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Soft organic nanomaterials have great potential for diverse
applications including controlled-release drug delivery,
scaffolds for tissue engineering,™? flexible field-effect tran-
sistors,[** light-emitting devices, and memory devices® on
account of their high biocompatibility, optical/electrical
properties, and physical flexibility. Among the various
candidate unit molecules for organic nanomaterials, porphy-
rin and its derivatives are of special interest as they possess
well-defined m-conjugated electronic systems from chloro-
phyll units” that are exploitable for artificial light harvest-
ing,®! electronic memory or switch devices, and optical
devices.”'”! Considering that such properties can be tuned
by the way in which porphyrin molecules assemble, it may be
expected that new or dramatically enhanced properties can be
granted by concisely defining the macroscopic structures of
porphyrin molecules.

To date, porphyrin derivatives have been synthesized in
the form of films,'"'? nanowheels,!"¥) nanowires,'*'*! nano-
belts,'”*® and nanotubes!"?! by various synthetic methods.
Among these, 1D porphyrin nanostructures are of special
interest, not only because they are beneficial as a smart
template for diverse shape-mimicked 1D inorganic nano-
structures,*?®! but, more importantly, because their electri-
cal and optical properties can be incorporated into viable
devices using conventional fabrication processes.'®! Thus, an
acquirement of new 1D porphyrin nanostructures alongside
the aforementioned structures is desirable for the fundamen-
tal understanding of their properties as well as the realization
of diverse potential applications. Herein, we report an
unprecedented highly crystalline rectangular nanotube
(RNT) structure of metal-free 5,10,15,20-tetra(4-pyridyl)por-
phyrin (H,TPyP) synthesized by a vaporization—condensa-
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tion—recrystallization (VCR) process. The VCR process is a
modified vapor-solid (VS) process, by which single-crystal-
line 1D m-aminobenzoic acid helical nanobelts and 2D Cg,
nanodisks have been synthesized in high yields.”>?! The VCR
process assures high crystallinity, since it induces recrystalli-
zation-based self-assemblies of organic unit molecules with
externally provided thermal energy, and avoids the need for
solvent molecules.

The formation of H,TPyP RNTs was initiated by placing
H,TPyP powder in the center of a horizontal furnace heated
at 450°C in an argon atmosphere. The H,TPyP RNTs formed
readily after 30 min on a carbon-coated Si(100) substrate
placed at the end region of the furnace, where the temper-
ature had naturally lowered to 350°C (Figure 1a and Fig-

Figure 1. Morphologies and crystal structures of tetra(4-pyridyl) por-
phyrin rectangular nanotubes (H,TPyP RNTs). a) Cross-section SEM
image of as-grown H,TPyP RNTs on a carbon-coated Si(100) substrate.
b) High magnification SEM image of H,TPyP RNTs showing hollow
spaces with rectangular cross-sections. c) Unit cell of a H,TPyP RNT.
d) and e) TEM images of H,TPyP RNTs showing (100) and (001) faces,
respectively. f) and g) Selected-area electron diffraction (SAED) pat-
terns obtained from (d) and (e), respectively. Insets are corresponding
simulated SAED patterns. Arrows 1, 2, and 3 indicate directions from
the center (000) to (110), (200), and (002), respectively.

ure S1 in the Supporting Information). For the high-yield
synthesis of H,TPyP-RNTs, the flow rate of Ar gas was set at
100 standard cubic centimeters per minute (sccm). Notably,
the H,TPyP powders started to vaporize at 450°C, as
confirmed by thermogravimetric analysis (TGA, Figure S2
in the Supporting Information). Most of RNTs, which were
hollow with rectangular cross-sections, grew vertically against
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the substrate surface (Figure 1a and b). The average width,
height, and wall thickness of RNTs are approximately 700,
350, and 55 nm, respectively, whereas the length exceeds
10 yum when they are grown under the aforementioned
conditions. The population of perfectly square tubes is
extremely low, which means that the ratio of height to width
for most of the RNTs is greater than one and ranges up to 22,
although for roughly 90 % of the RNTs, the ratio is between
two and four. In addition, the average aspect ratio of length to
width is 40, ranging from 2.7 to 500. The RNTs have quite
varied widths, heights, and wall thicknesses because they are
grown by recrystallization-based self-assembly from their
condensates of which sizes are somewhat irregular. However,
the overall size of the RNT is controllable to some extent as it
is inversely proportional to the flow rate of Ar carrier gas. For
example, large H,TPyP-RNTs, with widths greater than
10 um and heights greater than 4 um, are obtained when the
flow rate of Ar carrier gas is lowered from 100 to 20-50 sccm.

To investigate the effect of substrates on the growth of
H,TPyP-RNTs, we carried out the reactions on various
substrates including glass, hydride-terminated Si(111),
highly ordered pyrolytic graphite (HOPG), and carbon-
coated Si(100). H,TPyP RNTs were grown well from all
these substrates with the highest yields from carbon-coated
Si(100) substrates (Figure S3 in the Supporting Information).
The relatively small influence of the substrate indicates that
the formation of H,TPyP condensates does not significantly
rely on the types of functional group on the substrate surface,
proving that the growth mechanism follows the VCR process.
A similar phenomenon was previously observed when m-
aminobenzoic acid helical nanobelts were formed by the VCR
process.”!

The detail structure of a H,TPyP RNT was resolved based
on single-crystal X-ray diffraction data and selected-area
electron diffraction (SAED) patterns. A H,TPyP RNT, 20 pm
in width and 5 pm in height, was examined using a synchro-
tron X-ray beam source. To avoid twinned diffraction patterns
originating from the front and back faces of the RNT, only a
single micrometer-scale face of RNT, with 1 um wall thick-
ness, was prepared by mechanically cutting the RNT along the
growth axis. H,TPyP-RNT has a monoclinic unit cell with a =
21.042, b =6.888, and ¢ =21.756 A and 8 = 90.37° (Figure 1c).
The detailed crystal data and results of the structure refine-
ments are summarized in Table S1 in the Supporting
Information.

The growth axis of a H,TPyP RNT was determined from
SAED patterns obtained from TEM experiments (Figure 1d-
g). As there are two possible faces represented on a TEM
grid, that is, wider and narrower faces that correspond to the
width and height, respectively, two kinds of SAED patterns,
corresponding to [100] and [001] zone axes, could be indexed.
The experimentally obtained SAED patterns matched well
with simulated ones (inset images in Figure 1f and g),** as
their distance ratios of (110):(200):(002) and (1):(2):(3) are
identical and the angle of (110)-(000)-(002) is equal to (1)-
(000)-(2). Since the ratio of width to height is greater than
one, the probability of the H,TPyP RNT lying on a wider face
is higher when samples are randomly deposited on a copper
TEM grid, which should result in more frequent findings of
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SAED patterns from the H,TPyP RNTs laid down on a wider
face. Indeed, similar SAED patterns to that in Figure 1 f were
observed for more than 90% of independently prepared
samples. Consequently, it can be concluded that the wider
face is (100), the narrower one is (001), and the growth axis of
H,TPyP RNTs is [010].

Based on the unit cell, growth axis, and crystallographic
planes of each face, a H,TPyP RNT model was constructed by
systematically packing the unit cells into three axes. Owing to
the computation power limit, a model representing a mini-
aturized RNT, 30 nm in width, 16 nm in height, and 2.1 nm in
wall thickness, was built up (Figure 2b).”! This model

b) £

Figure 2. a) SEM image of a H,TPyP RNT. b) Model of a H,TPyP RNT
built up with 420 unit cells according to the ratio of wall thickness,
width, and height of the H,TPyP RNT shown in (a); 15 along the ¢ axis,
8 along the a axis, and 10 along the b axis. A black box in the bottom-
left corner indicates a unit cell of a H,TPyP RNT. c)—e) Self-assembled
H,TPyP molecules along the ¢ (width), a (height), and b (length) axes,
respectively. C gray; H pale blue; N blue. The green, blue, and red
dotted lines indicate hydrogen-bonding, hydrogen—m, and si—m inter-
molecular interactions, respectively.

matches the dimension ratio of an experimentally obtained
H,TPyP RNT (Figure 2a). The key driving forces for the
growth of self-stacking unit cells into a rectangular tubular
structure are three intermolecular interactions independently
applied along the c, a, and b axes: 1) Packing of H,TPyP
molecules along the ¢ axis (width) involves hydrogen-bonding
interactions between a hydrogen atom and a nitrogen atom of
two pyridyl groups (N-H 2.662 A; Figure 2c). 2) Packing of
H,TPyP molecules along the a axis (height) involves hydro-
gen bonding (N-H2.429 A) and a displaced n—n stacking
interaction (centroid—centroid 3.385 A) among four m elec-
trons in pyridyl rings (Figure2d). 3) Along the b axis
(length), two intermolecular interactions influence the pack-
ing: hydrogen bonding between a hydrogen atom in the
pyridyl group and a nitrogen atom in the core part of H,TPyP
molecules (N-H 2.671 A), and a hydrogen—m intermolecular
interaction between a hydrogen atom in the pyridyl group and
7t electrons on a carbon atom in the core part of H,TPyP
(H-m 2.803 A; Figure 2e).
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To investigate the mechanism of the formation of hollow
space in H,TPyP RNTs, the growths of RNTs was examined
at various reaction times (Figure 3). At the earliest stage of
the VCR process, two minutes after the vaporization temper-
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Figure 3. Transformation of morphology of H,TPyP RNT from conden-
sates, through rod shape, to hollow tubular structures. a) Morpholo-
gies of H,TPyP condensates after reaction for 2 min; b) 5 min;
c) 10 min; d) 15 min; e,f) 30 min after the reaction temperature
reaches 450°C. The scale bars indicate 1.5 um.

ature reached 450°C, H,TPyP condensates of various sizes
were found on the substrate, none of which were RNTs. The
substrate temperature at this point was 350 °C. After a further
five minutes reaction time, vertically grown H,TPyP rods has
formed, implying that the growth of H,TPyP RNTs originates
from its rod form. After 10-30 minutes, half-filled and half-
tubular structures were formed. Such rod-tube heterostruc-
tures are a result of the uneven adsorption rate of H,TPyP
monomers on the outside and inside of the rod, resulting in
the growth of thin walls to form tubes at a higher rate than the
piling rate to form rods. The tube/rod length ratio became
significantly higher after 30 minutes, yielding a high popula-
tion of H,TPyP RNTs. Under the conventional reaction
conditions, the average yields of RNTs and rods are 65%
and 35%, respectively, as determined using an inverted
optical microscope in bright fields. Such a preferred adsorp-
tion of precursor molecules on the edge of a growing
nanostructure is energetically favorable® and has been
considered a key mechanism supporting the formation of
iridium nitride nanotubes®” and tellurium tubular struc-
tures.*

In summary, H,TPyP molecules were selectively grown
into single-crystalline rectangular nanotube (RNT) structures
by the VCR process. The systematic assembly of H,TPyP
molecules into three axes, induced by hydrogen bonding,
hydrogen—m interactions, and m—m interactions,” results in
the formation of rod structures at an early stage, and
eventually to rectangular tubular structures at later growth
stages. Whereas previously reported 1D porphyrin nano-
structures are composed of metalloporphyrins, non-metal-
loporphyrin H,TPyP RNTs are especially attractive for the
radical tuning of their electrical and optical properties, since
the empty metal sites can be simply tailored with various
metal ion species by simple post-treatments, such as ion-
exchange,*** or by cocrystallization with functional com-
pounds.”* ! We also believe that H,TPyP RNTs may lead to
the development of new sub-micrometer-scale organic opto-
electronic devices, with both optical cavities and electron-
transport capabilities.®
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Experimental Section

Synthesis of tetra(4-pyridyl)porphyrin rectangular nanotubes
(H,TPyP RNTs):  5,10,15,20-Tetra(4-pyridyl)porphyrin  (H,TPyP,
97 %) was purchased from Sigma—-Aldrich. H,TPyP powder (0.04 g,
0.065 mmol) was placed in the middle of quartz tube, with solid
substrates located at the end region of the tube. The tube was then
placed in a horizontal tube furnace system (Figure S1 in Supporting
Information). Prior to reaction, the inner atmosphere of the quartz
tube was flushed with pure Ar gas (99.999%) at a flow rate of
100 sccm. Under the Ar atmosphere, the quartz tube was heated from
room temperature to 450°C at a rate of 61 °Cmin ' and maintained at
450°C for 40 min.

Characterization: The morphologies, product yields, and the
growth axis were characterized by scanning electron microscopy
(SEM, FEI XL30S) and transmission electron microscopy (TEM,
Philips CM200). Au was sputtered on H,TPyP RNT samples for SEM
measurements. Samples for TEM studies were prepared by soaking
original substrates containing as-grown H,TPyP RNTs in water to
remove them from the substrates. The RNTs floating on the water
surface were then transferred onto carbon-coated copper grids using a
glass pipette. Thermogravimetric analysis (TGA) measurements were
carried out using a Seiko TG/DT analyzer (Model EXSTAR 6000
TG/DT, Tokyo, Japan). For TGA experiments, samples were loaded
into an aluminum pan and heated from room temperature to 800 °C at
a rate of 10°Cmin~".

X-ray crystal structure determination: X-ray diffraction data of
H,TPyP RNT were collected from a single H,TPyP RNT, 30 pm in
width and 10 um in depth, at 190 K. A synchrotron radiation (A=
0.75000 A) source was equipped with an ADSC Quantum 210 CCD
diffractometer at the Macromolecular Crystallography Wiggler
Beamline 4A, Pohang Accelerator Laboratory (PAL), Pohang,
Korea. Data reduction and adsorption correction were carried out
using the HKI.2000 programs.”” The Bruker SHELXL programs
were used for structure solution and refinement.s !
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