H and 13C NMR spectroscopy and by two-
dimensional 1H–1H COSY, 1H–13C HSQC and 1H–13C HMBC
experiments. NMR signal assignments are gathered in the ESI
(Fig. S1–S19†). For some dendrimers DOSY and 1H–1H NOESY
spectra were also acquired. NMR signal assignments are
provided in the ESI.†

Expansions of the 1H and 13C spectra of some dendrimers
are shown in Fig. 1 and 2 along with those their dendrons and
cores. The largest shis in the dendron part are related to the
Fig. 1 Expansions of 1H NMR spectra of complexes TPyP-G1A2 and
ZnTPyP-G1A2 related to their dendron and porphyrin core (125 MHz,
C2D2Cl4, 25 �C).

This journal is © The Royal Society of Chemistry 2016
nuclei nearest to the H bonds, as discussed in a previous
publication.19

Thus, the shi and the change in the shape of the diaster-
eotopic methylene (HS, see Scheme 1) signals aer H-bonding
are particularly marked: HS protons are deshielding 0.08 ppm
in both complexes with regard to acid Ac-G1A2, and the methyl
HU signal are also deshielding (see Fig. 1). The aromatic protons
of mesogenic units evidence shielding in the complexes. On the
other hand, Hf and NH protons of the TPyP core are shielding
in 0.03 ppm. The NH and Hf protons of protons of the ZnTPyP
part in the complexes are broadened by several ppm (Fig. 1). In
the 13C NMR spectra the main shis are evidenced by the
–COOH (CZ, see Scheme 1) and the methyl and methylene
groups of bis-MPA (CU and CS, see Scheme 1). Thus, for
complexes derived from coumarin dendrons, aer complexa-
tion the 13C signals of the carboxylic acid are shielding 0.7 ppm
and d(13C) of TPyP and ZnTPyP are different from the starting
cores (see Fig. 2).

DOSY studies can also help to determine whether the
hydrogen bonding interactions are formed between the den-
dron and the porphyrin core. When the complex components
diffuse as a single molecular entity and have the same diffusion
coefficient this provides evidence that a strong complex is
formed. In the case where there is no interaction the diffusion
coefficients of partners will remain the same as in their free
states.27 It can observe in Fig. S17 (see ESI†) that there is only
one diffusion coefficient for this material and this is consistent
with the presence of the complex TPyP-G2A4 in C2D2Cl4
solution.

Likewise, the stoichiometry of these complexes was
determined by the Job's plot method and it was concluded
that in solution the molecules are in 1 : 1 ratio (see ESI,
Fig. S18†). However, 13C CPMAS spectroscopy conrmed the
formation of dendrimers with a 4 : 1 stoichiometry in the
condensed phase. As a representative example the spectrum
of TPyP-G1A2 is shown in Fig. 3 along with those of the
starting materials.
RSC Adv., 2016, 6, 65179–65185 | 65181
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Fig. 3 13C-CPMAS spectra of: dendron Ac-G1A2 (top), TPyP-G1A2
dendrimer (middle) and TPyP porphyrin (bottom).
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Thermal stability of the dendrimers and dendrons

The thermal stabilities of the dendrimers were studied by
thermogravimetric analysis (TGA) under a nitrogen atmo-
sphere. All of the studied compounds exhibited good thermal
stability and in all cases the 5% weight loss point was detected
at temperatures higher than the isotropization process. The
thermal analysis data are gathered in Table 1.
Liquid crystalline properties and XRD characterization

Themesomorphic behaviour of the compounds was analysed 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. It is worth noting that the DSC thermograms of
these dendrimers are perfectly reproducible aer the second
Table 1 Thermal stability, mesogenic properties and XRD data for the d

Compound T5%
a (�C)

Thermal propertiesb

(T [�C], (DH [kJ mol�

TPyP-G1A2 275 g 14 C 41 SmC 54 (9

TPyP-G2A4 217 g 6 SmC 68 (17.5) I

TPyP-G1APn 248 —d

TPyP-G1ACou 171 —d

ZnTPyP-G1A2 242 g 80 SmC 88 (6.7) I

ZnTPyP-G2A4 166 g 13 SmC 69 (18.1) I

ZnTPyP-G1APn 213 —d

ZnTPyP-G1ACou 226 —d

a Temperature at which 5% of the initial mass is lost. b Data obtained by D
obtained at 10 �C min�1. g ¼ glass; SmC ¼ smectic C mesophase; I ¼ isot
molecular cross-sectional area (Å2), Sch ¼ estimated cross-sectional area p

65182 | RSC Adv., 2016, 6, 65179–65185
and subsequent heating–cooling cycles. In some cases, the
clearing temperatures were taken from POM observations
because transition peaks were not detected in DSC curves. Data
for the porphyrin dendrimers synthesized are gathered in Table
1.

The liquid crystal phases were identied by POM observa-
tions. Porphyrin dendrimers derived from 5-[4-(4-butox-
ybenzoyloxy)phenyloxy]pentanoic acid (TPyP-G1A2, ZnTPyP-
G1A2, TPyP-G2A4 and TPyP-G2A4) showed textures compatible
with a smectic C mesophase. Not homeotropic domains could
be obtained in a temperature range when the sample was
submitted to mechanical stress, supporting that the mesophase
was smectic C and this was conrmed by X-ray diffraction. DSC
traces corresponding to the second scan of TPyP-G2A4 and the
POM texture of TPyP-G2A4 in the SmC mesophase taken at
room temperature are shown in Fig. 4b.

Dendrimers derived from pyrene and coumarin were not
mesomorphic (Table 1) but on heating the appearance of small
red-coloured particles was observed. These particles could only
be seen without polarized light and were not apparent under
crossed polarizers. This observation suggests that the H-bond is
broken as the temperature increases.

Comparison of the liquid crystal properties of dendrimers
with the liquid crystal properties of the dendrons shows that the
dendron and porphyrin dendrimer of the second generation Ac-
G2A4, TPyT-G2A4 are slightly more stable than the rst gener-
ation analogues derived from dendron acid Ac-G1A2, but the
mesomorphic properties are very different. Whereas acid den-
dron Ac-G1A2 shows SmC and SmA (g 3 SmC 75 SmA 81 I)19 and
Ac-G2A4 shows SmC and N (g 10 SmC 91 N 94 I) phases,
porphyrin dendrimers only exhibit a SmC mesophase (Table 1).

In contrast to the above, pyrene (Ac-G1APy: g 14 N 90 I)19 and
coumarin (Ac-G1ACou: g 12 N 50 I)19 dendrons show a nematic
endrimers

1])) dobs (Å) Phase
Structural
parametersc

.0) I 44.0 SmC d ¼ 44.0
S ¼ 154.7
Sch ¼ 38.7

44.0 SmC d ¼ 44.0
S ¼ 300.9
Sch ¼ 37.6

— — —
— — —
44.2 SmC d ¼ 44.2

S ¼ 156.4
Sch ¼ 39.1

43.5 SmC d ¼ 43.5
S ¼ 307.0
Sch ¼ 38.4

— — —
— — —

SC in the second heating process and taken at the maximum of the peak
ropic liquid. c d ¼ layer spacing of the smectic phase (Å), S ¼ estimated
er chain (Å2). d LC properties were not observed.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 (a) DSC traces corresponding to the second scan of TPyP-G2A4 (10 �C min�1; Exo down). (b) POM texture of TPyP-G2A4 in the SmC
mesophase taken at room temperature. (c) Room temperature XRD pattern of TPyP-G2A4 in the SmCmesophase. (d) Proposed arrangement of
TPyP-G2A4 in the SmC mesophase.
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phase. However, as mentioned before, the porphyrin derivatives
of these functional dendrons do not show mesophases (see
Table 1).

Comparison of the mesogenic behaviour of porphyrins of G
¼ 1, TPyP-G1A2 and ZnTPyP-G1A2, indicates that the Zn
complex has a mesophase with a broad temperature range. It
can be suggested that the presence of the metal in this
porphyrin favours the mesogenic properties. However, in
porphyrins of G ¼ 2, TPyP-G2A4 and ZnTPyP-G2A4, the meso-
phase temperature range is similar; in this case the metal does
not appear to have an inuence on the mesogenic properties of
the porphyrin dendrimers. Similar behaviour was observed
concerning the stability of the materials.

Mesophase formation was not observed for Zn-containing
dendrimers derived from pyrene and coumarin (ZnTPyP-
G1APn and ZnTPyP-G1ACou) but, as with the porphyrin without
a metal, some particles were observed in the isotropic liquid.

A columnar phase was not observed for any of the liquid
crystal porphyrin dendrimers synthesized in this study and this
was unexpected taking into account the disk-shape of the
porphyrin core. Only a smectic phase was observed for these
materials.

The DSC traces corresponding to the second scan of the
liquid crystalline porphyrin dendrimers and microphotographs
of optical textures are collected in Fig. S23–S25.†
This journal is © The Royal Society of Chemistry 2016
Powder XRD studies were performed at room temperature in
order to conrm the nature of the mesophase and to determine
the structural parameters. The data are gathered in Table 1. In all
cases the diffraction pattern includes a diffuse halo in the high-
angle region and one sharp, strong maximum in the small-angle
region (see Fig. 4c as a representative example). Thismaximum is
assigned to the rst order reection of the smectic layers and the
layer spacing was deduced by applying Bragg's law. The diffuse
halo is related to the conformational disorder of the liquid-like
carbon chains. This kind of pattern corresponds to a smectic C
organization on the basis of the optical textures and the struc-
tural parameters deduced from the XRD measurements.

The supramolecular complexes consist of four dendrons that
surround the porphyrin core, with two of these dendrons
oriented in two opposite directions and tilted with respect to the
smectic layer (see Fig. 4d as a representative example). Thus, in
the smectic mesophase the molecules of TPyP-G1A2 and
ZnTPyP-G1A2 and the molecules of TPyP-G2A4 and ZnTPyP-
G2A4 contain, respectively, four or eight mesogenic units in
each direction. Furthermore, the layer spacing of the rst
generation complexes is similar to the layer spacing of the
second generation complexes, thus conrming this kind of
smectic C arrangement, which is similar to that previously
found for H-bonded dendrimers prepared with the same den-
drons and a melamine central core.19
RSC Adv., 2016, 6, 65179–65185 | 65183
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The experimentally measured layer spacing (d) for the
supramolecular complexes is shorter than the length in their
most extended conformation (73 Å and 85 Å for the rst and
second generation dendrimers, respectively). This is due to
a combination of two phenomena: the tilt in the smectic mes-
ophase, and the interdigitation of the chains. Furthermore, it
should be pointed out that the measured layer spacing is
similar for the G ¼ 1 and G ¼ 2 dendrimers. This is expected
considering that upon increasing the generation, the dendritic
branches expand in the direction of the smectic plane,
producing a broadening of the molecule without a signicant
increase in length.

Additional support for this structural model can be obtained
by simple cross-section calculations. The molecular cross-
sectional area (S) in Å2 in a smectic mesophase can be calcu-
lated as: S ¼M� 1024/d� NA, whereM is the molecular mass in
g mol�1, d is the experimentally measured layer spacing in Å,
and NA is Avogadro's number. This gives the estimated S values
listed in Table 1. By dividing these values by the number of
mesogenic units (or chains) oriented in each direction, we
obtain the cross-sectional area per chain Sch. The Sch values of
around 38–39 Å are too large for an orthogonal (smectic A)
mesophase.19,28

It is noteworthy that a priori the molecular structure of the
supramolecular dendrimers seems to induce a discotic
arrangement, although the exibility of the bis-MPA units
allows the formation of a calamitic superstructure, as proposed
in the model suggested by the XRD studies.
Fig. 5 Absorption and fluorescence spectra in solution (CH2Cl2) of
pyrene and coumarin dendrimers.
Optical properties

The UV-vis absorption spectra of dendrimers containing pyrene
and coumarin were measured in dilute dichloromethane solu-
tion. Fluorescence spectra in dichloromethane solution were
only recorded for derivatives containing pyrene and coumarin
chromophores. All UV-vis spectra of the synthesised dendrimers
derived from TPyP show a typical porphyrinic spectrum with
four weak Q-bands between 500 and 700 nm and an intense
Soret (B) near 420 nm. The absorption bands of the Zn-
metallodendrimers decrease in intensity and this is attributed
to the increase in symmetry of these complexes. Furthermore,
pyrene and coumarin complexes showed the characteristic
absorption bands of their chromophore units: two bands at
about 262 and 425 nm typical of the coumarin and several
bands with maxima at 266, 277, 328 and 344 nm for pyrene
dendrimers.

The emission spectra of coumarin-containing dendrons in
solution aer excitation at lmax¼ 262 nm display a band at 456–
457 nm and this is related to the luminescence of the coumarin
unit, while the orescence spectra of pyrene dendrimers
contain bands at 377 and 398 nm aer irradiation at 277 or 345
nm. The emission spectra of all dendrimers aer excitation in
the Soret band revealed strong red uorescence with
a maximum at around 600–650 nm.

The optical data for pyrene and coumarin dendrimers are
collected in Table S1† and absorption and emission spectra of
these compounds are shown in Fig. 5.
65184 | RSC Adv., 2016, 6, 65179–65185
In general terms, the absorption and emission spectra of
supramolecular complexes in solution are, within experimental
error, a combination of the spectra of the corresponding
building blocks. This implies no conjugation and no energy
transfer between the two chromophores, provably due to the big
distance between them.
Conclusions

The synthesis simplicity and versatility of the supramolecular
system based on hydrogen-bonding between a porphyrin core
and carboxylic acid dendrons derived from a bifunctionalised
bis(hydroxymethyl)propionic acid (bis-MPA) have been
This journal is © The Royal Society of Chemistry 2016
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demonstrated. The stoichiometry of the dendrimers in the
condensed phase is 4 : 1, as corroborated by NMR spectroscopy.

The supramolecular architectures show mesogenic behav-
iour for porphyrin dendrimers of the rst and second genera-
tions derived from 5-[4-(4-butoxybenzoyloxy)phenyloxy]
pentanoic acid, although the exibility of the bis-MPA units
causes the formation of a calamitic superstructure and smectic
mesophases are observed. Mesophase formation was not
observed for porphyrin dendrimers derived from pyrene and
coumarin.
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