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Introduction

Since the discovery of carbon nanotubes,[1,2] considerable at-
tention has been directed towards nanotubular structures on
account of their unique physicochemical and electronic
properties, and also because of their potential applications
in various fields, such as electronics, optics, catalysis, energy
storage, and biological systems.[3–9] Recently, the number of
studies on organic nanotubes (ONTs) has increased, howev-
er, most of these have focussed on nanotubes of polymers,
such as polypyrrole, polyaniline, poly(methyl methacrylate)
(PMMA), and polystyrene.[10–12] Although research concern-
ing organic nanotubes of low molecular weight active com-
pounds is still in its infancy, several systems have been de-
veloped by employing the self-assembly and template-based
methods.[13–20] In organic molecular crystals, the electronic
and optical properties are fundamentally different from
those of inorganic crystals, due to the weak intermolecular
interactions of the van der Waals type or the hydrogen

bond.[21, 22] This may result in phenomena that contrast to
those of strongly bonded nanotubes of metals and semicon-
ductors. According to earlier work, organic nanoparticles ex-
hibit size-dependent optical properties that arise from, for
example, the aggregation effect, surface effect, or the in-
creased intermolecular interactions induced by the change
of lattice.[21–23] Molecules within tubular structures may be
arranged differently from those in particles, which might
also account for some unusual properties. The size effect of
organic nanotubes is, therefore, of great interest.

b-Diketones have always been of interest to inorganic, or-
ganic, and physical chemists, due to their isomeric keto–enol
interconversion, which is fundamental to many organic syn-
thetic pathways, biochemical processes, and enzymatic
mechanisms.[24, 25] One such molecule is dibenzoylmethane
(DBM, Scheme 1), a UV absorber and photostablizer widely

used in the protection of polymer materials, and a conven-
tional chelate to detect trace metal ions by fluorescence
measurement. In addition, due to its oral bioavailability and
low toxicity, DBM is biologically relevant as a chemopre-
ventative blocking agent in the treatment of breast cancer,
and has the potential to reverse ischemic diseases by induc-
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Abstract: Organic nanotubes of various diameters were fabricated from the iso-
meric molecule dibenzoylmethane (DBM) by using an immersing technique with
ordered porous alumina membrane as the template. The ratio of the enol isomers
of DBM increased as the diameters of the nanotubes decreased. In addition, al-
though almost no fluorescence could be detected for the DBM monomer, a strik-
ing enhancement in the fluorescence emission intensity of the nanotubes was ob-
served as the diameters decreased. This is due to the increased ratio of the enol
isomers.
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Scheme 1. Equilibrium showing the keto–enol isomerism of DBM mole-
cules.
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ing angiogenesis in vivo.[26–28] Here, we describe the size-de-
pendent properties of DBM nanotubes of different diame-
ters, synthesized by using the immersing technique with
porous alumina membrane as the template. The ratio of the
enol isomers increased as the diameters of the nanotubes
decreased. Preferential orientations of DBM molecules in
the nanotubular structures were detected. In addition, the
nanotubes exhibited enhanced photoluminescence as their
diameter decreased, whereby the DBM monomer was
almost nonfluorescent.

Results and Discussion

Use of the simple immersing technique with porous alumina
membrane as the template is a facile route to the fabrication
of organic nanotubes.[18,29] The diameter, length, and wall
thickness of the nanotubes can be well controlled by the
choice of template. We prepared DBM nanotubes by repeat-
edly immersing the porous alumina membrane into the
nearly saturated diethyl ether solution of DBM, and then
evaporating the solvent at intervals. The typical top-view
images of the DBM nanotubes after complete removal of
the template (Figure 1a–c) reveal that the nanotubes are ar-

ranged in a continuous, parallel, and well-ordered manner,
with uniform diameters and wall thicknesses. The low mag-
nification image (Figure 1c) indicates clearly that the diame-
ters and lengths of the nanotubes correspond well with the
diameter of the membrane pores and the thickness of the
template used and no tubes grew from the surface of the
template. DBM nanotubes of different sizes were prepared
by using alumina template with different pore diameters.
The field emission scanning electron microscope (FESEM)

images in Figure 1a and b show nanotubes of diameters 100
and 200 nm, respectively, as a representative sample. By
imaging different regions of the materials, the nanotubes
were determined to be hollow throughout their entire
length, with uniform wall thickness. As shown in the cross-
sectional image (Figure 1d), the open tips of the tubes were
clearly displayed. By bending the template and then etching
away aluminum oxide with aqueous sodium hydroxide,
some tubes were slightly tilted and broken in the middle to
show the open tips. It is proposed that the capillary effect is
favorable for the nucleation and growth of the nanotubes in
the inner surface of the pores of the membrane, based on
the “layer-by-layer” mechanism.[18,29]

X-ray diffraction (XRD) measurements were recorded to
probe the internal structure of the nanotubes (Figure 2), and
to give information about their possible stoichometry. The

diffraction peaks of DBM nanotubes and DBM powder are
clearly distinguishable and can be perfectly indexed to the
orthorhombic crystal structure of DBM (JCPDS card
No.32–1641). Specifically, in the spectra of DBM nanotubes
with different diameters, there is a very sharp diffraction
peak at 2q= 16.48, corresponding to the (200) plane of the
orthorhombic DBM, and all other diffraction peaks are
either very weak or undetectable. This result indicates that
DBM molecules prefer to arrange themselves within the
nanotubes along the (200) plane.

The DBM molecule is a typical b-diketone that can exist
as a keto isomer, and as enol isomers with and without in-
tramolecular hydrogen bonds (Scheme 1). To characterize
further the state of the molecules in the nanotubes, the opti-
mized geometry of the different isomers of DBM was deter-
mined (Figure 3). The energies of the keto isomer and the
enol isomer without intramolecular hydrogen bonding
(enol-n) are 7.2 and 17.7 kcal mol�1 greater, respectively,
than that of the enol isomer with the intramolecular hydro-
gen bond (enol-hb). The enol-hb isomer is probably domi-
nant in an isolated system, and both the keto and enol-hb

Figure 1. FESEM images of the DBM nanotubes prepared after the com-
plete removal of the template by alkaline treatment: typical top view of
nanotubes with diameters of a) 100 nm and b) 200 nm; c) low magnifica-
tion of nanotubes with diameters of 200 nm; d) cross-sectional view of
nanotubes with diameters of 200 nm.

Figure 2. XRD patterns of DBM nanotubes with diameters of 20, 100,
and 200 nm, and that of DBM powder.
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isomers can be expected in the condensed phase. Based on
this assumption, a series of dimer structures of DBM mole-
cules were optimized. Four representative dimers are shown
in Figure 3d–g; the enol-hb dimer in the p-p stacking mode
(enol-hb-pi), the enol-hb dimer in the hydrogen-bonding
mode (enol-hb-hb), and the keto and enol-hb dimers in two
different, mutual positions: with (enol-hb-keto-2) and with-
out (enol-hb-keto-1) the face-to-face arrangement of oxygen
atoms. Notably, the enol-n isomer is unlikely to exist in the
dimer system, because the geometry optimization always
favors the enol-hb isomer at the end of minimization. The
energies of the dimeric structures of enol-hb-keto-1, enol-
hb-keto-2, and enol-hb-hb are 3.88, 5.97, and 15.7 kcal mol�1

higher, respectively, than that of the enol-hb-pi dimer, which
has the lowest energy.

Raman spectra were recorded to help elucidate the inter-
nal structure of the nanotubes (Figure 4). The characteristic
peaks of DBM molecules[30–32] were observed at around
3000, 1600, 1500, 1450, and 1260 cm�1 in both the nanotubes
and the powder, which confirms the composition of the
nanotubes. The spectra of DBM nanotubes resemble that of
the powder, except for the peaks in the region of ~1200–

1380 cm�1. In the case of the powder, the predominant peak
is the one centered at 1287 cm�1, whereas the spectra of
DBM nanotubes show two distinguishable peaks centered at
approximately 1290 and 1329 cm�1. In addition, the intensity
of the new peak at 1329 cm�1 increased as the sizes of the
nanotubes decreased. This new peak is probably an indica-
tor of the structural differences between the nanotubes and
the powder, as well as the size-dependent character of the
nanotubes.

The Raman spectra of the keto isomer, the enol isomers,
and the proposed dimers of DBM (see Figure 3) were calcu-
lated to help explain the experimental results (Figure 5).
Comparison of the spectra of the enol isomers with (DBM-
enol-hb) and without (DBM-enol-n) intramolecular hydro-
gen bonds shows that the wag-motion of the OH group at
1326 cm�1 seems to be related to the existence of hydrogen
bonding (Figure 5a). From the calculated Raman spectra of
the four dimers (Figure 3d–g), the existence of the enol-hb-
hb dimer (Figure 3e), which should show a characteristic
peak at 2858 cm�1 (Figure 5b) corresponding to the hydro-
gen-bonding network OH···OH···O, could be excluded in
both the nanotubes and powder of DBM, due to its absence
in experimental observations (Figure 4). There is no signifi-
cant difference among the calculated Raman spectra of the
enol-hb-pi dimer, the enol-hb monomer, and the enol-hb-
keto dimer. Based on the experimental results, the enol-hb
isomer in the face-to-face stacking manner, and the mixtures
of the enol-hb and keto isomers are the possible compo-
nents of the nanotubes. The distinctly increased intensity of
the peak at around 1329 cm�1 may be related to the incre-
mental hydrogen bonding, attributable to the decreasing
size of the nanotubes.

The X-ray photoelectron spectroscopy (XPS) spectra in
Figure 6 show the C1s peaks for the DBM nanotubes of di-
ameters 20, 100, and 200 nm, and that of the DBM powder.
The main asymmetric peaks are all centered at around
284.6 eV, with a long tail extending to the higher energy
region of the spectra. The peaks can be well fitted by three

Figure 3. Structures of DBM: a) keto isomer; b) enol isomer with intra-
molecular hydrogen bonding; c) enol isomer without intramolecular hy-
drogen bonding; d) enol-hb dimer in the p-p stacking mode (face-to-
face); e) enol-hb dimer in the hydrogen-bonging stacking mode
(shoulder-to-shoulder); f) keto and enol-hb dimer without the face-to-
face arrangement of oxygen atoms; and g) keto and enol-hb dimer with
the face-to-face arrangement of oxygen atoms.

Figure 4. Raman spectra of DBM nanotubes with diameters of 20, 100,
and 200 nm, and that of DBM powder.
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peaks representing C�C (C=C) (284.6 eV), C�O (286.4 eV),
and C=O (288.7 eV), respectively.[33–34]

Calculated XPS spectra of the enol-hb and keto mono-
mers and dimers are shown in Figure 7. The spectra of the
monomers show two distinct spectral features; a strong peak
from carbon bonds on the phenyl ring, and a weak peak
from either C=O or C�OH bonds. The two peaks of the
enol-hb isomer are located at 284.8 and 286.7 eV, which are
in close agreement with the corresponding experimental
spectral features. The C=O bond of the keto monomer con-
tributes a weak spectral feature at around 287.3 eV, which is
about 1.4 eV lower than that of the C=O bond observed ex-
perimentally (288.7 eV, Figure 6). This difference is greater
than the accuracy of the DFT method used for calculating
XPS spectra.[35–36] Such a large deviation is probably induced
by the intermolecular interactions in the nanotubes. To test
this assumption, the C1s binding energies of two dimers were
calculated (Figure 7). Although the interaction between the
keto and enol-hb monomers has no effect on the C1s binding

energy of the enol-hb dimer, it clearly affects that of the
keto dimer. The interaction results in the broadening of the
C1s peak of the C=O bond. Thus, it appears that the C=O
bonds are quite sensitive to their surroundings, although the
binding energies for the models adopted in Figure 7 are not
in good agreement with the experimental results. However,
it is clear that the ratio between the weak peaks of C=O
(keto) at 288.7 eV and C�O (enol-hb) at 286.4 eV is related
to the content of different isomers. From the XPS spectra,
the ratios of the peaks of C�O to C=O were calculated to
be 3.1, 2.6, and 2.2 for the 20, 100, and 200 nm DBM nano-
tubes, respectively, and 1.6 for the DBM powder. In other
words, the ratio of the enol isomers increases as the diame-
ters of the nanotubes decreases.

Although the DBM monomer is almost nonfluorescent,
the DBM nanotubes showed enhanced fluorescence emis-
sions (Figure 8). For the nanotubes with diameters of 20,
100, and 200 nm, the photoluminescence intensities were
6.4, 3.2, and 1.3 times that of the powder, respectively. Such
a striking enhancement of the photoluminescence of the
powder and nanotubes compared to that of the monomer
may be attributable to the aggregation effect, surface effect,
or the increased intermolecular interaction induced by the
lattice change in the nanotubes. The clear bathochromic
shifts in the emissions of the nanotubes and powder com-
pared to that of the dilute solution suggest the formation of
face-to-face excimers in the nanotubes and powder. The fur-
ther bathochromic shift of the nanotubes compared to that
of the powder shows that there should be a slight difference
between them in the degree of aggregation. The enhanced
planarity and rigidity of the molecules resulting from the in-
tramolecular hydrogen bonds in the enol-hb isomer, espe-
cially those in the p-p stacking manner, will be profitable to
the aggregation-induced emission process.[37–38] Thus, as their
diameters decrease, the nanotubes exhibit enhanced emis-
sion due to the increased ratio of enol isomers. The intermo-
lecular hydrogen bonding among the enol and keto isomers
may also contribute to the size-dependent emission.

Conclusion

We have successfully fabricated DBM nanotubes of differ-
ent sizes by using the immersing technique with porous alu-
mina membrane as the template. DBM molecules oriented
preferentially along the (200) plane of the crystal, and the
ratio of enol isomers increased as the size of the nanotubes
decreased. Furthermore, the smaller the diameter of the
DBM nanotubes, the greater the fluorescence emissions ob-
served, with DBM almost nonfluorescent in the monomer
state. These results should help to progress the study of
functional organic nanotubes that have potential applica-
tions in fields such as optical devices, sensors, and biotech-
nology.

Figure 5. Calculated Raman spectra of: a) DBM monomers in different
isomers of keto and enol with and without intramolecular hydrogen
bonds; b) DBM dimers of enol-keto-1 (keto and enol-hb dimer without
the face-to-face arrangement of oxygen atoms), enol-keto-2 (keto and
enol-hb dimer with the face-to-face arrangement of oxygen atoms), enol-
hb-hb (dimer of enol-hb in the shoulder-to-shoulder stacking mode), and
enol-hb-pi (dimer of enol-hb in the face-to-face stacking mode).
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Experimental Section

Materials : Dibenzoylmethane (DBM, +99%) was purchased from
ACROS and was used without further purification. Purified water was
obtained by passing distilled water through a Milli-Q water purification
system (Millipore), and had a resistivity of 18.2 mW·cm�1. The commer-
cially available membrane filter (Whatman, Anodisc 13) with quoted
pore diameters of 20, 100, and 200 nm was used as the template.

Methods : The DBM nanotubes were prepared by using the immersing
technique with porous alumina membrane as the template as follows.

Porous alumina templates were ultrasonically treated with solvents of dif-
ferent polarity (water, ethanol, acetone, for 15 min, and diethyl ether for
5 min), followed by annealing at 100 8C for 1 h. The purpose of the treat-
ment was to eliminate the bubbles in the pores of the membrane and to
improve wetting of the membrane by the DBM solution. The pretreated
template was then immersed in the nearly saturated solution of DBM in
diethyl ether for about 2 min, then removed to allow the solvent to air-
dry completely. The above procedure was repeated for 20 cycles. Finally,
the surface layer of the template was removed by polishing it with
1500 grid sandpaper to enable further characterization and detection.

The morphologies and sizes of the nanotubes were observed by using a
field emission scanning electron microscope (FESEM, JSM-6700F,
JEOL) operating at an accelerating voltage of 3 kV. Specimens for
FESEM were prepared as follows. After removing the surface layer of

Figure 6. C1s XPS spectra of DBM nanotubes with diameters of a) 20 nm, b) 100 nm, and c) 200 nm. d) XPS spectra of the powder.

Figure 7. Calculated XPS spectra of different DBM isomers and their
dimers.

Figure 8. Photoluminescence spectra of (c) DBM nanotubes with di-
ameters of 20, 100, and 200 nm; (g) DBM powder; and (b) a
chloroform solution of DBM (2.6 � 10�4

m) with multiplying treatment.
The excitation wavelength was 344 nm.
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the template, the sample was fixed to a piece of copper tape and soaked
in 6 m aqueous NaOH for 1 h to remove the alumina template complete-
ly. It was then rinsed carefully with purified water several times. The tape
was then attached to an FESEM stub, and was then sputtered with a
layer of platinum by using a current of 5 mA and a pressure of 3 mmHg,
to prevent charging during SEM imaging.

X-ray diffraction (XRD) measurements were performed by using a
Rigaku X-Ray Diffractometer (D/max-2400) with an X-ray source of
CuKa (l =1.5406 �) at 40 kV and 120 mA, at a scan rate of 0.028 (2q) per
0.12 s. The Raman spectra were recorded in the backscattering geometry
by using a Renishaw-2000 Raman spectrometer with the 514.5 nm line of
an Ar ion laser as the excitation source. To avoid destroying the structure
of the nanotubes, a low laser power of 5 mW was used. XPS spectra were
recorded by using an ESCALab 200i-XL spectrometer (VG Scientific).
The photoluminescence (PL) spectra were measured by using a Hitachi
F-4500 fluorescence spectrophotometer with excitation and emission slits
of 5/5 nm.

The geometries of the DBM molecules were optimized at a hybrid densi-
ty functional B3 LYP level with a 6–31G(d,p) basis set. All Raman spec-
tra were calculated at the same level as those for geometry by using the
Gaussian 98 program.[39] The XPS spectra of DBM molecules were calcu-
lated by using gradient correct density functional theory (DFT), as imple-
mented in the DeMon code.[40] The PD86 correlation functional by
Perdew and Wang[41] and the exchange functional of Becke[42] were used
to calculate the ionization potentials (IP) of all carbon atoms, for which
the difference in energy between the ground state and the core hole state
is computed. We have used the igloo-iii triple zeta basis of Kutzelnigg,
Fleischer, and Schindler[43] to describe the core-excited carbon atoms,
and four-electron effective core potentials (ECP) for the remaining
carbon atoms. The rest elements are described by a 6–31G(d,p) basis set.
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