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Solution-vapor annealing of drop-cast thin films of meso-5,10,15,20-tetra-n-decylporphyrin H,T(C;oH»;)4P deposi-
ted on SiO, substrate and quartz leads to the formation of well-defined self-assemblies. Their self-assembling properties
in n-hexane vapor and chloroform vapor were comparatively investigated by scanning electron microscopy (SEM),
X-ray diffraction (XRD) technique, and IR and UV —vis spectroscopy. Intermolecular 77—z interaction in cooperation
with the van der Waals interaction of metal free porphyrin and solvent—solute interaction leads to the formation of
microleaves and microtube dendrites in n-hexane vapor and chloroform vapor, respectively. Electronic absorption
spectroscopic data on the self-assembled microstructures reveal the J-aggregate nature in both the microleaves and
microtube dendrites. However, the difference in the shift of the Soret and Q bands for the two kinds of aggregates
relative to corresponding solution absorption bands indicates the dependence of the solvent—porphyrin molecular
interaction during the annealing self-assembly process, which counterbalances the intermolecular interactions,
particularly the hydrophobic interaction between side chains. IR and XRD results clearly reveal the higher molecular
ordering nature of microtube dendrites than that of microleaves, further confirming the effect of the solvent on tuning
the intermolecular interaction and in turn the molecular packing mode in aggregates of porphryin compounds. The
present results appear to represent the first example of orderly micrometer-sized tube junctions and dendrites of
porphyrin prepared through a self-assembly process, providing an effective and new method toward the synthesis of
complicated nanotubular structures. In addition, micrometer-sized leaves and tube dendrites were revealed to show
good semiconductor features. Highly reproducible and sensitive gas response characteristics have also been observed in

these microstructures.

Introduction

Various kinds of micro- and nanotubes have attracted increas-
ing attention since the discovery of carbon nanotubes (CNTs) by
Iijima in 1991 owing to their attractive diverse potential applica-
tions ranging from nanoelectronics to biomedical devices.'?
Recently, much more research interest has been given to nano-
tubes formed from a variety of materials including Cg, metals,
inorganic compounds, and polymers prepared using different
preparation methods including hydrothermal synthesis, self-
assembly, surfactant-assisted synthesis, and template synthesis.*~°
In fact, the vessels in the bodies of animals and in plants are also
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composed of tubes, and their junctions often exist in a dendritic
morphology.” Nevertheless, nanotube junctions as well as indivi-
dual nanotubes have been revealed to play a key role in nanoelec-
tronic devices.® With this aim in mind, carbon nanotube junctions
prepared by chemical vapor deposition (CVD), template path-
way, and by joining two individual nanotubes were investigated.”

On the other hand, tetrapyrrole derivatives including porphyr-
ins and phthalocyanines have been extensively and intensively
investigated as advanced molecular materials.'"’ This class of
compounds usually exhibits strong 7—s intramolecular interac-
tion, resulting in intriguing electronic and optical properties and
potential applications as gas sensors and organic field-effect
transistors (OFETs)."! Among all the related investigation
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Scheme 1. Molecular Structure of H,T(C;oH3¢)4P

toward applications, one focus is the fabrication and prepara-
tion of designable assemblies and nano/micromaterials.'>~'
Recently, a composite porphyrin nanotube was produced by
electrostatic force between two oppositely charged monomeric
porphyrin compounds, for which the photocatalytic activity to
reduce aqueous metal cations was also demonstrated."> Accord-
ing to Miillen and co-workers, nanotubes of monomeric naphtha-
locyaninato nickel complex were also successfully fabricated by a
template method.'™ These results seem to represent the most
important achievement toward utilization of porphyrin/phthalo-
cyanine nanotubes.'*®!*!® Although micro- and nanotubes of
porphyrins have been prepared by template synthesis'” and self-
assembly procedures,'® reports concerning the micro- or nano-
tube junctions, especially complicated junctions with dendritic
morphology, remain rare.

In the present article, we describe the preparation and char-
acterization of microleaves and microtube dendrites and their
junctions of metal free meso-5,10,15,20-tetra-n-decylporphyrin,
H>T(CioH»1)4P (Scheme 1) prepared using a self-assembly pro-
cess for the first time.

Experimental Section

Measurements. IR spectra were recorded as KBr pellets using
a Bio-Rad FTS-165 spectrometer with 2 cm ™' resolution. Elec-
tronic absorption spectra were recorded on a Hitachi U-4100
spectrophotometer. Scanning electron microscopy (SEM) images
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Figure 1. Electronic absorption spectra of metal free porphyrin in
CHCl; solution (solid line) and its microleaves from n-hexane-
vapor annealing (dotted line), microtube dendrites from chloro-
form-vapor annealing (dashed line) and drop-cast film (dash
dotted line).

were obtained using a HITACHI S-520 scanning electron micro-
scope. For SEM imaging, Au (1—2 nm) was sputtered onto the
substrate to prevent charging effects and to improve the image
clarity. Morphology examination by atomic force microscopy
(AFM) imaging was carried out on a Veeco Nanoscope Multi-
mode III SPM instrument with taping mode. X-ray diffraction
(XRD) experiments were carried out on a Rigaku D/max-yB
X-ray diffractometer. Substrates used in the present study were
successively cleaned with pure water, acetone, and ethanol.

Solvent-Vapor Annealing. The sample, typically a thin film,
was prepared by drop-casting a concentrated chloroform solution
of HyT(CoH»1)4P (6 mg/mL) onto SiO, or quartz substrate. The
solvent-vapor annealing was carried out in a desiccator having a
lid with a valve-controlled vent, which was connected to a vacuum
pump. About 30 mL of solvent in a beaker was put in the chamber,
followed by vacuum-pumping for about 5 min. The chamber was
then sealed by closing the vent, leading to saturation of the solvent
vapor inside the chamber. The sample was kept in the vapor
environment for 24 h to complete the annealing process. When
switching between different solvents, the chamber was cleaned by
repeated vacuum pumping (about three times) before putting in a
new beaker of solvent.

Device Fabrication. The Au electrodes were thermally eva-
porated onto the ordered microstructures by use of a micrometer-
sized Au wire as the mask. These electrodes have a channel length
(L) of 55 um. The current—voltage characteristics were obtained
with a Keithley 4200 semiconductor characterization system at
room temperature in air.

Chemicals. All reagents and solvents were used as received.
Metal free porphyrin with four n-decyl groups at the meso
positions of porphyrin ring, namely, H,T(C;oH,;)4P, was pre-
pared according to a literature procedure.'’

Results and Discussion

Electronic Absorption Spectra. The electronic absorption
spectrum of the porphyrin derivative HyT(CoH»)4P in CHCl3
was recorded, and the data are compiled in Table S1 (Supporting
Information) and Figure 1. As expected, H,T(C;oH»)4P shows
typical features of a metal free porphyrin compound in its
electronic absorption spectrum, revealing the nonaggrega-
ted molecular spectroscopic nature of this metal free porphyrin
compound in CHCls. In line with H,TPP (H,TPP = 5,10,15,20-
tetraphenyl-porphyrin),?® the absorption around 419 nm for
H,T(CyoH; )4P can be attributed to the porphyrin Soret band,
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while the four typical weak absorptions at 521, 557, 601, and 659
nm are attributed to the metal free porphyrin Q bands (Figure 1).
The electronic absorption spectra of the aggregates annealed in
chloroform and n-hexane vapor, respectively, of this compound
are also given in Figure 1, which are significantly different from
the spectrum of H,T(CioH»)4P dissolved in CHCl;. Obvious
band broadening was observed due to the effect of the closely
compacted molecular assembly. Unlike the drop-cast film with
only one broad Soret band, both the microleaves and microtube
dendrites show a split and broadened Soret band with the gravity
center at the lower energy side in comparison with the Soret band
of HyT(CoH;)4P dissolved in CHCI; probably due to exciton
coupling between the adjacent porphyrin units.>! Compared to
the chloroform solution spectrum, the absorptions of both
aggregates annealed in n-hexane and in chloroform vapor are
red-shifted, indicating the formation of J aggregates in the
molecular assembly of H,T(C;oH»;)4P due to the strong exciton
coupling.”? However, the shift degree of the Soret and Q bands in
the absorption spectra of the two kinds of aggregates of H,T-
(C1oHa)4P is different (Table S1 (Supporting Information) and
Figure 1), showing a dependence on the solvent—porphyrin
molecule interaction during the annealing self-assembly process,
which counterbalances the intermolecular interactions, particu-
larly the hydrophobic interaction between side chains.”® The
result suggests the significant effect of the solvent on the inter-
molecular interaction in the annealing self-assembly process of
the prophyrin compound. Further evidence comes from XRD
experimental results, SEM observation, and infrared spectro-
scopy as detailed below.

X-ray Diffraction Patterns. The microstructures were fab-
ricated by solvent-vapor annealing of the drop-cast thin films of
the compound. The internal structure of self-assembled micro-
structures was investigated by XRD analysis (Figure 2). As shown
in Figure 2A, in the low angle range, the XRD diagram of the
aggregates formed from n-hexane-vapor annealing shows a
strong refraction peak at 20 = 4.12° (corresponding to 2.14
nm) ascribed to the refraction from the (100) plane constructed by
the porphyrin layers. In addition, the XRD pattern displays two
well-defined peaks at the wide angle XRD pattern corresponding
to the distances at 0.63 and 0.31 nm that relate to the liquidlike
order of the peripheral alkyl chains and the stacking distance
between tetrapyrrole cores of neighboring monomeric molecules
along the direction perpendicular to the tetarpyrrole rings,
respectively.?*

As shown in Figure 2B, the XRD diagram of the aggregates
formed from chloroform-vapor annealing shows two strong
peaks at 2.14 and 2.45 nm, respectively, which are ascribed to
the refractions from the (100) and (001) planes related to the
distances between porphyrin columns.? These diffraction results
could be assigned to the refractions from a rectangular lattice with
the cell parameters of ¢ = 2.14 nm and ¢ = 2.45 nm. In addition,
the XRD pattern also displays four weaker higher order refrac-
tions at 1.06, 0.71, 0.53, and 0.43 nm, which are ascribed to
the refractions from the (200), (300), (400), and (500) planes,
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Figure 2. X-ray powder diffraction patterns of compound H,T-
(C1oHz21)4P: (A) microleaves from n-hexane-vapor annealing; (B)
microtube dendrites from chloroform-vapor annealing.

respectively, revealing the high molecular ordering nature of this
microstructure along the a-axis of the unit cell. It therefore could
be concluded that H,T(C;oH,;)4P molecules self-assemble to
form a higher ordered crystalline film with a unique internal
structure in the aggregates based on chloroform-vapor annealing
than that by n-hexane-vapor annealing, confirming again the
effect of the solvent on tuning the intermolecular interaction and
in turn the molecular packing mode in aggregates due to different
interactions between porphyrin and solvent molecules during the
annealing self-assembly process of this porphryin derivative. It is
worth noting that, in the wide angle region, the microstructures
formed from chloroform-vapor annealing also present an addi-
tional refraction at 0.31 nm due to the stacking distance between
tetrapyrrole cores of HoT(CioH,;)4P molecules along the direc-
tion perpendicular to the tetarpyrrole rings.*®

Morphology of the Aggregates. The morphology of the
aggregates was examined by SEM. Samples to be annealed were
prepared by drop-casting a 6 mg/mL chloroform solution
of HyT(CoH»)4P onto the surface of SiO, substrate or quartz.
The SEM images of aggregates of HyT(C;oH;;)4P are shown in
Figure 3. As shown in Figure 3C, depending mainly on the
intermolecular 7—s interaction in cooperation with the van der
Waals interaction, H,T(C;oH»;)4P molecules self-assemble into
one-dimensional (1D) microstructures with leaf morphology with
several micrometer long and 300—500 nm width after annealing in
the vapor of n-hexane. In combination with the UV—vis and
XRD analysis results, it could be proposed that the leaflike object
is formed by the porphyrin disks in a “side-by-side” arrangement
along the a-axis, which constructs the longitudinal direction of the

(26) (a) Kimura, M.; Muto, T.; Takimoto, H.; Wada, K.; Ohta, K.; Hanabusa,
K.; Shirai, H.; Kobayash, N. Langmuir 2000, 16, 2078-2082. (b) Kimura, M.;
Kuroda, T.; Ohta, K.; Hanabusa, K.; Shirai, H.; Kobayashi, N. Langmuir 2003, 19,
4825-4830. (c) Minch, B. A.; Xia, W.; Donley, C. L.; Hernandez, R. M.; Carter, C.;
Carducci, M. D.; Dawson, A.; O'Brien, D. F.; Armstrong, N. R. Chem. Mater. 2005, 17,
1618-1627. (d) Belarbi, Z.; Sirlin, C.; Simon, J.; Andre, J. J. J. Phys. Chem. 1989, 93,
8105-8110. (e) Kimura, M.; Wada, K.; Ohta, K.; Hanabusa, K.; Shirai, H.; Kobayashi,
N. J. Am. Chem. Soc. 2001, 123, 2438-2439.
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Figure 3. (A) Low-magnification field-emission scanning electron microscopy (FESEM) image of drop-cast film. (B) FESEM image of
drop-cast film at high magnification. (C) Low-magnification FESEM image of microleaves from n-hexane-vapor annealing. (D) FESEM
image of microleaves from n-hexane-vapor annealing at high magnification. (E) Low-magnification FESEM image of microtube dendrites
from chloroform-vapor annealing. (F) FESEM image of microtube dendrites from chloroform-vapor annealing at high magnification.

microleaves (Figure 4B). On the other hand, metal free porphyrin
molecules are stacked along the b-axis depending on the inter-
molecular 7—u interaction, leading to a separation between the
neighboring metal free porphyrin rings, 0.31 nm, which is

(27) Gao, Y.; Zhang, X.; Ma, C.; Li, X.; Jiang, J. J. Am. Chem. Soc. 2008, 130,
17044-17052.
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comparable with those reported for other porphyrins.?” The long
alkyl chains are interdigitated to hold the multilayer structure
along the c-axis, which is confirmed by IR spectroscopy as
detailed below. After annealing in the vapor of chloroform,
H,T(CioH,1)4P molecules self-assemble into microtubes
(Figure 3E). The outer diameter of the tubes decreases from 6.9
to 0.12 um along the longitudinal direction of the tube, and the

DOI: 10.1021/1a903141t 3681



Article

B

n-hexane
A T

C

chloroform
_h

Ma et al.

2 g

Figure 4. Schematic illustration of the proposed mechanism for the formation of microleave and microtube dendrites. (A) Space-filling
model of HyT(CoH;)4P. (B, C) Schematic representation of the microstructure wall. (D, E) Schematic representation of the microstructure.

Molecular layer of porphyrin disk (green) with N atoms (blue).

Figure 5. SEM images of microtube dendrites of compound H,T(C;oH3;)4P from chloroform-vapor annealing.

wall thickness is about 50 nm (Figure 5). The microtubes formed
from H,T(C,oH,;)4P display uniform orientation, suggesting
greater intermolecular order. This is favorable for the device
application in photovoltaics and field effect transistors.”® Two
submicrometer-sized tubes are often linked together to form
Y-junctions,”” which in turn construct more complicated

(28) Babel, A.; Jenekhe, S. A. J. Am. Chem. Soc. 2005, 125, 13656-13657.
(29) Guo, S.; Wang, E. Langmuir 2008, 24, 2128-2132.
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junctions, for instance, the dendrite composed of submicrom-
eter-sized tube branches. These are similar to the vessels in the
bodies of animals and in plants.” In addition, these submicro-
meter-sized tube dendrites further aggregate to form bigger
dendrites, in which each submicrometer-sized tube spreads out
from its root and acts as a branch. It is worth noting that the size-
as well as morphology-adjustable nano/microstructures are
highly desired for fabricating nano/microscale molecular (opto)-
electronic devices which often require a wide variety of channel

Langmuir 2010, 26(5), 3678-3684
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lengths to achieve the optimum gate or optical modulation. In the
vapor of chloroform, metal free porphyrin H,T(C;oH,,)4P forms
microtube dendrites with a curved 2D wall. The tubular object is
considered to be formed by the rolling up of a higher ordered layer-
by-layer crystalline film with a unique aggregate structure com-
posed of z-stacked H,T(CoH,;)4P (Figure 4). According to the
molecular structure and dimensions of H,T(C;oH;;)4P molecules,
the wall thickness of the tube dendrites, 50 nm, suggests a multi-
layer structure of the precursor tape. In addition, the long alkyl
chains are interdigitated to hold the multilayer structure. These
observations allow us to conclude that porphyrin disks form the
curved 2D wall as the self-assembling component and the long
alkyl chain parts cover the inner and outer surfaces of the curved
2D wall (Figure 4), in line with those reported previously.'**

IR Spectra. The IR spectra of the microleaves and microtube
dendrites being removed from the substrate are compared in
Figure S1 (Supporting Information). The microtube dendrites
showed CHS, stretching vibrations at 2918 cm ™' (antisymmetric
stretching frequency) and 2849 cm™' (symmetric stretching
frequency), which are almost the same as those reported,’!
indicating that the long alkyl chains are stretched to form a
multilayer tape via interdigitation.”> However, the microleaves
showed a shift of the IR peak position to higher wave numbers,
2923 and 2853 cm ™', indicating the relatively lower degree of
ordering of the long alkyl chains in this microstructure.*®

I—V Properties. The uniform well-defined H,T(C;oH»)4P
microleaves and microtube dendrites fabricated would be promis-
ing candidates for applications in electronic devices through the
combination of 7—z stacking interactions between large aromatic
planes with van der Waals interactions between the long alkyl
chains. To demonstrate the potentials of these microstructures,
these uniform well-defined microstructures were carefully pressed
onto two 55 um spaced Au electrodes, to measure their current—
voltage characteristics (Figure S2, Supporting Information).

Figures 6 and S3 (Supporting Information) show the current—
voltage (I— V) characteristics of microleaves, microtube dendrites,
and drop-cast films of H,T(C;oH,;)4P in the presence and absence
ofiodine vapor. For the devices measured, in the absence of iodine
vapor, the conductivity of the drop-cast film, the microleaves, and
the microtube dendrites extracted from the quasilinear region at
low bias (up to —350 V) was about 9.8 x 1077, 1.5 x 107, and
8.1 x 10°°S m™", respectively. The improved conductive cap-
ability of microleaves might be due to the 1D z—m stacking
structure which favors the conductivity through side-by-side
intermolecular s-delocalization, and the dramatically improved
conductive capability of the microtube dendrites might be due to
higher ordered crystalline molecular arrangement.

Chemical doping is usually used to tune the transistor property
of a conducting organic semiconductor.** As a result, dozens of
individual H,T(C;oH,;)4P drop-cast films, microleaves, and
microtubes were prepared to examine their semiconductivity
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1481-1483. (b) Yamamoto, Y.; Fukushima, T.; Suna, Y.; Ishii, N.; Saeki, A.; Seki, S.;
Tagawa, S.; Taniguchi, M.; Kawai, T.; Aidal, T. Science 2006, 314, 1761-1764.

(33) Nakanishi, T.; Ohtani, B.; Uosaki, K. J. Phys. Chem. B 1998, 102, 1571—
1577.

(34) Liu, W.; Cui, Z.-M.; Liu, Q.; Yan, D.-W.; Wu, J.-Y.; Yan, H.-J.; Guo,
Y.-L.; Wang, C.-R.; Song, W.-G.; Liu, Y.-Q.; Wan, L. J. J. Am. Chem. Soc. 2007,
129, 12922-12923.

Langmuir 2010, 26(5), 3678-3684

Article

-1.64

1243

Current (uA)
S

0.4

0.0

0 40 20 -30 40  -50
Bias (v)
160

5
8

-120

&
2

Current (pA)

°
8

-804

Current (pA)

40

0 40 20 30 40 50
Bias (v)

Figure 6. I—V curves measured on H,T(C;oH,;)4,P microleaves
(A) and microtube dendrites (B): undoped (dashed line) and doped
with iodine vapor for 15 min (solid line). Inset is the /—V curve of
undoped microstructures from 0 to —100 V.

changes after iodine doping. Iodine is a strong oxidative reagent
that is capable of obtaining an electron from the microstructures
through ground-state redox reaction (iodine, E~ —0.21 V, vs
SCE; H,T(CyoH»)4P, ESx= 40.84 V, vs SCE). Under an applied
bias, the doped electrons will rapidly migrate along the long axis
of the microstructures, leading to significant enhancement in
current. The conductivity of iodine-doped drop-cast films was
estimated at around 3.9 x 107° S m~', which is not improved
much compared with undoped ones, probably due to the low
order and connectivity of the films as can be seen from the SEM
images in Figures 3 and S5 (Supporting Information). However,
the maximal conductivity of microleaves and microtube dendrites
obtained with iodine dopings was estimated at around 7.9 x 10™*
and 7.1 x 1072 S m ™", respectively, which is an increase of about
3 orders and over 4 orders of magnitude in comparison with the
microleaves and microtubes without exposure to the saturated
vapor of iodine. It is worth noting that the conductivity of the
iodine-doped microtube dendrites is more than 1 order of
magnitude higher than that of undoped silicon,*® implying the
significant effect of the intermolecular interaction and the molec-
ular packing mode in aggregates associated with the solvent—
porphyrin molecular interaction on the conductivity of the
microstructures. These structures with such high current modula-
tion, along with the ultralong length, could be useful for a wide
range of electronic and sensor devices. The efforts to explore such
opportunities are underway.

Conclusion

Micrometer-sized tube junctions and dendrites of metal free
porphyrin were synthesized through a simple solvent annealing

(35) Serway, R. A. Principles of Physics, 2nd ed.; Saunders College: Fort Worth,
TX; London, 1998; p 602.

DOI: 10.1021/1a903141t 3683



Article

self-assembly process for the first time. This research provides a
new method to synthesize complicated nanotubular structures via
simple self-assembly. The formation of microleaves and micro-
tube dendrites shows solvent dependence. Micrometer-sized
leaves and tube junctions and dendrites show semiconductor
features, suggesting promising potential in nanodevice applica-
tions. Highly reproducible and sensitive gas response characteri-
stics were observed in these microstructures. The applications of
the dendrites arrays in sensors, photovoltaic cells, light-emitting
display devices, and field emission devices are being explored.
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erties, IR spectra of the compound in the region 2700—
3100 cm ™' with 2 cm ™! resolution, SEM images of the two-
electrode device fabricated, I—V curves measured on H,T-
(C1oH»1)4P drop-cast film, AFM images of drop-cast film,
SEM images of drop-cast film without solvent vapor
annealing, AFM images of microtube dendrites, SEM
images of microtube dendrites deposited for half a year,
electronic absorption data for H,T(C;oH;)4P in CHCl;
and their self-assemblies annealed in solution vapor
at quartz, and half-wave redox potentials of H,T-
(CioH»1)4P in CH,Cl, containing 0.1 M TBAP. This
material is available free of charge via Internet at http://
pubs.acs.org.
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