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lonic self-assembly is a simple yet powerful method to obtain robust nanostructures. Herewith, we use
mixtures of oppositely-charged porphyrins that can act as mesogens to form chromonic liquid crystals
in water, i.e., molecular stacks with orientational (nematic) or positional (hexagonal) order. Electrostatic
locking coupled with n—mn interactions between aromatic groups within the stacks, together with inter-
stack hydrogen bonding induce formation of all-organic crystalline nanofibers with high aspect ratio
(a few tenths of nanometers in width but several tenths of micrometers in length) and that display
branching. The nanofibers prepared from metal-free porphyrin units feature interesting optical
properties, including an absorption spectrum that is different from the simple sum of the individual
spectra of the components, which is attributed to a striking aggregation-induced chromism.
When in contact with some polar organic solvents the materials become fluorescent, as a result of
disaggregation. In a proof-of-concept, the obtained self-assembled one-dimensional (1D) materials
were carbonized (yield ca. 60%) to produce nitrogen-doped carbon nanofibers that can be used as
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1. Introduction

Molecular self-assembly is an interesting and versatile method
to produce nanostructures. Being spontaneous, it is intrinsi-
cally minimalistic in terms of energy input, and it does not
require sophisticated equipment, which makes it amenable for
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active electrode materials for energy storage applications.

scaling up.! Self-assembly frequently takes place in aqueous
media, which favors sustainability and biocompatibility.

Molecular self-assembly is driven by weak interactions such
as hydrogen-bonding, hydrophobic effects, electrostatics, van
der Waals and n-n interactions, and certain building blocks
allow for multiple interactions. Porphyrin are examples of such
blocks and are associated to chromophores found in Nature
that play an important role in biological functions, such as
photosynthesis, molecular recognition and catalysis.>® These
molecules can also hold different metals in the macrocycle
via complexation with the pyrrole nitrogens; some of these
porphyrin-metal complexes are found in nature and are bio-
logically relevant (e.g. heme porphyrin). Porphyrin-metal complexes
can also generate composite nanostructures.*

Semiconducting properties derived from aromaticity of
porphyrins are of particular interest, and impart significant
electron mobility, especially in stacked structures. Because of
the aforementioned optoelectronic properties, self-assembled
porphyrin nanomaterials have potential applications in photo-
catalysis, dye-sensitised solar cells, photodynamic therapy,
hydrogen production, sensors, carbon dioxide reduction, and
electrocatalysts for fuel cells, among others.”™

Chromonic liquid crystals are a class of self-assembled
structures formed in a solvent (usually aqueous) by planar
molecular building blocks that tend to arrange into columns
similar to thermotropic discotic liquid crystals. Chromonic assembly

This journal is © the Owner Societies 2020
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is driven by n-m interactions between the aromatic moieties.
Porphyrins, being polyaromatic and planar with peripheral polar
groups, have the structural characteristics required to form
chromonic liquid crystals. In fact, thermotropic and lyotropic
mesophases of the nematic and hexagonal type have been
reported for some nonionic and ionic porphyrins.'®'* Chromo-
nic liquid crystals can also be formed by a variety of molecules,
notably dyes such as cyanines, xanthenes,'” azo compounds and
perylenes. Among them, the dye sunset yellow is one of the most
studied chromonic mesogens."?

Chromonic assemblies are soft materials and therefore
fragile under certain conditions. To make them more robust,
it is necessary to fix the structure. One strategy is their
coassembly with inorganic species via sol-gel to form meso-
structured oxides."*"” Another possibility would be to use
additional intermolecular interactions for fixation. In this
regard, ionic self-assembly is a useful technique for the synthesis
of nanomaterials, which consists in the coupling of structurally
different ionic building blocks (charged tectons) by electrostatic
interactions.'®2°

There are several reports on ionic self-assembly of porphy-
rins, that result in the formation of nanorods,*"** nanofibers,*
nanotubes,?® nanosheets,* branched structures®® and other
morphologies.>® However, to our knowledge, carboxy substi-
tuted porphyrins have not been used as anionic tectons in
the assemblies. They are of interest since carboxy groups are
present in natural porphyrins. Moreover, the carboxy group can
improve selectivity in biotargeting and also facilitate binding
and functionalization.

Nanostructured carbon is, in many cases, produced in
several steps. A typical procedure is based on the use of a hard
template such as mesoporous silica (in turn produced via
surfactant templating) that is impregnated with a carbon pre-
cursor to be finally carbonized."® It would then be interesting
to produce directly carbon nanofibers from a self-assembled
carbon precursor without the need of a hard template inter-
mediate. In this regard, chromonics have an inherent ability to
form 1D structures, that are useful in a plethora of
applications,””>° but literature on the direct carbonization of
chromonic ionic assemblies is scarce. Moreover, the fabrication
of 1D materials via self-assembly may have advantages in terms
of e.g. costs and potential of scaling up as compared to other

Scheme 1 Schematic molecular structures of (a) TCPPNa and (b) TMPyP.
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methods such as electrospinning or the use of porous alumina
templates.*’

Herein we present a report on the ionic self-assembly of
chromonic mesogens in water, in which n-n stacking inter-
actions also play a role. Our objective was to demonstrate that
chromonic mesogens can serve as building blocks for the
preparation of organic and carbon 1D materials with novel
properties; the possibility of designing chromonic tectons with
different architectures opens perspectives for the control of the
materials’ dimensions. For that, we first explore and describe
the mesomorphic chromonic behavior of a carboxy-substituted
porphyrin, and then the mixtures of this anionic porphyrin
with a cationic one (both free-base or metal free) are studied
using a variety of characterization techniques. The formation of
carbon fibers from the ionic assemblies is also presented to
demonstrate the use of the fibers as hard templates and their
potential applications in electrochemical supercapacitance are
explored. This work builds on previous publications on por-
phyrin assembly*?° to provide new insights, with the support of
multiple instrumentation, on the formation of lyotropic liquid
crystals in these systems and the fixation of such as liquid
crystalline structures into 1D materials via ionic interactions.
Moreover, to our knowledge this constitutes one of the few
examples of the use of porphyrin-based 1D materials produced
via wet chemistry as templates for the synthesis of carbon
nanofibers.

2. Experimental
2.1 Materials

Mesogens tetrakis(4-carboxyphenyl)porphyrin (TCPP) and
tetrakis(1-methylpyridinium-4-yl)porphyrin p-toluenesulfonate
(TMPyP, Scheme 1b) were obtained from TCI Europe and were
used without further purification. TCPP-Na (Scheme 1a)
was obtained by neutralization with sodium hydroxide (TCPP : NaOH
molar ratio = 1:4). Millipore water (resistivity = 18.2 MQ cm) was
used in all experiments.

2.2 Preparation of ionic assemblies and carbon fibers

Aqueous solutions of TCPP-Na and TMPyP were prepared sepa-
rately using Millipore water and then mixed at TCPP-Na : TMPyP

(b)
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molar ratio = 1:1. The mixture was left under stirring overnight
in the dark. Then, the mixture was centrifuged at 4000 rpm and
the precipitate was washed several times with Millipore water,
until the supernatant was almost colorless. To obtain carbon
fibers from the resultant 1D assemblies, the product was heat-
treated at 1000 °C in a tubular furnace (KOYO, Tokyo, Japan)
under a constant flux of nitrogen (120 cc min~") with tempera-
ture ramp of 5 °C min~" and hold time 1 h.

2.3 Characterizations

Small-wide angle X-ray scattering (SAXS/WAXS) patterns of liquid
crystals were collected at 20 °C with an Anton Paar SAXSess
mc® instrument. Samples were placed in flame-sealed glass
capillaries (wall thickness = 0.01 mm, diameter = 0.9 mm) for
the measurement.

SAXS measurements on dispersions were performed in the
beamline NCD11 at ALBA Synchrotron Barcelona (Spain).
The energy of the incident beam was 12.6 keV (1 = 0.995 A). Samples
were placed in wax-sealed quartz capillaries (Hilgenberg, Germany)
with an outside diameter of 1.5 mm and wall thickness of 0.01 mm.
The scattered X-rays were detected on a Pilatus 1 M detector
(Dectris). Data on each sample were collected over 60 s.

Materials were also characterized by powder X-ray diffraction
(XRD, Rigaku RINT2000), Raman spectroscopy (Jobin-Yvon
T64000), scanning electron microscopy (SEM, Hitachi S-4800,
operated at 10 kV), and transmission electron microscopy (TEM,
JEOL Model JEM-2100F operated at 200 kV). A theta probe
spectrometer (Thermo Electron Co. Germany) was used for
the X-ray photoelectron spectroscopy (XPS) measurements. The
instrument is equipped with a monochromatic Al-Ko radiation
source (photon energy 15 keV, energy resolution <0.47 eV, space
resolution <15 um). C 1s, O 1s, and N 1s core-level XPS spectra
were recorded in 0.05 eV steps. A built-in electron flood gun
prevented sample charging. The Avantage™ software was used to
deconvolute the XPS spectra. Data were fitted with line width
and height as free parameters. Thermogravimetric analysis
(TGA) was performed for the evaluation of thermal stability of
carbon samples. The TGA measurements were performed on the
Hitachi HT-Seiko 6300 instrument while heating samples from
30 to 1000 °C under argon atmosphere (temperature ramp
10 °C min ). Nitrogen adsorption/desorption isotherm was
recorded at 77.35 K on Quantachrome Autosorb-iQ2, and specific
surface area, pore size distribution and pore volumes were
estimated. Surface characterization of the samples was carried
out in an atomic force microscope from Asylum Research, model
MFP3D-SA, employing the Tapping mode technique (AC mode)
in air. Samples were scanned in areas of 20 x 20 pm, 5 x 5 pm,
2.5 X 25 um, 2 X 2 pm, 1.5 x 1.5 pum and 1 X 1 pum, in a
speed interval from 0.20 to 0.50 Hz. A rectangular cantilever
(AC240TS-R3) was used, with a nominal first resonance
frequency of 70 kHz, a nominal spring constant of 2 N m~* and
a nominal radius of curvature of 7 nm.

2.4 Electrochemical measurements

Cyclic voltammetry (CV) and galvanostatic charge-discharge
(CD) measurements were carried out on a three-electrode
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system in an aqueous electrolyte (1 M H,SO,) at 25 °C. Glassy
carbon electrode (GCE) was modified with the prepared carbon
fiber and used as the working electrode. Typically, carbon fiber was
dispersed in solvent mixture (water:ethanol = 4:1; 1 mg mL ™)
and sonicated for 60 min. The suspension (5 uL) was dropped onto
the clean and dry GCE surface and dried at 60 °C for 3 h. Ionomer
Nafion solution (5 pL: 5% in ethanol) was added on top of the
carbon fiber as a binder and dried at 60 °C for 12 h before
electrochemical measurements. A platinum wire and Ag/AgCl were
used a counter and reference electrode, respectively. The CV and
CD profiles were recorded at 25 °C on a CH instruments (CHI 850D
Work station).

3. Results
3.1 Chromonic behavior of TCPPNa and TMPyP

Bottom-up fabrication of nanomaterials relies on the self-
assembly of molecular tectons. Accordingly, the behavior of
TCPPNa and TMPyP as mesogens was investigated by looking at
the occurrence of chromonic liquid crystals in water. First,
contact experiments (so called Lawrence tests) were carried out.
TCPPNa was found to form lyotropic liquid crystals in contact
with water, with nematic and hexagonal textures (Fig. 1a),
whereas TMPyP only formed hydrated crystals with a spherulite
texture (Fig. 1b). Anionic chromonics (e.g. anionic cyanine dyes)
are generally more soluble than their cationic counterparts,
and memorphism is determined by the characteristics of the
peripheral charged groups and counterions."* The degree of
hydration of the counterion plays an important role in the
solubility of these molecules.

The structure of the liquid crystals formed by TCPPNa was
analyzed by SAXS/WAXS. At 30 wt% TCPPNa in water (Fig. 2a),
the SAXS/WAXS pattern shows an inflexion point at ca. 2 nm™*
and a broad peak at ca. 5 nm™ ", corresponding to correlation
lengths between aggregates inside the nematic phase (which
was identified by polarized optical microscopy); the absence of
sharp peaks is typical in this phase, since it displays orienta-
tional but not positional order. There is also a peak at 16 nm ™,
equivalent to a Bragg distance of 0.4 nm, which is ascribed
to the stacking distance between TCPPNa molecules. This
relatively short distance would suggest m-n interactions and
cofacial arrangement along the column axis.

Fig. 1 Polarized optical microscopy images of TCPPNa (a) and TMPyP (b)
in contact with water. In the images, water penetration and diffusion occur
from the black to the bright regions. N: nematic phase. M: hexagonal
phase.

This journal is © the Owner Societies 2020
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Fig. 2 (a) SAXS/WAXS patterns of TCPPNa at 30 and 35 wt% in water, and
(b) polarized optical microscope image of liquid crystal at 35 wt% in water.

Upon increasing TCPPNa concentration to 35 wt% (Fig. 2a),
a sharp and strong peak appears at ca. 2.5 nm ™ '; two weaker
peaks are also observable at ca. /3 and 2 position ratios relative
to the strongest peak (marked by arrows), indicating the
presence of a hexagonal (columnar) phase, which agrees with
the fan-like optical texture of the sample (Fig. 2b). Again, the
stacking distance peak (at ca. 16 nm ') is noticeable at this
concentration.

The hexagonal phase can be viewed as formed by aligned
molecular columns. The diameter of such columns (D) can be
approximately estimated assuming cylindrical shape by D =
2d(2¢/(n/3))"°, where ¢ is the volume fraction of TCPPNa, and
d = 2m/q is the Bragg spacing, calculated from the scattering
vector q of the first, strongest peak. If a density of ca. 1.5 nm is
assigned to TCPPNa, then D = 1.6 nm, close to the size of a
single TCPPNa molecule.’® This suggests that the hexagonal
phase is formed by aligned, one-molecule-width porphyrin
columns. SAXS measurements at higher temperatures indi-
cated that the hexagonal phase with 35 wt% TPCPPNa is stable
at least up to 80 °C, showing no appreciable change in the unit
cell parameter.

3.2 Formation of fibers from porphyrin assemblies in water

The cationic and anionic porphyrins used herewith as tectons
are separately fully soluble in water before mixing at the
concentrations studied. These tectons already form aggregates
in water from very low concentrations (e.g. dimers), as can be
confirmed by UV-spectroscopy and widely reported in the
literature.***® Mixing of the two oppositely charged porphyrins
leads to the formation of an ionically assembled solid, since the
net charge is zero or negligible, and therefore, the solubility of
the precursor porphyrins is drastically reduced. Such solid
forms, however, a dispersion in water with transient stability.
The aspect of the two separated TCPP and TMPyP solutions and
their mixture (ionic assembly) is shown in Fig. 3a. There is a
change from reddish to green color upon assembly. Micro-
scopic observation revealed that the obtained green dispersion
is formed by birefringent fibers (Fig. 3b and c). The fibrous
morphology of the assembly can also be seen in the AFM image
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Fig. 3 (a) Samples of TMPyP (left), TMPyP-TCPPNa equimolar mixture
(middle) and TCPPNa (right) in water. The porphyrin concentration is
10~* M. Microscopic images of TMPyP-TCPPNa equimolar mixture in
water showing fibers under non-polarized (b) and polarized (c) lights.
(d) Normalized UV-vis spectra of TMPyP, TCPPNa and TMPyP-TCPPNa
equimolar mixture (ie., fibers) in water. Solvatochromic behavior of
porphyrin self-assembled fibers in acetone under visible light (e) and UV
light irradiation (f).

(Fig. S1, ESIt). The change in optical properties is reflected
in the UV-vis absorption spectra (Fig. 3d), i.e. the spectrum of
the ionically assembled fibers in water is different from the
sum of the individual spectra of the cationic and anionic
precursor solutions, suggesting complexation.

The Soret bands of TCPPNa and TMPyP are at 415 and
423 nm, respectively. Upon mixing and assembly, there is
broadening and splitting of the band into a blue-shifted one
at 330 nm and a red shifted one at 438 nm. This has been
reported as a signature of molecular coupling in ionic self-
assemblies with strong electronic interaction.® Also, new Q-bands
at 635 and 715 nm appear, Le. different from the Q bands
of TCPPNa and TMPyP. The features of the absorption spectrum
of the fibers could be attributed to the presence of H and
J-aggregates,”®”” with possible contribution of resonance light
scattering additional to absorption at long wavelengths.”*

The formed fibers were stable when redispersed in acidic
(pH = 2) and alkaline (pH = 12) media, and also at high ionic
strength (e.g., 20 g L™" or 0.34 M NaCl), but were disrupted by
certain organic polar solvents. Accordingly, if a filter paper with
embedded fibers (ie., by immersion in the aqueous fiber
dispersion following by drying) is soaked in acetone, the fibers
are disrupted into their building porphyrin blocks and the color

Phys. Chem. Chem. Phys., 2020, 22, 23276-23285 | 23279
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changes from green to dark red-brownish (Fig. 3e and f).
Ionic assembly results in quenching of the fluorescence relative
to that of TCPPNa and TMPyP tectons in water.*®*® Therefore,
the filter paper with embedded TMPyP-TCPPNa fibers is
not fluorescent, but turns luminescent under UV-light after
soaking in acetone (Fig. 3f), indicating that the fibers are
disrupted and the photoluminescence of TCPPNa and TMPyP
is somehow recovered.*®*' Some applications of this solvato-
chromic effect and disaggregation-induced fluorescence could
be foreseen in sensing of volatile organic compounds and other
substances.*>*?

In order to get more insight into the structure of the TMPyP-
TCPPNa fibers in aqueous dispersion, SAXS measurements
were carried out (Fig. S2, ESIT). At low angles, the data can be
fitted to a power law I(q) oc ¢~/ where fis the fractal dimension.
For the samples of TMPyP-TCPPNa fibers, f = 2.6, which
implies a mass fractal object. A similar value (2.2) was found
for carbon nanotubes,** and it was interpreted as scattering
from branched rope clusters, which is somehow in agreement
with the microscopy observations described below.

We next analyzed the surface morphology of the TMPyP-
TCPPNa fibers by scanning electron microscopy (SEM). As can
be seen in Fig. 4a-d, self-assembly leads to the formation of
nanofibers with multiple branches (shelf-like), as previously
reported for certain porphyrin systems.>®> The nanofibers,
that can reach several tenths of micrometers in length, are

Fig. 4 (a—d) SEM images of TMPyP-TCPPNa fibers, as well as (e) TEM and
(f) HR-TEM images of the fibers. Inset in (f) shows selected area electron
diffraction pattern. The concentration of the precursor porphyrin solutions
was 0.05 M.
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constituted by bundles of molecular belts or tapes of around
30 nm in width. The fibers are also formed at much lower
concentrations (10 °-10"* M) of the precursor porphyrin solu-
tions (Fig. S3, ESIt). Self-assembled TMPyP-TCPPNa fibers
were also observed by transmission electron microscopy
(TEM, Fig. 4e and Fig. S4a-d, ESIt). HRTEM images (Fig. 4f
and Fig. S4e, f, ESIT) show aligned stripes inside the fibers
(lattice fringes), with a width of ca. 1 nm, similar to the size of
one porphyrin molecule. This indicates that the fibers are
crystalline, as confirmed by X-ray diffraction (XRD, Fig. S5,
ESIt) and spot type selected area electron diffraction (inset
in Fig. 4f). The results suggest a hierarchical organization
mechanism (see Scheme 2). We speculate that the porphyrin
molecules first stack face-to-face via n-n interactions to form
columns with monomolecular cross section. Then, these
columns bundle to form the fibers, probably by hydrogen
bonding although electrostatics can also play a role.>*>*® This
mechanism would be analogous to the assembly in the hexa-
gonal chromonic liquid crystals described above. However,
additional studies are needed to properly assess the contribu-
tions of each type of interactions in the self-assembly process.

Mazur et al. have carried out comprehensive crystallographic
analyses of porphyrin self-assembled 1D structures.”>*>*’
Indexing of the most of the diffraction peaks in the powder
XRD pattern shown in Fig. S5 (ESIt) was possible in different
unit cells. First it was attempted in the cell similar to one
reported by Mazur et al. such indexing resulted in an ortho-
rhombic primitive cell with unit cell parameters a = 30.60(5) A,
b = 22.32(2) A, and ¢ = 7.963(5) A. An indexing with higher

Scheme 2 Possible configuration of porphyrin molecules in the columnar
aggregates and interactions likely involved in the hierarchical self-assembly.
P: m—n stacking; E: electrostatics; H: hydrogen bonding.
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figure-of-merit was obtained in the cell with half of the volume
as compared to one reported by Mazur: an orthorhombic
primitive cell with a = 18.00(1) A, b = 17.72(3) A, and
¢ = 8.830(7) A. Alternatively, primitive tetragonal cell with
volume similar to that of Mazur’s cell volume can describe
all the peaks: a = 17.69(1) A, ¢ = 17.92(2) A. At this stage,
powder XRD data is not sufficient to get a definitive answer
regarding true symmetry and unit cell dimensions of the
studied compounds, and a single crystal diffraction experi-
ment is required.

XPS survey spectra, core level C 1s, O 1s, and N 1s with
deconvoluted peaks (Fig. S6, ESIt) confirm that the surface of
the assembled 1D fibers mainly contain C, O, and N elements.
The N 1s signals observed at 401, 399 and 397 eV can
be assigned to pyridinium, pyrrole and imine nitrogens,
respectively. The ratios of the areas corresponding to the
deconvoluted peaks are close to 1:1:1, suggesting that the
TMPyP: TCPPNa molar ratio in the fibers is close to one,
similar to native solution.

3.3 Formation of carbon fibers from porphyrin 1D assemblies

To explore the formation of carbon materials from the
as-prepared TMPyP-TCPPNa fibers, thermogravimetric analysis
(TGA) was performed (Fig. S7, ESIt), and it was found that the
fibers have a high carbon yield (ca. 60% at 1000 °C). Following
this result, the porphyrin nanofibers were drop casted from
their aqueous dispersions on silicon wafers, and the films
obtained after drying were carbonized at 1000 °C with a heating
rate of 10 °C min~* under N, atmosphere. Notably, the carbon-
ized materials preserve the fiber-like structure: they appear
under SEM (Fig. 5a-d) as a mat of highly entangled fibers that
are sintered. Fiber-like morphology with amorphous graphitic
carbon structure can also be seen in TEM (Fig. 5¢) and HRTEM
images (Fig. 5f). Pyrolysis of the dry TMPyP-TCPPNa nanofibers
powder at 1000 °C under the N, atmosphere also yielded carbon
fibers (Fig. S8 and S9, ESIf).

XRD of the carbon fibers (Fig. 6a) showed two very broad
peaks at 20 of 25° and 44° indicating a graphite-like structure
similar to the one observed in some multiwall carbon nano-
tubes or other graphitic carbons.*® The Raman scattering
spectrum of the resultant carbon fibers displays two main
peaks at 1331 and 1573 cm ™, corresponding to D (disordered)
and G (graphitic) bands of carbon materials (Fig. 6b).*>°
Intensity ratio of G and D band, Ig/Iy ca. 1.03 confirms the
graphitic structure, which contribute to high conductivity of the
carbon fibers. A broad band at ca. 2900 cm™" (2D band, also
known as G’) is interpreted as an overtone of D, and in the
present case is weaker and broader than in highly ordered
graphitic samples.>"

XPS survey spectrum shows C, O, and N as the major
elements in the carbon fibers demonstrating that the high-
temperature heat-treatment of the TMPyP-TCPPNa fibers
results in the formation of heteroatoms (N and O) doped
carbon fibers, which is desired in several applications such as
in high-performance supercapacitance, electrocatalysis and
photocatalysts. As it can be seen in Fig. 6d, XPS C 1s spectrum
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Fig. 5 (a—d) SEM images of the carbon fibers obtained by the carboniza-
tion of pristine TMPyP-TCPPNa fibers, together with the (e) TEM and
(f) HR-TEM images of the carbon fiber. Inset in panel (f) shows selected
area electron diffraction pattern. The concentration of the precursor
porphyrin solutions was 0.05 M.

could be deconvoluted into four peaks centered at 284.2,
285.9, 285.8, and 287.7 eV, respectively corresponding to the
C-C (sp*), C=C (sp?), C-N (sp®), and O-C=O0 bonding states
of carbon.’® Similarly, XPS core level N 1s peaks could be
deconvoluted into four peaks corresponding to pyrrolic
(399.2 eV, weak), pyridinic (398.2 eV), graphitic (401.1 eV) and
oxidized nitrogen (402.2 eV).>®> XPS core level O 1s spectrum
with deconvoluted peaks are presented in Fig. S10 (ESIt). From
the XPS spectra the N/C ratio in the carbon fibers was estimated
to be 0.065.

N, adsorption/desorption isotherm of the carbon fiber
(Fig. S11a, ESIT) displays mixed type-I/type-IV behavior typical
of microporous materials with partial mesopores framework
structure.”® The pore size distributions estimated by Barrett-
Joyner-Halenda (BJH) method (Fig. S11b, ESI{) and density
functional theory (DFT) method (Fig. S11c, ESIT) show peaks at
3.09 and 1.38 nm. The specific surface area and total pore
volume were respectively ca. 194.2 m* ¢ * and 0.313 cm® g%,
Usually, graphitization upon heat treatment is detrimental to
surface area because structural defects are reduced.”

We further investigate supercapacitive properties of the
derived C fibers. The electrode showed quasi-rectangular CV
profiles over a wider range of scan rates from 5 to 300 mV s~ *
(Fig. 7a) indicating the electrical double-layer capacitive behavior.
The specific capacitance was ca. 205.6 F g~ ' at 5 mV s .
The carbon fiber electrode showed relatively good capacitance
retention at fast sweep of 300 mV s~ ' sustaining about 45.4%
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Fig. 6 (a) XRD pattern, (b) Raman scattering spectrum, (c) XPS survey and
XPS core level C 1s (d) and N 1s (e) spectra of the carbon fibers.
Deconvoluted peaks are also included in (d) and (e).

initial capacitance (Fig. 7b). Galvanostatic charge-discharge
measurements performed at different current densities from 1
to 20 A g ' (Fig. 7c) also confirm the supercapacitive behavior
giving specific capacitance of 249.2 F g~' at 1 A g~ (Fig. 7d),
which is higher than that of the commercial activated carbons
and comparable to that of the high surface area nanoporous
activated carbons derived from different biomass.*>*® The elec-
trochemical (CV and CD) measurements demonstrate that
the heteroatoms-doped carbon fiber obtained from the direct
carbonization of the TMPyP-TCPPNa fibers could be a pro-
mising materials for energy storage applications. However, it is
necessary a further improvement of surface textural properties
including surface area and porosity by the chemical activation
method with dehydrating agents such as potassium hydroxide or
zinc chloride.
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Fig. 7 (a) CV profiles at different scan rates (5-300 mV s73), (b) the
specific capacitance calculated from CV curves vs. scan rate, (c) galvano-
static CD profiles at different current densities (1-20 A g™3), and (d) the
specific capacitance calculated from CD curves vs. current density.

4. Discussion

The pyrolysis of polyaromatic compounds, especially those
containing a complexed metal, for producing nanostructured
carbons has been developed in the last decade, encouraged
by their potential application as catalysts.’>>® Such efforts
included the use of discotic mesophases as precursors anchored
to hard templates such as porous alumina.”>”>° Chromonic liquid
crystals of indanthrone disulfonate coated on a solid substrate
were also studied by Hurt as carbon precursors.® Different from
those approaches, the 1D materials introduced herein are pro-
duced by a hard-template-free process, which requires a robust
self-assembled precursor that can retain morphology at high
temperatures and upon carbonization with reasonable carbon
yield. The collected experimental evidence suggests that the
robustness comes from the strength of coupled interactions.
On one hand, m-rn interactions that produce very long stacks
and liquid crystals as a result of inter-stack structuration. On the
other hand, the electrostatic interactions between peripheral
charged groups in the porphyrin molecules. Besides structural
integrity, this coupled interactions give rise to singular optical
properties that can be manipulated to certain extent, for instance
by disrupting the ionic assembly with addition of a good solvent.

The 1D materials studied here are formed from equimolar
mixtures of oppositely charged porphyrin tectons; this equi-
molarity appears to be preserved within the 1D materials,
as suggested by XPS. SAXS measurements in the aqueous
assemblies confirms that anionic porphyrin can stack face to
face to form one-molecule-width columns. But electrostatics
and hydrogen bonding induce these columns to bundle so that
thicker but still crystalline fibers are formed. The ionic self-
assembly strategy presented herein have also been tested for a
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variety of porphyrin tectons both metallized and non-metallized
(free-base), the main variation being the core metal (Cu, Ni, Ag,
and Zn)* and the peripheral groups, which mainly consist of
ammonium as cations and sulfonate as anions. These peripheral
groups determine the pH-dependent protonation states. In this
respect, Mazur et al.>> obtained shelf-like porphyrin assemblies
from tetra(4-aminophenyl)porphyrin (TAPP), and tetra(4-sulfonato-
phenyl)porphyrin (TSPP) under acidic pH for porphyrin ion
charges of 2+ and 2—. They attributed the morphology to crystal
splitting during initial oriented attachment growth followed by
Ostwald ripening. In the present case, shelf-like structures are
also produced although the charges are 4+ and 4— at the pH of
the experiments. The morphology of the porphyrin assemblies is
strongly dependent on precipitation conditions (e.g., solvent).>®
For example, the ion pair of TMPyP and TSPP** (quite close to
the one studied herein) produced straight, non-branched fibers,
a morphology quite different to the one reported herein. The
reason can be probably found in the use of additional solvents
during precipitation. An aromatic donor-acceptor interaction
was suggested for that pair, which might be also the case for
the present TMPyP-TCPPNa pair.

As for the optical properties, the appearance of new and
broad absorption bands at long wavelengths that cause the
striking changes in optical properties upon assembly have been
marked as a signature of coherent coupling of the transition
dipoles, similar to the case of TSPP-Sn(wv) meso-tetra(4-pyridyl)-
porphyrin dichloride,> which also showed almost complete
fluorescence quenching upon assembly. Notably, a ion pair
TMPyP:TSPP similar to the one studied here does not show
any new absorption bands upon ionic assembly, pointing to
weaker electronic interaction and absence of delocalized
states for photoexcitation.?

Although the original fiber-like morphology of the porphyrin
precursors was preserved after carbonization, we did not
observe ordered graphene layers as those obtained by Miillen
et al. from discotic molecules.’® This could be attributed to
both the method of carbonization and the chemical structure of
the precursors. The obtained 1D carbons are nitrogen-doped by
an endogenous source and this impacts the observed super-
capacitor properties, which could be improved if the specific
surface area is increased by introducing additional microporosity.
Besides the simplicity of preparation, another advantage of
using the present TMPyP-TCPPNa fibers as carbon precursors
is that their aqueous dispersions can be formulated as inks that
can be printed or patterned on substrates directly and sub-
jected to carbonization.

5. Conclusions

One-dimensional (1D) nanomaterials were successfully prepared
by simple mixing of oppositely charged aromatic building
blocks. This robust fabrication strategy is based on self-
assembly of porphyrins into molecular columns. The assembly
is driven by m-m interactions among blocks, thus enabling
chromonic liquid crystal phases. Further, the coupled ionic
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interactions between peripheral ionic groups lock the 1D struc-
ture and trigger hierarchical bundling into fibrous structures.
This singular kind of organization produce interesting optical
properties such as aggregation- and solvent-induced chromism
and luminescence, promising for sensing applications The
as-formed fiber-like materials are crystalline and robust enough
to withstand carbonization and preserve their mat-like starting
1D morphology yielding carbon nanofibers with promising
supercapacitive behavior. Further laboratory efforts are currently
on the way for the improvement of properties and development of
proofs-of-concept for sensing and supercapacitor applications.
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