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Abstract. The tunable characteristics of the porphyrin molecular tectons have given rise to
interest in investigating the self-assembled porphyrin nanoarchitectures for designing new
materials.  Nanostructures created by the self-assembly of meso-tetrakis(4-
sulfonatophenyl)porphine and Co(lll) meso-tetra(4-pyridyl)porphine chloride and their
photoconductivity are reported here. These nanostructures were characterized by electron
microscopy. The ratio of porphyrin tectons in the binary porphyrin nanostructures is about 3:2.
The nanostructures demonstrate a high photoconductivity of about 5x10° S m™. The
dependence of the photoconductivity of the porphyrin nanostructures on the path length and
temperature is demonstrated.
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1. Introduction.

The porphyrins are an important class of synthetic and natural building blocks used in
the design of new materials, because the great variability of the electronic and steric
characteristics of these molecular tectons makes it possible to drive the assembly process in
order to achieve various functionalities of their self-assembled nanostructures. Their ability to
absorb certain wavelengths in the visible spectrum promotes photoinduced energy and electron
transfer processes. Due to their similarities to chlorophyll and hemoproteins, porphyrins have
been used as models for photosynthetic and enzymatic systems in studies of photo-induced
energy transfer, charge separations and electron transfer processes in biology and chemistry [1,

2]. Many physicochemical properties of porphyrins and porphyrin-related macrocycles, such as
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spectroscopic, electrochemical, and electronic properties are related to their aggregation states
[3-7]. Water-soluble porphyrins are well-suited for studying the properties of self-assembled
nanostructures because the self-assembly can be conveniently controlled by changing the
properties of the medium such as the pH [6-8]. Formation of a stable assembly can be explained
by the contribution of electrostatic interactions, van der Waals forces, hydrogen bonds, axial
coordination, and n-w interactions [9-16]. Shellnutt’s group progressed in the understanding of
the morphology of self-assembled porphyrin nanostructures using different methods for
studying the properties of porphyrins and metalloporphyrins [6, 17, 18].

Porphyrin nanostructures, polymers, and arrays demonstrate some degree of
conductivity and their conductivities have been investigated [19-28]. Ability of porphyrin
molecules to absorb certain wavelengths in the visible wavelength spectrum promotes
intermolecular transfer or delocalization of the excitation energy in their nanostructures, which
generates photoconductivity [6, 7, 25, 29]. However, the data on the electronic properties of the
self-assembled porphyrin nanostructures are rather sparse and the mechanisms of the charge
transfer in these systems have not yet been fully elucidated. Most attention has been paid to the
studies of the tubular molecular J-aggregates self-assembled from one kind of molecule, metal-
free meso-tetrakis-(4-sulphonatophenyl)porphin [23-25, 28, 30]. The nanorods of a metal-free
meso-tetrakis-(4-sulphonatophenyl)porphin were insulating in dark and a model was proposed
by Schwab et al. [25] where the conduction occured through the tightly coupled LUMOs of the
close-packed porphyrin molecules after photoexitation at a J-band wavelength of 488 nm.
Transport through the LUMOs competed with the relaxation from LUMO back to HOMO.
Recently, Mazur and co-workers [26, 27] described crystals of a binary porphyrin ionic
assembly synthesized from the water-soluble metal-free meso-tetra(4-
sulfonatophenyl)porphyrin and meso-tetra(N-methyl-4-pyridyl)porphyrin or meso-tetra(4-
pyridyl)porphyrin ionic tectons. The authors proposed that the nanorods exhibited two types of
photoconductivity: band conduction and hopping conductivity via the formation of photo-
induced (metastable) defects. Zhai et al. [31] found that the nanodots of the porphyrin layers of
5,10,15,20-tetraphenyl-21H,23H-porphyrin cobalt(Il) had a more conductive, molecular wire-
like profile, while the nanodots of a free-base 5,10,15,20-tetraphenyl-21H,23H-porphyrin
exhibited semi-conductive profiles when measured in the vertical direction using a conductive
probe AFM. The magnitudes of the measured currents and and voltages were distinct depending
on whether the nanodots contained a metal ion. Shelnutt et al. [6] observed photoconductivity
of the metalloporphyrin binary nanostructures of ZnTPPS* - SnT(N-EtOH-4-Py)P*" and

explained it applying the charge-transfer exciton theory. They defined individual porphyrin
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tectons as an electron donor and acceptor based on the data on the redox potentials of SnOEP
and ZnOEP complexes, respectively, and applying the classical model of the charge-transfer
complex as a combination of electron donor compounds and electron acceptor compounds
arranged in segregated stacks. A change of the central metal atom and periphery of individual
metalloporphyrins showed different possibilities for appearance of the photoconductivity due
to the variation of the structure and donor-acceptor properties. The model is similar to the model
explaining the conductivity of the donor-acceptor charge-transfer complex TTF-TCNQ [32],
where electrons and electron holes are separated and concentrated in the stacks and can traverse
along the TCNQ and TTF columns, respectively, when an electric potential is applied to the
ends of a crystal in the stack direction. It was shown [33] that ion-paired species formed between
water-soluble cationic and anionic porphyrins undergo very fast and efficient photo-induced
charge separation, with the cationic porphyrin being reduced and the anionic one oxidize, which
may support an electron-donor-acceptor charge-transfer complex mechanism for the
photoconductivity of the porphyrin nanostructures.

Investigations of the electronic properties of porphyrin tectonic matter can help in
understanding and utilizing the electronic transport in these nanoscale materials for the
development of biomimicking nanoarchitectonics in the fields of photo(electro)catalysis [34-
38], sensors [39, 40], and organic photoconducting materials [41-43]. In this regard, we report
on the self-assembly, morphological, spectral, and photoconductivity properties of binary
nanostructures in  the system of water-soluble porphyrins:  meso-tetrakis(4-

sulfonatophenyl)porphine and Co(l11) meso-tetra(4-pyridyl)porphine chloride.

2. Materials and Methods

2.1. Materials. Hydrochloric acid, potassium nitrate, acetone, isopropanol, and ethanol
were purchased from Sigma-Aldrich. Meso-tetra(4-sulfonatophenyl)porphine dihydrochloride
(H4aTPPS?) and Co(l11) meso-tetra(4-pyridyl)porphine chloride, Figure 1, were purchased from
Frontier Scientific and used as received. All solutions for syntheses were prepared using
deionized water and adjusted to the desired pH with HCI and NaOH.
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Figure 1. Schematic structure of HsTPPS? and CoT(4-Py)P.

2.2. Characterization methods. Scanning electron microscopy (SEM) was performed
on a Gemini 1550 VP, Carl Zeiss, Jena, Germany. Samples for SEM were prepared by pipetting
50 uL of the precipitate onto a Si-substrate. The samples were allowed to dry for 12 hours,
washed with 0.01 M HCI, then water and allowed to dry. EDX analysis was perfomed on JEOL
840 A. Transmission electron microscopy (TEM) was performed on a FEI Tecnai G2 F20
microscope operated at 200 kV. The UV/vis spectra of individual porphyrin solutions and
solutions with nanotubes were recorded with a PerkinElmer Lambda 900 spectrometer using a
quartz cuvette with a path length of 1 cm. Nanostructure precipitates for the elemental analysis
by NMR were obtained by centrifugation of the reaction mixture and drying the precipitates.
The ratio of S:N atoms was determined by NMR. The relative standard error was (2.5%).

2.3. Conductivity measurements. For conductance measurements, thin film Au
electrodes were used (50 nm thick Au film on a 10 nm Ti adhesion layer) with distances of 400
nm (electrode gap) between the contact electrodes, Figure S4. Interdigitated electrode arrays
with distances of 2 um between the electrodes were used to measure the photoconductance
dependence on the path length. The electrodes were fabricated by an electron beam lithography
on a Si-substrate with a 1 um silicon oxide layer (Si 525 um /SiO2 1 um /Ti adhesion layer 10
nm /Au 50 nm). Before pipetting the nanostructure solution, the electrodes were cleaned in
acetone, isopropanol, followed by treatment with oxygen plasma in the «Plasma system
FEMTO», at 100W, 0.8mbar. After that, ethanol and distilled water were used fot the final
washing stage. A solution of porphyrin nanostructures (2 uL) was dropped onto the electrodes,
the samples were left in the dark for 2 hours, rinsed with 0.01 M HCI, then distilled water and

dried for 24 h at room temperature. The conductance was measured using a Keithley 4200 SCS
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semiconductor analyzer system at an applied potential of 0.5 V in a two-probe current
measurement configuration. The thin-film gold electrodes were electrically contacted through
the bond pads using tungsten needles. The light source was a 150W xenon arc lamp with a 390-
630 nm visible light filter and AML1.5 filter (Oriel Instruments, Model No. 6255). The light
intensity of the beam focused on the sample was 25 mW cm as measured by a photodetector
(CAS140CT-154 Kompakt-Array-Spektrometer model UV-vis-NIR, Instrument Systems).

3. Results and Discussion

3.1. Characterization of the nanotubes morphology.

The porphyrin nanostructures were formed by mixing aqueous solutions of meso-
tetrakis(4-sulfonatophenyl)porphine, H.TPPS*/H,TPPS%, and Co(lll) meso-tetra(4-
pyridyl)porphine chloride, CoT(4-Py)P, Fig. 1. A mixture of equal volumes of HsTPPS? (5.25
uM in 0.02 HCI) and CoT(4-Py)P (1.75 uM in water) was adjusted to pH 2. Although the green-
brown colloidal forms were observed immediately after mixing, the reaction mixture was left
undisturbed in the dark at room temperature for 5 days to complete the reaction of
nanostructures formation. Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), Fig. 2, 3 and Fig. S1, S2 demonstrate that the nanostructures are hollow
tubes with the open ends displaying a length of 0.2 to 1 um, an outer diameter of 30 to 80 nm,
and an inner diameter of about 17 to 35 nm. TEM investigation revealed the co-existence of

less-structured material layers along with the well-formed nanotubes.

=100 nm

Figure 2. SEM images of the HsTPPS?* - CoT(4-Py)P*" nanotubes.
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Figure 3. TEM images of the HsTPPS? - CoT(4-Py)P*" nanotubes.

For comparison, much narrower nanotubes created by the self-assembly of HsTPPS*
with an outer diameter of about 15 nm are shown in Fig. S3 and are characterized by a sharp
red-shifted band at 490 nm and its characteristic small bandwidth typical of the J-aggregates
together with a band at 706 nm in a Q-region with respect to the transition energy of monomers,
Fig. 4A. This type of interaction is characteristic of the HsTPPS? molecules self-assembling
into the slipped face-to-face columnar arrangements, which form very thin nanotubes.
Formation of J-aggregates in the HsTPPS? - CoT(4-Py)P*" system is confirmed by the
absorption spectrum with characteristic bands at A = 494 nm and A = 709 nm, Fig. 4A. The J-
band of H4sTPPS? - CoT(4-Py)P** is broadened and slightly red-shifted in comparison to the



spectrum of H4sTPPS? aggregates. Additionally, increase of the absorption of the H4TPPS? -
CoT(4-Py)P*" nanostructures in a Q-band region of CoT(4-Py)P*" monomer at 552 nm is
observed in comparison with the absorption of the nanotubes created by the self-assembly of
HsTPPS?" In contrast to the thin HsTPPS? nanotubes, the HsTPPS* - CoT(4-Py)P*
nanostructures form more continuous surfaces, when deposited on the substrates, for the study
of the photoconductivity, as it is described in section 3.2.

EDX analysis confirmed a presence of both porphyrin tectons (sulfur and cobalt) in the
nanostructures. In our study, analysis of the ratio of the porphyrins in the nanostructures by the
Job plot [44], Fig. 4B, indicates a HsTPPS? : CoT(4-Py)P*" molar ratio of 3:2 to 2:1 (a smooth
molar fraction region about 0.6). A ratio of about 2:1 was confirmed by the NMR analysis as
well. This ratio is a result of the neutralization of a net positive charge on the protonated CoT (4-
Py)P** (protonated pyridyl groups) and cationic centers of HyTPPS? by the anionic groups of
H4TPPS?. The formation of close molecular packing of porphyrin molecules and molecular
aggregates may occur by the synergistic combination of different intermolecular interactions
including ion organization by electrostatic interactions (6-20 kJ mol™?), n-r interaction (40 kJ
mol™) arranging aromatic rings in three face-to-face arrangements, hydrogen bonding (4-40 kJ
mol?), and weaker van der Waals interactions (0.4-4 kJ mol?), and may therefore lead to
various 1D- to 3D-geometries [9, 45, 46]. Shelnutt's group [17] reported that the formation of
porphyrin nanotubes in the system of HsTPPS? : Sn(IV)TPyP** (~2.4:1 mol/mol) was critically
dependent on the pH, as the charge balance of the ionic tectons depends on their protonation
state. Acidic environment (pH=2.0) provided [47, 48] the required protonated pyridyl groups
of SnTPyP* (pKa=5.2 for pyridine), partially dissociated sulfonato-groups (pK.=2.6 for
benzenesulfonic acid), and protonated centers of HsTPPSZ below pH 4 (pKa 4.9) for the
formation of nanostructures. It is interesting to note that replacing a cationic center of HyTPPS?
with a metal, e.g., Co(lll), collapses the nanotubes into the network-like nanostructures of
Sn(IV)TPPS-Co(III)TPyP [7], where opposite charges on peripheral groups were involved. The
atomic ratio Sn:Co in Sn(IV)TPPS-Co(lI1)TPyP nanostructures was 1:1.15 and 1:3 for the
samples prepared at pH 2.7 and pH 4.8, respectively [7]. As these ratios are the result of the
neutralization of porphyrin cations and anions, pH is a key factor influencing the electrostatic
interaction of the tectonic couples. Therefore, in the system under study a larger number of

H4TPPS? tectons presents to neutralize positive charges.
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Figure 4. (A) The absorption spectra of HsTPPS* with the J-aggregates prepared from

H4TPPS? at pH 0.7 after 5 days (green), and nanostructures of HsTPPS? - Co(lI1)T(4-Py)P*",

prepared at pH 2 after 5 days (brown). The samples were acidified with HCI. (B) Job plots for

493 nm (full square) and 709 nm (open square) in Klark-Labs buffer, pH 2.

3.2. Photoconductivity

Porphyrin nanostructures may demonstrate some degree of conductivity [19, 20, 22-27,
49-51] due to intermolecular transfer or delocalization of the excitation energy in their
nanostructures, which generates photoconductance. Most studies so far have dealt with the J-
aggregate nanorods self-assembled from metal-free porphyrins [23-28] as it was discussed in
the introduction section. Frenkel exciton transport was also extensively studied and discussed
in the tubular J-aggregates of the H4TPPS? self-assembly [30, 52, 53]. Shelnutt et al. [6]
observed photoconductance of metalloporphyrin binary nanostructures of ZnTPPS* - SnT(N-
EtOH-4-Py)P*" and explained this by applying the charge-transfer exciton theory [6, 45]. This
implies the existence of a configuration comprising the hole and the electron on different
molecules, which are charge carriers at the applied potential. Systems were also reported in
which the charge carriers exhibit both metal and ligand properties and were able to move
between the metal and the macrocycle as well as between one molecule and its neighbor along
a conducting metallomacrocycle stack [54].

These hypotheses may explain the existence of photoconductivity in the nanostructures
of the H,TPPS? - CoT(4-Py)P*" system. Photoconductance measurements of the HsTPPS?" -
CoT(4-Py)P*" nanostructures were performed in the absence (dark current) and presence of
illumination by visible light, Fig. 6. The nanostructures were applied to the surface of the
electrode arrays (see experimental and Fig. S4 for details) by drop casting and subsequent

washing and drying steps. Upon switching on the light, about a 10-fold increase in the current,
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a photocurrent, at 0.5 V is observed compared to the dark current over the 400 nm distance
between the contact electrodes (electrode gap), Fig. 5 A. The photoconductivity of the
nanostructures was thus found to be (5.1+1.3)x10° S m? (n=5). We consider the
photoconductivity thus found as the apparent photoconductivity, since the light excitation of

the upper and the lower layers of the sample might be different.
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Figure 5. (A) Photocurrent of the HsTPPS? - CoT(4-Py)P*" porphyrin nanostructures on the
electrodes with a 400 nm gap. (B) dependence of the photocurrent of the HsTPPS? - CoT(4-
Py)P** porphyrin nanostructures on the distance between interdigitated electrodes, Vapp=0.5 V.

The dependence of the photocurrent on the path length, Fig. 5 B, was determined using
an interdigitated electrode array and demonstrated a clear dependence between a photocurrent
of the porphyrin nanostructures on the electrode distances with the photocurrent decreasing

over the um distances.

Table 1. (Photo)conductivity of porphyrin nanostructures.

Porphyrin NS Conductivity, 6, S m* Reference
P(V)-porphyrin-oligothiophene polymers® 1.2x107 - 5.1x10° [55]
Tetraphenylporphine (TPP) film[®! 1.5x1077 [19]
TPP nanodots by self-assembly measured by the 0.046 [31]

conductive-probe AFMI®]




Charge-transfer complexes of Lanthanide(l11) 8x1073 [49]
bis(porphyrin) sandwiches and Zr(IV) bis(porphyrin)

sandwichesld!

TPyP:TSPP crystalline rods!®! 9 3x10°8 [27]
TMPyYP:TSPP crystalline rods!" 4.0x1071 [26]
Sn(IV)TPPS-Co(111) T(4-Py)PL! 6x1077 [7]
HaTPPS% - Co(ll1) T(4-Py)P*+ [dl 5x107° this work

8 conductivity value is given. The conductivity was enhanced by the photoirradiation. In the case
of photoirradiation by 500 W Xe lamp through UV and IR cut-off filters, the enhancement was
greater than threefold [55]; ! crystalline films measured in vacuum; [l the size of nanodots
corresponded to ca. 5-7 layers of porphyrin. The conductivity along the vertical direction of the
nanodots was measured; [ conductivity; (] 405 nm, 10 kW m, 2 V bias; [1 445 nm, 10 kW m?;
9l visible light, Xe lamp, 0.25 kW m, 0.5 V bias.

The temperature dependence of the photoconductivity of the nanotubes displayed metal-
like (do/dT<0) behavior of the changing current with increasing temperature, Fig. 6. This metal-
like behavior is similar to the photoconductivity of Sn(IV)TPPS-Co(lll)T(4-Py)P
nanostructures [7] and might be due to electron-hole recombination or overcoming the energy
of different types of intermolecular interactions and increased disorder with increasing
temperature. Unfortunately, there is no consistent theoretical explanation for the conductance
of similar systems, the temperature dependence, and, in particular, insufficient data are
available on the carrier nature and properties for the (metallo)porphyrin nanostructures.
Metallic behavior of the conductance (do/dT<0) was found ina TTF/TCNQ 1:1 donor-acceptor
complex in a narrow temperature range [32], single-crystal (SN)x [56, 57], and stacked metallo-
macrocycles (porphyrins and phthalocyanines) in the presence of an iodine acceptor [21, 54].
In our study, the presence of the iodine acceptor induced by treatment with 1> vapor for 1.5 h
resulted in an increase of the dark conductance as measured in a chemiresistor sensing mode
[58], Fig. 6 B.
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Figure 6. Dependence of the visible light apparent photoconductivity of the HsTPPS? -
CoT(4-Py)P* nanostructures on A - temperature and B - I, treatment, Vapp=0.5V.

The apparent photoconductivity of this system is thus essentially higher than the
apparent photoconductivity found previously for the Sn(IV)TPPS-Co(lI)T(4-Py)P
nanostructures of 6x107 S m™[7], Table 1, and is close to the photoconductivity of the HsTPPS
- Sn(IV)TPyP nanostructures, which have recently been prepared and are under study in our
laboratory. The photoconductivity is comparable with the photoconductivity of the PV
porphyrin(electron acceptor)-oligothiophene(electron donor) polymer wires [55], Table 1. In
the case of HsTPPS? - CoT(4-Py)P*" (this work), HsTPPS? - SnTPPyP, and Zn/Sn cloves
(photoconductivity was not quantitatively estimated [6]), the nanostructures demonstrate J-
aggregate absorbance bands near 490 nm and 706 nm, while SnTPPS-CoT(4-Py)P*
nanostructures do not exhibit these bands [7], which might be due to the longer intermolecular
distances or weaker intermolecular interactions. This might explain the higher
photoconductivities in the first two systems due to exciton delocalization [6, 30]. The data are
in agreement with the generally low conductivity of the porphyrin molecules, which occupy an
intermediate position between semiconductors and insulators [20]. Further fundamental
investigations would be necessary to elucidate the details of the mechanism of
photoconductivity in porphyrin nanostructures incorporating metalloporphyrin with a central

metal such as Co(lll), which readily participates in redox reactions.

Conclusion.
Molecular self-assembly of meso-tetrakis(4-sulfonatophenyl)porphine and Co(lll)
meso-tetra(4-pyridyl)porphine chloride has been shown to be an effective strategy for the easy

preparation of binary porphyrin nanostructures exhibiting photoconductivity over um distances.
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A metal-like dependence of the photoconductance on temperature and dependence of the
photocurrent of the porphyrin nanostructures on the pum electrode distances was demonstrated.
The tunable characteristics of porphyrin nanoarchitectonics due to the great variability of their
electronic and steric characteristics give raise to interest in investigating the self-assembled
porphyrin nanostructures from the point of view of photo-induced energy and charge transfer

as well as exciton engineering in materials according to structure.
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