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Preparation of Up-Conversion Cq Microtube Arrays by
Liquid-Liquid Interfacial Precipitation Method

TAN Wei-Min LU Chun-Hua® NI Ya-Ru XU Zhong-Zi
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Abstract: Vertically aligned Cq microtube arrays were synthesized at ambient pressure and temperature by using
the modified liquid-liquid interfacial precipitation(LLIP) method in the system of Cg/toluene and isopropyl alcohol
(IPA). The Cg microtube arrays were structurally characterized by SEM, XRD, Raman scattering and
photoluminescence(PL) measurements. The results reveal that the Cg microtube arrays are formed by polymerization
of Cqymolecules with an fcc crystal structure, hexagonal cross-section of 5 to 10 pm and the wall thickness of 1 to
3 pwm. When excited at 1 064 nm near infrared region, the up-conversion luminescence was seen in the infrared

region due to different energy levels of multiwalled carbon tubes.
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The recent deveelopment in structural materials
with specific morphology has further extended the ap-
plication of Cg and its derivatives. There are several
methods to assemble Cg-based molecules with con-
trolled dimensionality, such as controlled precipita-
tion, and template approaches!'. Tt was reported that
th fullerene whiskers and nanotubes were prepared at
the interface between a solution of good solvent and a

poor solvent of fullerenes™® by the liquid-liquid inter-

ks H 11 .2009-12-23, Weis e B 91.2009-04-14,

facial precipitation(LLIP) method” .

Recently, the optical properties of carbon tubes
have attracted much attentions, and the studies of photo
excited states and emission properties of carbon tubes
have advanced remarkably. Several years ago, Riggs et
al. reported that carbon nanotubes in solution were lu-
minescent in the visible-light range, which had been
confirmed by other research groups subsequently ",

Both the multi-wall and single-wall carbon tube are lu-
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minescent, however the study on nonlinear photolumi-
nescence in multi-wall carbon tubes is insufficient!"*".
Fullerenes, which can be considered as diminutive
versions of carbon tubes, are well known to possess
large and fast nonlinear optical properties!'®.

In this work, a simple one-step solution-based
process for preparing vertically aligned Cg microtube
arrays is reported. The surface morphology is observed
by SEM. XRD and Raman scattering measurements
are used to structurally characterize the formation of

Cg microtube arrays. Finally, the up-conversion lumi-

nescence spectra of these arrays are investigated.
1 Experimental

1.1 Synthesis

All reagents were of analytical grade and used
without further purification. The instrument for
preparing vertically aligned Cq microtube arrays
based on Seung I. Cha group™ is shown in Fig.1. At
first, The Cg powders(99.9% purity, Yongxin Technol-
ogy CO., Ltd.) were dissolved in toluene(99.5% purity,
Shanghai Laboratory Reagent CO., Ltd.) to achieve a
of 0.3%

weight. The dissolution of the fullerene was obtained

Ce-saturated — solution concentration by
through magnetic stirring for 15 minutes before illu-
mination with 365 nm UV for 24 h. Then isopropyl
alcohol (99.5 % purity, Shanghai Kaidi Chemical
Reagent CO., Ltd.) was injected slowly into the Cq/
toluene solution from the bottom through an anodic a-
luminum oxide (AAO) membrane, mixing with the
toluene solution to induce supersaturation of Cg. The

experimental temperature was controlled below 15 °C,

and the isopropyl alcohol (IPA) injection rate was less

Vertically aligned Cyo/toluene solution

Cg microtubes:

AAO membrane

Peristaltic pump

Fig.1 Schematics of setup used for preparing vertically

grown Cg microtube arrays

than 0.05 mlL-min™.
1.2 Characterization

The morphology of arrays was inspected by using
JSM-5900 SEM. The crystalline phase was analyzed
by ARL XTRA power X-ray diffraction system with
Cu Ka radiation source(A=0.154 056 nm) operated at
45 kV and 35 mA, and the scan rate(26) of 10°-min™
was applied to record the pattern in the 26 range of 5°
~25° by means of a solid detector and a scintillation
counter. The intermolecular bonding in Cg microtubes
was examined by means of Raman spectroscopy. The
Raman spectra of Cq microtubes on the glass plate at
294 K in air were measured by Renishaw invia Laser
Raman Spectroscopy. The spectra excitation was pro-
vided with a semiconducting laser of a wavelength of
514 nm. The spot size of laser light on the sample was
controlled with a 20x objective lens. In addition, the
irradiation time to obtain a Raman spectrum was only
30 s. The photoluminescence spectra were measured
at room temperature with a spectrophotometer (Jobin
Yvon Fluorolog 3-221) using a Xe lamp (450 W) as
excitation source, and focused by off-axis mirror for

maximum efficiency at all wavelengths.
2 Results and discussion

2.1 structural characterizations

Fig.2 shows the SEM images of the prepared ver-
tically aligned Cg microtube arrays at different mag-
nifications. The surface of AAO membrane is covered
with vertically aligned Cg microtube crystals (Fig.2a).
The multiwalled structure could be observed distinetly
by Fig.2b which shows a microtube grown incomplete-
ly. A legible view of a single vertical Cg microtube,
shown in Fig.2¢c, clearly shows that the aligned Cg
crystals grown along vertical direction were tubular in
shape with a hexagonal cross-section. The outer diam-
eter of the microtubes ranges from 5 to 10 pm, and
the wall thickness ranges from 1 to 3 wm when fabri-
cated by injecting IPA into 2 mL of Cg/toluene solu-
tion with an injection rate less than 0.05 mL-min™. Tt
should be noticed that the nucleation and growth of
the Cg microtubes occur on the surface and not within

the channels of AAO membrane, so the shape and size
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(a) x2000; (b) x5000; (b) x10000

Fig.2 SEM images of vertically aligned Cq microtube arrays

distributions of the Cg microtube crystals are inde-
pendent of the pore size of the membrane. Pore size of
either 20 or 200 nm was used in this work.

The XRD pattern(Fig.3) of room-temperature dried
Ce microtubes shows three major peaks at 28 values of
10.7°, 17.6°, and 20.6° corresponding to (111), (220),
and (311) plane reflections, which are typical for pris-
tine fce Cq crystals. The strong diffraction from (220)
planes of the microtubes implies that the Cg microtube
crystals grow in the(110) direction, which is similar with
Ce nanowhiskers and nanotubes prepared by using the
LLIP process ™. Furthermore, the other small peaks
like the small peak at 20=10.2° which is the neighbor-
hood of (111) reflection peak in the XRD pattern for the
Ce microtubes, may be related to a structural imperfec-
tion such as stacking faults and/or the presence of
hexagonal closest packing phase!™.
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Fig.3 XRD pattern of Cg microtubes grown in

Cgrsaturated toluene and IPA system
The Cg microtubes have been scrutinized by us-
ing Raman spectroscopy (Fig.4). The observed Raman
peaks of Cg microtubes at 268, 429, 492, 709, 770,
1420.6, 1463, 1575 ¢m™ are attributed to Hg(1), Hg
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Fig4 Raman spectra of the Cg microtubes and

Cg powders

(2), Ag(1), Hg(3), Hg(4), Hg(7), Ag(2), Hg(8) modes for
Cg molecules, respectively. Among the Raman active
peaks, in comparison to the Raman peaks from pris-
tine Cg crystals, the observed Raman spectrum of Cg
microtubes slightly shifts. The most significant one is
the peak corresponding to the “pentagonal pinch”
mode or Ag(2) mode. This mode is very susceptible to
intermolecular bonding. From the inset in Fig.4, it can
be found that this peak slightly shifts from 1 469 to
1463 c¢cm™. The observed downshift from 1469 cm™
for the microtubes can be attributed to the polymer-
ization of Cg molecules in view of the symmetry con-
ditions for the proposed 2+2 cyclo-addition polymeri-
sation mechanism!". In the case of the Ag(1) mode at-
tributed to the symmetric oscillation of a Cg molecule,
the peak is also shifted from 496 to 492 cm™. In ad-
dition, the peak around 268 cm™ shows a clear split-
ting (shown by arrow in Fig.4) in the lower-frequency
region. The peak splitting hints to the polymerization
Cg molecule in the microtubes™. However, this split-
ting may also occur because of the good crystalline

nature of the nanowhiskers. Thus, detailed investiga-
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tion is necessary to account for the above splitting in
the Raman lines. These changes in the Raman spectra
are very similar to those of Cg nanowhiskers or nan-
431 The

possibility of the Cg molecules polymerization in the

otubes fabricated by using the LLIP process
process has been suggested in related reports™->'l.
Consequently, the growth mechanism of Cg mi-
crotubes through polymerization is proposed. The
polymerization mechanism is suggested to be 2+2 cy-
cloaddition. This involves the breaking of parallel
double bonds on adjacent Cg molecules and their re-
formation into four-membered, cross-linking rings(Fig.
5). Such bonding can occur to various degrees, giving
rise to polymerized Cq structures with cross-linking
bonds in 1-,
the number of double bonds following 2+2 cycloaddi-

2- and 3-dimensions. The reduction in
tion reduces the strain energy in the Cq structure, al-
lowing molecules to elongate in directions parallel to
the new cross-links. The replacement of intermolecu-
lar Van der Waals bonds for covalent C-C bonds, in-
creases the strain associated with the polymer struc-
ture. And this leads to the formation of a series of
dimer and 1-dimensional “pearl chain” structures as
indicated by a reduced intermolecular spacing along
the growth direction of Cg microtubes™?. Differences
in surface energy between IPA and Cg/toluene gener-
ate a pressure gradient across the interface, which
varies inversely with the radius of curvature. The
pressure within the liquid-liquid interface, is thus
considered to be large enough to induce cycloaddition
reactions at room temperature. This principle can not
be ruled out certainly, as 1D chains of polymerized
Ce are known to be formed under high pressure con-

ditions without high temperatures™. Lateral bonding

2+2 cycloaddition

Cyo polymer chain

Covalent cross-linking bonds n
Fig.5 Polymerization between adjacent Cg molecules:
a possible mechanism for the growth of Cg

microtubes via LLIP

between individual chains is assumed to be through
Van der Waals interactions, as is the case in bulk Cg,
crystals, because no indication of chemical bonding is
observed in other directions P, Fig.5 indicates the
manner in which Cg molecules polymerize via 2+2
cycloaddition, leading to the formation of a dimer and
a 1D chain.
2.2 Photoluminescence

Under the excitation of 1064 nm light, the emis-
sion spectra of samples are shown in Fig.6. The
dashed line corresponds to the fluorescence spectrum
of AAO membrane, which has a
nm. This peak is considered to be the 2/3 multiple of

sharp peak at 709

excited 1 064 nm light. The dotted line relates to the
emission spectrum of Cg powders, which has no peak
from 600 nm to 950 nm. The solid line shows that
AAO membrane covered with vertically aligned Cg
microtube arrays has a broad emission around 750 nm
besides the peak at 709 nm similar with AAO mem-
brane. It is evident that the vertically aligned Cg mi-
crotube arrays can get red emissions at visible light
area with near infrared 1 064 nm light excitation. It is
novel that this up-conversion carries out a wide band

luminescence excited with a homogeneous light.
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Fig.6 Emission spectra of AAO, Cg and vertically

aligned Cq microtube array under 1064 nm
excitation
The vertically aligned array in Fig.2 is construct-
ed of multiwalled carbon microtubes obviously. It is
well known that multiwalled carbon tube is formed by
a series of layers with different diameters, and the
bandgaps in different diameter layers are absolutely
The bandgaps of inner layers are

distinguishable.

broader than the outer ones. There are coupling ef-



% 6 9]

TR B A Y0BTSR 45 Cp TOK AR I 81 B G B T 5 D PE RE DT 5 1049

fects caused by van der Waals forces between these
carbon tube layers. The broader bandgaps of inner
layers are coupling with the narrower bandgaps of
outer layers by these effects. The broader energy lev-
els of inner layers are similar with electronic energy
levels of the molecule, and the narrower energy levels
of outer layers are analogous with vibration levels of
the molecule in the same way. There are two possibil-
ities of transition from high energy level to low energy
level when the multiwalled carbon microtubes are ex-
cited to excited state. The first one is radiation-free
transition corresponding to vibration levels of outer
layers, and the other one is radiation transition rela-
tive to the broad energy levels of inner layers. The
mechanism of up-conversion is speculated as follows:
electrons are excited to high-energy state by photon
absorption, then radiation-free transit to lower energy
state by vibration levels. Subsequently, the density of
states increase sharply when electrons arrive this low-
er energy state, and it leads to easier radiation transi-
tion than radiation-free transition™. Wherefore the up-
conversion photoluminescence comes out. So the wide
band luminescence is caused by the multi-layer struc-

ture of multiwalled carbon tubes.
3 Conclusions

The liquid-liquid interfacial precipitation process
reveals a good method for obtaining vertically aligned
Cg microtube arrays. SEM images show that the Cg
microtube has a multi-layer structure, the outer diam-
eter of the carbon microtubes ranges from 5 to 10 pm
with hexagonal cross-sections, and the wall thickness
ranges from 1 to 3 pm. XRD results show that the Cg
microtubes have an fcc crystal structure. Raman spec-
troscopy analysis indicates the polymerization Cg
molecule in the microtubes, and their polymerization
mechanism has been discussed. Finally, the wide
band up-conversion luminescence due to different en-
ergy levels of multiwalled carbon tubes is recorded

clearly.
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