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Nanotubes of sandwich-type mixed (porphyrinato)(phthalocyaninato)europium(lll) double-dedlas; H
(TCIPP)[Pc@-OC4Ho)g]} [TCIPP= 5,10,15,20-tetrakis(4-chlorophenyl)poprhyrinate;cR&CsHo)s = 1,4,8,-
11,15,18,22,25-octakis(1-butyloxy)phthalocyaninate] were fabricated by using nanoporous anodized aluminum
oxide (AAO) membrane as the template. The tubular structure was investigated by field emission scanning
electron microscopy (FESEM), transmission electron microscopy (TEM), high-resolution transmission electron
microscopy (HRTEM), and U¥visible spectroscopy. It was found that the outer diameter of the nanotubes
was matched with the pore diameter of AAO membrane very well. HRTEM micrographs reveal that the
walls of the nanotubes have orderly layered structure and the distance between the adjacent layers is 0.58
nm, which agrees well with the size (thickness) of one double-decker molecule, indicating that the nanotubes
are supramolecular structures formed from the double-decker molecules dtertimteraction between the
macrocycles. UV-vis spectroscopic results of the nanotubes also confirmed the formation of J-aggregates of
the complex molecules, consistent with HRTEM investigation results.

Introduction

Various kinds of nanotubes have been prepared since the
discovery of carbon nanotubes by lijima in 1991 owing to their
excellent mechanical, electrical, and thermal propettiRe-
cently, much more research interest has been induced into
nanotubes formed from a variety of materials including, C
metals, inorganic compounds, and polyners. Different

preparation methods such as hydrothermal synthesis, self- N:
assembly, surfactant-assisted synthesis, and template synthesis : N 0™~
. . ~N~—~_—-0 4 ' N=—
were used to prepare these nanotubkess worth noting that, N N @
. N
among these methods, the template synthesis pathway has o o —~___
X . . : o
attracted much attention due to its versatility. Furthermore, in H/

the template synthesis method, alumina membranes are usually
employed as templates to pr'oduce. various klnds'of nanOtUbesFigure 1. Schematic molecular structure of the double-decker complex
due to their tunable pore dimensions over a wide range of H{ Eu(TCIPP)[Pog-OCsHo)g]} .

diameters (7300 nm), narrow pore size distribution, and good

thermal and mechanical stability.

Porphyrin/phthalocyanine complexes, in particular their sand- horphyrin compounds, for which the photocatalytic activity to
wich-type rare earth compounds, have been extensively andreqyce the aqueous metal cations was also demonstfated.
intensively investigated as advanced molecular matefitss According to Millen and co-workers, nanotubes of monomeric
class of complexes, with either a double- or a triple-decker paphthalocyaninato nickel complex were also successfully
molecular structure, usually exhibits stramg s intramolecular fabricated by a template methét These results seem to
interaction, resulting in intriguing electronic and optical proper- epresent the most important achievement toward utilization of
ties and potential applications as gas sensors and organic ﬁeld'porphyrin/phthalocyanine nanotub@s1L13However, to the best
effect transistors (OFET$)Among all the related investigations of our knowledge, nanotubes composed of sandwich-type
toward applications, one of the focuses is the fabrication and o phryinato/phthalocyaninato rare earth complexes have not
preparation of designable assemblies and nanomat®riéls. vt peen reported. It is therefore of interest to fabricate sandwich

Recently, a composite porphyrin nanotube was produced by o rohryinato/phthalocyaninato rare earth complexes into nano-
electrostatic force between two oppositely charged monomeric ;,nas with special structures and functionalities.

- I In the present paper, we describe the preparation and
* Corresponding author. E-mail: jzjiang@sdu.edu.cn. R . .
t Shandong University. characterization of nanotubes of a sandwich-type mixed (por-
*Jinan University. phyrinato)(phthalocyaninato)europium(lll) double-deckeffEH-
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Figure 2. Aligned nanotubes of the double-decker complex generated
within alumina membrane after immersion for 4 days. SEM images:
typical side view (a) and top view (b). TEM image (c).

(TCIPP)[Pc(t-OC4Hg)g]}, fabricated using nanoporous anodized ] o
aluminum oxide (AAO) as template. Figure 3. TEM (a) and SEM (b) images of individual nanotube

generated within alumina membrane after immersion for 4 days; (c)
SEM image of the same nanotube generated within alumina membrane

Experimental Section after immersion for 12 h.

Materials. The mixed (porphyrinato)(phthalocyaninato)-
europium double-decker compound {EU(TCIPP)[Pog-
OC4Hy)g]}, Figure 1, was prepared according to published
proceduré? Porous anodized alumina oxide (AAO) membranes
were purchased from Whatman Co. (Gén thickness); the
average pore size of the membrane was 200 nm (evaluated by
scanning electron microscopy, SEM). Tetrahydrofuran (THF) &
was purchased from Tianjin Chemical Co.

Preparation of Nanotubes. The AAO membrane was
cleaned for 10 min in an ultrasonic bath using solvents of
different polarities including water, ethanol, acetone, and §
chloroform. After being dried in a vacuum, the clean membrane g
was immersed into the THF solution of double-decker complex &
of 5.0 mg/mL concentration for several hours and dried again
in a vacuum; it was then immersed in aqueous solution of NaOH &
(3 mokL™1) to remove the AAO membrane. The template-free
sample was washed with double-distilled water, dried in a |
vacuum, and submitted to various kinds of microscopic and "
spectroscopic measurements.

Characterization. The template-free sample was dispersed
in water. A drop of the sample solution was put on a carbon- = . % i _ :
coated copper grid and dried in a vacuum at room temperature xﬁ oy s '}zg o, Fe ]
overnight for transmission electron microscopic (JEOL, JEM- _.
100CX 11, 100 kV), high-resolution transmission electron
microscopic (JEOL-2010, 200 kV) equipped with energy-
dispersive X-ray spectroscopy (EDS), and field emission scan-

ning electron microscopic (JEOL, JSM-6700F) investigations. rays were easily broken into individuals by ultrasonication,
UV —vis spectra were recorded on a Hitachi U4100 -tks as shown in Figure 3.

spectrophotome_ter (Japan) and F_ouriertransform_ infrar_ed spectra pq expected, the shape and size of the nanotubes obtained
were recorded in KBr pellets with 2 crhresolution using &  4re i accordance with the dimensions of the template channels.
Bio-Rad FTS-165 spectrometer. Most of the nanotubes are cylindrically shaped with open
tips. The average outer diameter is about 200 nm, which well
matches the template channels. It is worth mentioning that
TEM and SEM Images. Figure 2 shows the SEM images nanotubes with one closed bottom were occasionally observed
of the aligned nanotubes of the double-decker complex formed (Figure 3c), and were formed naturally on the inner surface of
in the nanochannels of the AAO template, which were selec- the pores when the template preparation pathway was employed
tively etched with an aqueous solution of NaOH. After complete accordingly?®
removal of the template, nanotubes with lengths of several to The nanotubes were further investigated by HRTEM, Figure
tens of micrometers were obtained, which aligned into parallel 4. As shown in the high-resolution image, well-defined walls

Figure 4. HRTEM image of nanotubes generated within alumina
membranes. The arrow is the nanotube axis.

arrays of nanotubes as shown in Figure 2c. However, the ordered

Results and Discussion
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Figure 8. IR spectra of double-decker (a) and nanotubes after removal
O Cl of the template (b) in the region of 46@800 cnt! with 2 cnt?
Eu Eu resolution.
Cu EuE Cu
. thin film formed in the inner surface of pores covered the pore
0 2 4 6 S 10 12 keV walls in the initial stage of wetting since the cohesive driving
Figure 6. Energy-dispersive analysis of a single nanotube of the force for complete filling is much weaker than the adhesive
double-decker complex. force. As a consequence, complete filling is prevented by solvent

evaporation, thus preserving a nanotubular structeself-
were formed and ordered layers with a layer-to-layer distance assembly process of double-decker molecules occurs simulta-
of about 0.58 nm were aligned. This value is in good agreementneously, at the inner surface of the template, during the
with the farthest distance between the phthalocyanine (Pc) ringevaporation course of the solvent, inducing the formation of
plane and the porphyrin (Por) ring plane in the double-decker orderly layered stacking. Moreover, the capillary effect is
molecule, i.e., the thickness of a double-decker molecule favorable for growth of the nanotubes in pores of membrane
obtained by CPK model. Nevertheless, the layers were found owing to the high aspect ratio of the pores of alumina
to be parallel to the tube axis, indicating the possible column membranes®
fabrication of thes-stacked Pc and Por disks in short-range  In contrast with the system reported by N and co-
intermolecular interactions. The tube walls were thus constructedworkers, in which thermal treatment was found important for
from well-ordered, layered Pc and/or Por disks, with the stacking reorganizing the naphthalocyanine disks into more ordered
of the disk normal perpendicular to the tube axis. This result is architectured?2the opposite effect was observed in the present
in line with those reported previously that the disk-like case. Compared with the spontaneously formed double-decker
molecules with substituents containing oxygen atom(s) usually nanotubes, thermal treatment was not found to improve the order
form columnar supramolecular structures on the alumina surfaceof the Por/Pc stacking in the nanotubes formed. TEM images
by face-ont—x stacking!?16indicating that the ordered self-  for the samples obtained by being annealed at°Z5€or 25 h
assembly of the double-decker molecules at the inner surfaceshow only short nanotube fractions, Figure 5, indicating limited
of AAO template plays an important role in the formation of mechanical strength of corresponding nanotubes. Moreover,
wall structures of nanotubes. When the AAO membranes were electron diffraction is not detected, which gives further evidence
immersed in the THF solution of the double-decker complex, a for the noncrystallinity of the nanotubes obtained.

TABLE 1: Electronic Absorption Data of Double-Decker Compound H{ Eu(TCIPP)[Pc(a-OC4Hg)g]} in CHCI 3 and
Corresponding Nanotubes Dispersed in Distilled Water

wavelength/nm

H{ Eu(TCIPP)[Pog-OCsHo)e]} 324 419 499 623 928
nanotubes 331 432 515 641 934
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