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Fig. 3. Photoluminescence intensity (a.u.) of (a) CdSe QDs suspen-
sion; (b) CdSe QDs with a thin silica shell; (¢} QDs with a thick silica
shell. (Aexe = 400 nm, [Cd®*] = 0.0006 M),

encapsulating (after being transferred to ethanol). Fig:
3 shows the improvement of the PL properties of the
QDs in the coating process. Obviously, the PL
intensity of the final QDs with a thick rigid shell of
silica was much stronger than that of the initial QDs.
The reason for the increased PL intensity is the
formation of a thick silica shell, which may have a
higher potential for the ground-state electron. This
makes the shell of silica analogous to the CdS [14] and
ZnS [16] around the CdSe core, the CdSe [17] shell
around HgSe core, since CdSe semiconductor has a
lower band gap than that of CdS, ZnS, and 5i0s, a
higher band gap than that of HgSe. This conclusion is
possibly further supported from the opposite side by
the fact that formation of HgSe shell around CdSe core
decreased the PL intensity of the CdSe nanoparticles
[17], since the band gap of HgSe is lower than that of
CdSe semiconductor.

Here, it has been found that the PL intensity
increased after the addition of ethanol in the cases with
different concentraticns of MPS and/or different pH.
That is to say, the PL intensity of the QDs with a thick
shell of silica is always higher than that with a thin
silica shell (before addition of ethanol), However, in
comparison to the initial QDs, the PL intensity of MPS
capped and then silica thinly coated CdSe QDs (before
addition of ethanol) became weak at high pH or in the
presence of high concentrated MPS. Virtually, the PL
became undetectable at pH > 10 or with 10 times
concentrated MPS of the current one. Rogach el al.
[22] has obtained the similar results. Actvally, it has

been found that the existence of MPS negatively
affected the PL intensity of the QDs. Then, the
enhancement of silica shell on the PL intensity was so
strong that the QDs exhibited a higher PL intensity
than the initial QDs even after the formation of a thin
shell of silica under the standard conditions, as
revealed from Fig. 3. The details about the effect of
MPS on PL will be shown elsewhere.

3.4, Stabilization against intense illumination

Fig. 4 shows the changes in PL intensity at different
illumination times after exposure to Ar laser (332 nm,
700 mW). It was firstly found that the PL intensity of
the bare CdSe QDs increased rapidly in the initial
stage of the illumination. This seemed to result from
the effect of photo annealing, and thereby, the defect
sites on the surface of the QDs decreased. Then, under
a long strong illuminating, the PL intensity greatly
decreased. It can be considered that the QDs absorbed
so many photons with a great energy and then
decomposition into the elements Cd and Se took place
under the extreme conditions. This has previously
been pointed out by Spanhel et al. in the case of CdS
{271

However, in case of silica encapsulated CdSe QDs,
the PL intensity was kept almost constant except the
slightly increase in the quite early stage of the
illumination. Probably, the silica shell was rigid
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Fig. 4. Changes in photoluminescence intensity at different illumi-
nation (700 mW, Ar Laser) times. (a} CdSe QDs; (b) silica-encap-
sulated CdSe QDs; {c) Rhodamine 560,
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enough to confine the Cd and Se atoms in the fixed
space and site, and then the structure of CdSe QDs
was maintained well. Furthermore, even the photo-
stability of silica encapsulated CdSe QDs was stronger
than that of the organic dye (Rhodamine 560) as the
PL intensity of Rhodamine 560 gradually decreased
under illuminating. This has also been confirmed for
ZnS coated CdSe QDs [13].

4. Conclusions

Silica shell has produced around CdSe cores by a
slow deposition of silica solute while being transferred
to ethanol in the presence of MPS. The successful
passivation of the surface states of colloidal CdSe QDs
has been confirmed from the photo-oxidation and
-illumination experiments and the TEM images.
Moreover, the promotion of the photoluminescence
intensity has been observed after passivating the CdSe
cores.
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Feeding atomized aqueous solutions containing TiCl, into an
argon high-temperature inductively coupled plasma (ICP)
resulted in the formation of mixtures of white and blue
particles, The mixtures consisted of anatase and an extra phase
of rutile. Adding oxygen to the ICP led to the production of a
single phase of white anatase. The blue particles could be
characterized as oxygen-deficient anatase. Electrophoretic mo-
bility measurements indicated that Na™* participated in deter-
mining the surface potential of the mixtures. The oxygen
defects may provide the adsorption sites to Na*,

I. Introduction

THE high photocatalytic performance of titanium oxide under
visible light has recently been achieved by doping nitrogen,
carbon, and metal ions.'~ These dopings were performed by
sputlering, combustion, and ionized cluster beam methods, respec-
tively. Thus, various material processing techniques have contrib-
uted to the preparation of new materials.

A modification of spray pyrolysis with a high-temperature
inductively coupled plasma (ICP) can be applied 10 the preparalion
of ulirafine oxide particles (the spray-ICP technique). In this
method the liquid droplets completely decompose in the ICP 1o
form a gas phase from which the oxide particles precipitate in a
short time.

The properties of powders depend on particle shape, sizes and
size distributions, additives, and defects, etc. With anatase, a
particle size of 25-40 nm is optimum for high photocatalytic
activities.” Metal ion doping affects the incident proton conversion
efficiency of nanocrystalline electrodes.® Phosphates inhibit ana-
tase from transforming to rutile by hindering the mobility of
surface ions.®

In the present study, vlrafine particles of anatase have been
prepared by the spray-ICP technique. Since liguid or suspension
precursors were used, the anatase would occlude water. Phos-
phates, when co-precipitated, possibly affect the transformation to
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rutile. The anatase was obtained as mixtures of white and blue
particles; the latter particles could be deficient in exygen. Probably
the oxygen defects determine the surface potential. These subjects
will be clarified by X-ray diffraction, electron microscope obser-
vation, thermal analysis, diffuse reflectance spectroscopy, and
electrophoretic mobility measurements.

. Experimental Procedure

The solution and suspension precursors were prepared from TiCl,
and H,PO, (Wako Pure Chemicals) and distilled water. The sclutions
containing TiCl, (0.3 mol/L.) were used to precipitate pure TiO,. The
suspensions as-prepared by mixing TiCl, and H,PO, (0.1 molL
nominal Ti concentration, 5 wi% H,PO,) were used to co-precipitate
the phosphate. Figure 1 shows the experimental setup. The atomized
precursor was introduced into an Ar-ICP (feed rate, 10-20 cm’/h)
through a narrow-tipped quartz nozzle (1.5-1.7-mm diameter) with an
Ar carrier gas of 1.4 L/min. The ICP (40-mm diameter, 160-mm
length) was generated at a frequency of 6 MHz and a running power
of 5-6 kW and was stabilized with an Ar cooling gas of 30 L/min.
The precipitation conditions were made oxidative by adding 6-8
mol% O, into the cooling gas. This required a running power of 7-8
kW. Introduction of the precursor generated a tail flame of 600 mm
long. The particles were precipitated on the wall of a Pyrex glass tube
(110-mm diameter and 600-mm) Jength) placed under the ICP and also
using an electrostalic precipitator connected to the glass wbe. The
particles were characterized by X-ray diffraction (XRD; Rigaku,
CuKe radiation with Ni filter and single graphite monochromator),
transmission  eleciron  microscope  observation (TEM; JEOL,
IM3010), thermogravimeuic and differential thermal analysis (TGA
ant DTA; Ulvac-Shinkuriko, MTS-0000, heating rate of 10°C/min, in
air), diffuse reflectance spectroscopy (DRS: Hitachi, UV-
spectrometer 330, integration sphere 210-2101, BaSO, sample holder
of 3-mm diameter), and microscope electrophoresis (magnification,
150: dark field illumination; in 1 X 1072 mol/L. NaClO, or tetru-n-
butylammonium perchlorate ((-Bu),NCIO,) electrrolvies; pH adjust-
ment with HCIO,. NaOH, and/or (n-Bu),NOH {Nacalai); particles
were suspended around neutral pH).

1. Results and Discussion

Table I summarizes the colors and phases of the powders
precipitated on the glass-tube wall and in the elecirostatic
precipitator.
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Fig. I. Experimental setup.

" The powder precipitated on the glass-tube wall from the Ar-ICP
(experiment 1, Ar-g) contained white and blue particles (about 1:1
in volume ratio), whereas that precipitated in the electrostatic
precipitator (Ar-e) held only white particles. XRD indicated that
Ar-g and Ar-e both consisted of anatase and an extra phase of
rutile (ratio in highest XRD peak; 101-anatase:]10-rutile = 6:1 for
Ar-g and 14:1 for Ar-e). TEM revealed that Ar-g and Ar-e were
composed of spherical particles. With the particle size, however,
Ar-g had a wider particle size distribution (10-50 nm) than Ar-e
(10-30 nm).

The precipitation from the oxidative conditions (experiment 2)
resulted in the formation of white particles that were characierized
as a single phase of anatase (O,-g and O,-e). Hence, the blue
particles contained in Ar-g can be identified as oxygen-deficient
anatase.

In the co-precipitation of the phosphate (experiment 3), P-g was
obtained as a mixture of white and blue particles. Iis phase was,
however, only anatase. This differs from Ar-g. After all, the
co-precipitation of the phosphate did not affect the oxygen
deficiency but promoted the fonmation of anatase.

The particle size and phase of the powders depended on the
precipitator. The particles may be roughly divided into two groups
based on where and how they condense from the ICP, The first
group is the particles condensed from the surface of the tail flame
in the direction perpendicular to the flame axis, and the second
group is those condensed art the flame tip. The glass-tube wall
precipitates most of the pariicles of the first group, whereas the
electrostatic precipitator traps those of the second group. The glass
tube encloses the tail flame so close that part of the tail flame is
rapidly cooled, resulting in the formation of small particles. In the
tail flame, torbulence Tlows are inclined to oceur. These flows are
maintained al high temperatures for a long time. The particles
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involved in these flows grow large because the chance of coales-
cence is high. Additionally, the succeeding crystal growth is often
promoted, accompanying the formation of a high-temperature
form of isomorphs, i.e., mtile. After all, with the powders
precipitated on the glass-tube wall, the particle size distributes in
a wide range and the content of rutile becomes high. At the tail
flame tip, the particles condense under relatively homogeneous
precipitation conditions, and they are carried away to the electro-
static precipitator immediately after the condensation. This leads to
the formation of particles with a narrow particle size distribution.

The blue particles were contained only in the powders precip-
itated on the glass-tube wall (Ar-g and P-g), implying that they
were formed by rapid quenching of the tail flame. Probably their
crystal growth ceased before the stoichiometric composition of
anatase was formed. Under the oxidative precipitation conditions,
the stoichiometric composition could be achieved because of the
high concentration of oxygen (O,-¢ and O,-g).

Figure 2 shows TGA and DTA of Ar-g before (a) and after {b)
being dried at room temperature. Before being dried, Ar-g exhib-
ited two large weight loss steps in the temperature range up to
about 500°C. Since the aqueous precursors were used, Ar-g
occludes water. The first step is assigned to the release of the water
adsorbed on the particle surface, and the second one is to that of
the water staying in the lattice. Above 600°C a small amount of
weight gain occurred. When Ar-g was quenched at 450°C, its color
was found to have already changed from blue to yellow. Clearly
the oxygen defects were partly filled. Consequently, the weight
gain above 600°C is due to the uptake of oxygen. Reasonably, the
dried Ar-g revealed a smaller weight loss below 500°C, so a larger
amount of weight gain above 530°C resulted. The main DTA
profile corresponded to the endothermic and exothermic reactions
of the water releases and oxygen uptake. The noiselike profile
suggests that the particles are so small that they move in the DTA
cell.

TGA revealed a plateau in the temperature range of 430°-530°C
(Fig. 2(a)). Apparently Ar-g contains 4.1% (=2.0 + 2.1) water and
0.7% oxygen deficiency. The previously dried Ar-g is expected to
exhibit 0.72% (=0.7 X 100/95.9} oxygen uptake. However, the
apparent uptake was 2.5% (Fig. 2(b)), which is much larger than
the expected weight increase. This discrepancy can be explained in
terms of duplication of weight loss and gain. That is, the releases
of water and the oxygen uptake occur simulaneously in the
platean temperature range. As cited above, the color change of
Ar-g quenched at 450°C supports the occurrence of the oxygen
uptake.

The transformation of anatase to rutile increased with increasing
temperature. At 450°C the ruiile content against anatase in the
XRD peak intensity was found to have already increased, and at
1050°C the complete conversion to rutile was ascertained., The
co-precipitation of the phosphate hindered this transformation. The
anatase of P-g was relained up to nearly 1000°C. Mechanically
mixed phosphates cannot retain anatase ar such high temperatures,
and only the phosphate chemisorbed on TiO, as a bidentate ligand
can block the ransformation by inhibiting the surface ion mobil-
ity.® The phosphate in the present study is likely to stabilize the
anatase through the same mechanisn. In other words, the phos-
phate settles on the particle surface in the precipitation process. On
the oxygen uptake, however, the phosphate had no effect. P-g
changed to white when heated for 13 min at 400°C,

Figure 3 shows the DRS of Ar-g (a), Ar-g quenched a1 450° (b)
and at 1050°C (c), and commercial anatase quenched at 1050°C
(d). Ar-g had two absorption bands, one at 450-500 nm and the
other above 500 nm. The absorption edge was around 390 nm,
which is almos!t equal to that of ordinary anatase. At 450°C, the
bands weakened and the absorption edge red-shified. At 1050°C,
the absorption edge red-shified further 10 415 nm and the two
bands almost disappeared. The absorption edge was almost the
same as that of the commercial analase quenched at 1050°C.
However, the former was light yellow, whereas the latter was
white. The oxygen uptake of Ar-g was not completed even at
1050°C. This is reflected in their DRS spectra, Ar-g quenched at
1050°C had a continucus weak absorption band above 400 nm,
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Table I. Colors and Phases of Powders Precipitated on the Glass Tube Wall (Glass) and in
Electrostatic Precipitator (Electrostatic)

Cooling

Colors and phases”

. Experiment Precursor pas Glass Electrostalic
1 TiCl, Ar Blue + white (Ar-g), anatase + rutile White (Ar-e), anatase + rutile
2 TiCl, Ar + 0, White (O,-g), anatase White (O,-¢), anatase
3 TiCl, + H,PO, Ar Blue + white (P-g), anatase White (P-¢), anatase

*Parentheses indicate names of powders used in text.

whereas the commercial anatase quenched at the same temperature
revealed no absorption band there.

Figure 4 shows the mobility (U; (umes™')(Veem™")) vs pH of
Q,-¢ (a) and Ar-g (b) measured in the NaClO, electrolyte, and
Ar-g measured in the (n-Bu),NOH electrolyte (c). In the NaClO,
electrolyte, as pH increased, the mobility of O,-¢ shifted gradually
in the negative direction, having an isoelectric point (iep} at pH 6.
This icp was almost equal to reported values,”® implying that O,-e
is an ordinary defect-free anatase. The mobility of Ar-g exhibited
a yoyo-ing pH dependence with a positive shift between pH 6 and
10. This shift did not appear in the {7-Bu),NCIO, electrolyte.
Reasonably Na™ causes the positive shift. Since Ar-g contains the
blue particles that have oxygen defects, Na* is likely 1o interact
with the defects and determine the particle surface,

We will describe the mobility vs pH of Ar-g measured in the
NaClO, electrolyte in terms of the surface charge density based on
a simplified model of Ref. 9. At the solid liquid interface, protons
are bound to negatively charged metal oxide ions (A7) to provide
positive sites (AHZ) in the high-pH region. With increasing pH,
AHY dissociates stepwise to give neutral (AH) and negative sites,
A~. There must be the following equilibrium relations among
these sites:

K.
AH; = AH+H" n
K_
AH=— A" + H* {2

The respective dissociation constants for Egs. (1) and (2), K, and
K_, are given by Eqgs. (3) and {4):

T i T 14 1 1 T 1 4
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Fig. 2. TGA and DTA of Ar-g before (a) and afier (b} being dried.

_ [AH]{H"]

Ko = AR - @
[A"]{H"]

K= TTam @

where the square brackets with a suffix of “sf” represent the
surface concentrations of the species involved per unit area at the
interface. [H*] is the concentration of the proton in the solution.

Further, Ar-g has the oxygen defects that are equilibrated with
Na*:

”
A* + Na* = A*Na* (3

where A" represents the oxygen defect sites in equilibrinm with
Na*. K’ is an association constant given by

’

[A*Na™],

= [A"{Na"] ©

where [Na*] is the concentration of Na* in the solution,
The 1otal site arising from Eqgs. (1) and {2) is ¢,, and that from
Eq. (3)is ¢,

= [AH;]\T + [AH]« + [A_]sl' (7)

ca = [A¥];+ [A*Na"], (8)

relative intensity

200 400 600 200
wave length / nm
Fig. 3. DRS of Ar-g (a), Ar-g quenched ar 450° (b) and at 1050°C (c),

and commercial anatase quenched at 1050°C (d). {} indicates the absorp-
tion edge. )
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Fig. 4. U vs pH of O,-c measured in NaClG, (a), of Ar-g in NaClO, (b),
and of Ar-g in (n-Bu),NOH electrolyte (¢).

in all, the surface charge density, o, can be represented by

o= [AH;]“ + [A*'Na*.]sl' - [A_]sl‘
_ [ + (%] o]
B LTINS {H*] : H] [H7] :
W] T KKe K.K- K-

(%)

where Ky, is the ion product for water ({H*J[OH™]) = 107",
Since the mobility is a function of the surface charge density,
the mobility vs pH can be explained in terms of the dependence of
o on [H*]in Eq. (9). The mobility took a positive value a1 pH 4.
As pH increased, the mobility decreased and shified in the positive
direction between pH 6 and 10. This finding indicates that there
must be the following relation among the equilibrium constants.

1
K+>m>](_ (10

The values roughly estimated from curve fitting were as follows:
K,,inthe orderof 107 K*, 10% and K, 10719 ¢,:¢, = 2:1. The
high K' value indicates that the oxygen defects have a strong
affinity to Na™,

Figure 5 shows the effect of some treatments for Ar-g on the
mobility vs pH measured in the NaCl, electrolyte: Ar-g (a), Ar-g
afler being water-washed (b), and Ar-g after being dispersed in a
NaOH solution of pH = 12 (¢). The positive mobility shift
observed between pH 6 and 10 could still be seen even after the
specimen was waler-washed. However, the shift did not appear on
dispersion into the NaOH solution, indicaling that the reverse
reaction in Eq. (5) becomes slow. Thus, the oxygen defects interact
with Na*, and under certain conditions the Na™ can firmly be held
in the anatase.
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pH

Fig. 5. U vs pH measured in NaClO,: Ar-g (a), Ar-g after being
water-washed (b), and Ar-g after being dispersed inte NaOH (c).

IV. Summary

The titanium oxide powders prepared by the spray-ICP tech-
nique were composed of white and blue particles; the lamer
particles were characterized as oxygen-deficient anatase. On heat-
ing, the powders absorbed oxygen with the red-shift of the
absorption edge and also with the transformation o rutile. In
solutions containing Na™, the oxygen defects provide adsorption
sites to Na™, participating in determining the surface potential.
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Kinesin is an ATP-driven molecular motor that moves processively along a microtubule in a

stepwise manner, The steps occur not only in the forward direction, but also in the backward.

Here, we have studied the bidirectional stepping mechanism of kinesin motors. The stepping

mechanism of the forward and backward movements was well characterized by Feynman's thermal

ratchet model. The driving force of the stepwise movement is essentially Brownian motion,
but it is biased in the forward direction by utilizing the free energy released from the hydrolysis

of ATP.

kinesin / single molecule detection / Feynman's thermal ratchet model / loose coupling mechanism
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Fig.1 Dark-field style laser trapping nanometry. Single
kinesin tholecules were attached to a bead captured
by an optical trap and brought into contact with a
microtubule attached to a glass surface. The bead
was Wuminated diagonally by a focused red laser and
Its dark field image was projected onto a quadrant
photodiode. The displacement of the bead was
determined by measuring the differential output of the
' quadrant photodiode with nanometer accuracy.
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Fig.2 Stepwise movements caused by single kinesin molacules.
{(aandb) Time courses of the displacemants of single
Kinesin molacules. [ATP] =1 mM (a) and 10 pM {b),
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compliance of the experimental system. The force was
calculated from the displacement and trap stifiness.
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Abstract

We investigated the electronic properties of the radial single-walled carbon nanotubes (SWCNTs) by using the Raman and the
UV-Vis-NIR spectroscopy. The radial SWCNTs for the analysis were synthesized by the arc-discharge method with Ce as a
catalyst, The yield of the radial SWCNTs with 1.55 nm diameter and 60 nm length was as high as 20% in the soot. From the
UV-Vis-NIR spectrum and the tangential mode of Raman spectra, the radial SWCNTs were confirmed to be composed of
semiconducting (0.64 and 1,14 €V for V! — C! and V2 —C?) and metallic (1.60 eV for V), — Cl) nanotubes.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

The discovery [1,2}, high-yield synthesis [3] and pu-
rification [4,5] of single-walled carbon nanotubes
(SWCNTs) with novel properties have inspired scientists
from various disciplines working on a range of potential
applications [6-9]. Physical [10], chemical [11] and me-
chanical [12] properties of SWCNTs depend on their
diameter, chirality and morphology. In the SWCNTs,
there are two type morphologies; one is a tens of mi-
crometer long SWCNTs, the so-called ‘highway junction
type SWCNTS’ and the other is a tens of nanometer long
radial SWCNTs, often referred to as ‘sea urchin type
SWCNTSs'. Highway junction type SWCNTs have been
synthesized by means of the arc-discharge method or the
laser vaporization method using the bi-metal catalyst,
Ni/Co, Ni/Fe, NiY and Rh/Pd. Also, the optical
properties of the highway junction type SWCNTs have
been studied in detail and have been found to be com-
posed of both semiconducting and metallic tubes [13,14].
On the other hand, radial SWCNTSs with 1.5-2.0 nm in
diameter and 50-100 nm in length are grown radially

° Corresponding author, Fax: +81-22-217-7391.
E-mail address: hige@buckyl.kankyo.tohoku.ac.jp (Y. Sato).

0009-2614/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/f.cplet1.2004.01.004

around the core metal particles. They have been syn-
thesized by an arc-discharge [15-17} and solar focused
production method [18] using a metal catalyst such as,
Y, La, Ce and Gd. However, the production efficiency of
the radial SWCNTs has been reported to be very low
(roughly 6% by volume from visual inspection of TEM
images [19]) and no detailed study has been carried out
to improve the production efficiency. As a result, there is
little or no information about their ¢lectronic properties
[18,20]. Alvarez et al. [18,20] have synthesized the radial
SWCNTs by the solar focused production method using
La as a catalyst. They measured the Raman spectra of
radial SWCNTs with diameters from 1.5 to 1.8 nm using
the incident light energy of 1.92, 2.41 and 2.54 eV and
reported that the tube possesses semiconducting char-
acter due to no Breit-Wigner-Fano (BWF) lineshape
resonance. However, in order to investigate the metallic
nature of these nanotubes, Raman spectroscopic mea-
surement with laser energy close to 1.5 eV will be nec-
essary and the electronic structure of the radial
SWCNTs is yet to be clarified. Here, we discuss the
parameters that need to be optimized for efficient pro-
duction of radial SWCNTs by using the arc-discharge
method with Ce as a catalyst. And also, we report their
electronic structure by using Raman and UV-Vis-NIR
spectroscopy.
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2. Experimental

Radial SWCNTs were synthesized by a direct current
arc-discharge between a pure graphite cathode and a
metal loaded graphite anode in helium atmosphere. A
16 mm diameter and 50 mm long pure graphite rod
(purity 99.9%) and a 6 mm diameter and 85 mm long
graphite rod (99.9%) loaded with CeQ; powder (99.99%)
as the source of Ce metal were used as cathode and
anode, respectively. The soot samples were synthesized
by varying the He gas (99.99%) pressure from 100 to
1500 Torr and the arc-discharge current from 60 to
100 A. The sample for the investigation was collected
only from the inner wall of the chamber and burned in
air at 533 K for 1 h to remove the amorphous carbon.
Transmission ¢lectron microscope (TEM) (Hitachi HF-
2000) with a field emission type electron gun was used to
observe the morphology of the soot. Raman spectrom-
eters, Jobin-Yvon T64000 with Ar ion (Leonix Co.) and
He-Ne (NEC Co.) lasers and Jobin-Yvon LabRam HR-
800 with diode laser (TOPTICA Photonics AG.), were
used to analyze the physical properties of radial
SWCNTs. Samples were measured using 488.0, 514.5,
632.8 and 785.0 nm exciting lasers under backscattering
configuration. The UVY-Vis-NIR spectrum of the radial
SWCNTSs thin film was measured with a Hitacht U-4100
spectrophotometer, The used film was prepared by the
method described below. First, 10 mg of radial
SWCNTSs soot was ultrasonicated in 100 mL of buty!
acetate to prepare a homogeneous dispersion. Finally,
the suspension was sprayed on a quartz plate using an
airbrush. Then, the film was dried at 473 K in vacuum
(107% Torr) for 24 h to remove the butyl acetate ab-
sorbed on SWCNTs.

3. Results and discussion

Fig. la—c¢ show the Raman intensity ratio I /Ip of the
soot synthesized under a varying He gas pressure, arc

1.7at.% Ce,7T0A

1.7 at.% Ce, He 300 Torr
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current and Ce concentration, respectively. Here, the
Raman spectra were measured using the incident light of
2.54 eV. Raman scattering peaks corresponding to Ea,
vibration modes at 1568 and 1590 cm™! in the tangential
mode range were due to the zone folding effect of the
SWCNTs. Since the peak at 1350 em™! is the Raman
active mode of the defective carbon network, the in-
tensity is roughly proportional to the amount of amor-
phous carbon in the sample. Therefore, the Raman
intensity ratio I/Ip of the peaks at 1350 cm~! (D-band)
and 1590 cm™! (G-band) is a good index for the evalu-
ation of SWCNTs abundance. As seen in Fig. 1, the
productivity of radial SWCNTs was very sensitive to He
pressure and arc current for the soot synthesized with Ce
concentration of about 1.7 at.%. In the arc-discharge,
the temperature of the arc plasma changes by the pas
pressure, arc-discharge current, or convection [21-23].
We suppose that the production of radial SWCNTs is
influenced very much by the temperature distribution
and its gradient around the arc plasma [24]. Thus, the
optimum synthesis condition for a high yield of
SWCNTs was found to be Ce concentration of 1.7 at.%,
He pressure of 500 Torr and arc-discharge current of
70 A. We characterized the radial SWCNTSs synthesized
under the above condition,

Fig. 2 shows the typical low magnification TEM im-
ages of the soot synthesized under He gas pressures of
(a) 100 Torr and (b) 500 Torr, while the Ce concentra-
tion in the anode and arc-discharge current were
1.7 at.% and 70 A, respectively. In the soot synthesized
under the He pressure of 100 Torr, radial SWCNTs were
not produced as seen in Fig. 2a. Also, most of the Ce
metal nanoparticles were buried in spherical amorphous
carbon particles. On the other hand, large quantities of
radial SWCNTSs were observed in the soot synthesized at
the He pressure of 500 Torr. Fig. 2¢ is the high-resolu-
tion TEM image of the radial SWCNTs soot. From the
TEM observation, it is found that the average diameter
of SWCNTs was 1.6 nm in the range between 1.4 and
2.1 nm. The length was distributed between 50 and
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Fig. 1, The Raman intensity ratios Ig/Ip of the soot synthesized under varying: (a) He gas pressure; (b) arc current; {c) Ce concentration. Raman

spectra were measured using the incident light of 2.54 eV.
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Fig. 2. Typical low magnification TEM images of the soot synthesized under a He gas pressure of (a) 100 Torr (b) 500 Torr while the Ce con-
centration in the anode and arc-discharge current were 1.7 at.% and 70 A, respectively. (¢} A high-resolution TEM image of radial SWCNTs soot
synthesized under a He gas pressure of 500 Torr shows (A) radial SWCNTSs with Ce carbide metal particle at the core, (B) radial SWCNTs with small
metal particles at the core, (C) amorphous carbons and (D) Ce catbide particles.

70 nm and was shorter than that of the highway junction
type. The diameter of bundles grown from Ce com-
pound core was not always uniform and but it varied
between 5.0 and 16.0 nm. The soot consisted of
(arrow A) radial SWCNTs with Ce carbide metal par-
ticle at the core, (arrow C) amorphous carbon and (ar-
row D) Ce carbide particles as shown in Fig. 2c.
However, not all of the core metals can be formed in the
radial SWCNTs; there are some radial SWCNTSs with
the agpregated small metal particles around the core as
shown in arrow B. The yield of radial SWCNTs was
estimated to be about 20% from the TEM observations,

Fig. 3a, b show the radial breathing mode (RBM) and
tangential mode (TM) ranges of Raman spectra using
exciting laser with various photon energies for the soot
synthesized at Ce concentration of 1.7 at.%, He pressure
of 500 Torr and arc-discharge current of 70 A and
subsequently burned in air at 533 K for ! h. As shown in
Fig. 2, the radia!l SWCNTs were self-assembled into

bundles and the diameter distribution of radial
SWCNT;s was determined from the Raman line in RBM
range using the equation

viem™) = 223.5(cm™'nm)/d(nm) + 12.5

derived from the van der Waals interaction of the
nanotube packing [25]. To suppress the resonant Raman
effect, an incident light with photon energy of 2.54 eV
was used along with 2.41 eV [14]. From the peaks at 149
and 159 cm™!, the mean diameter of the radial SWCNTs
was estimated to be about 1.55 nm. These results were in
good agreement with the diameter observed from the
TEM images. In the profiles obtained by using the in-
cident lights of 1.96, 2.41 and 2.54 ¢V in the TM range,
the peak often observed in graphite at 1580 cm™!, split
into two peaks with their peak positions at 1570 and
1590 cm™!, On the other hand, in the Raman spectrum
measured using the incident light of 1.57 eV, a strong
peak at 1588 cm~! followed by a weak one at 1566'cm™!
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Fig. 3. Raman spectra in (a) REM and (b) TM ranges using exciting laser with various photon energies for the soot synthesized at Ce concentration
of 1.7 at.%, He 500 Torr and arc-discharge current of 70 A and subsequently burned in the air at 533 K for | h.

and a shoulder around 1550 cm™! was observed. Ac-
cording to the relationship between diameter and the
allowed optical transitions (transfer integral 2.9 eV)
derived from band structure calculation based on the
tight binding approximation [13,26], a SWCNT with a
diameter of 1.5-1.6 nm will be exited by the incident
light with energies 1,96, 2.41 and 2.54 ¢V only when the
nanotube is a semiconductor, On the other hand, the
metallic nanotube will be exited by an incident light of
1.57 eV. In the TM range, the shape of Raman spectra
depends on the laser energy [27-29] and the splitting of
the spectra into narrow and symmetric lines is assigned
to the resonance from semiconducting SWCNTs, while
the broad and asymmetric BFW lineshape type peak
[13,30] that centered around 1550 ¢cm™! was assigned to
the resonance from the metallic SWCNTs. Therefore,
the broad lineshape around 1550 cm~! was due to the
presence of metallic SWCNTSs.

UV-Vis-NIR spectroscopy is an established tech-
nique for characterizing the electronic band structure of
SWCNTs [13,14,31-34]. Fig. 4 shows the UV-Vis-NIR
spectrum of the soot synthesized at a Ce concentration
of 1.7 at.%, He gas pressure of 500 Torr and arc-
discharge current of 70 A and subsequently burned in
air at 533 K for 1 h. The three peaks at 0.64, 1.14 and
1.60 eV were identified after the strong background due

to = electron plasmon of two-dimensional carbon was
subtracted from the raw data (inset in Fig. 4). By
comparing the peak positions with the values calculated
based on the zone folding method [26], these features

Optical density (arb. units} ]

0.3 2.0

1.0 1.9
Fhotaon energy (eV) b

Optical absorbance (arb. units)

0.5 1.0 1.8 2.0
Photon energy {eV)

Fig. 4. UV-Vis-NIR spectrum of the soot synthesized at Ce concen-
tration of 1.7 at.%, He 500 Torr and arc-discharge current of 70 A and
subsequently burned in the air at 533 K for | h. Inset shows the raw
UV-Vis-NIR spectrum. Asterisk (+) indicates absorption peak due to
the quartz substrate.
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were assigned to the allowed optical transitions (transfer
integral 2.9 eV) between Van Hove singularities of
the density of states in the SWCNT with a diameter of
1.5-1.6 nm. The peaks at 0.64 and 1.14 eV were attrib-
uted to the electronic transitions between pairs of sin-
gularities in semiconducting SWCNTs (V! —=C! and
V2 — C2, respectively), whereas the peak at about 1.60
eV was predominantly from the first pair of singularities
(VL = Cl) in metallic SWCNTs. The appearance of the
absorbed energy of the M, band appears at about
1.60 eV confirmed the presence of metallic SWCNTSs.
This result was in good agreement with the electronic
band structure of SWCNTSs measured from the Raman
scattering spectra. The reason for its appearance at a
higher-energy side compared to the calculated Sy is due
to the Coulomb interaction between SWCNTSs [35].

4, Conclusion

We have succeeded in improving the production ef-
ficiency of the radial SWCNTs to a value as high as
about 20% (by volume from visual inspection of TEM
images) using 1.7 at.% of Ce in anode, He gas pressure
of 500 Torr and arc-discharge current of 70 A. From
the TEM measurement and radial breathing mode of
Raman spectra, the average length and diameter of the
SWCNTs were determined to be 60 and 1.55 nm, re-
spectively. Also, we have clarified the nature of the
electronic structure of the radial SWCNTs. The pres-
ence of the metallic and semiconductor type SWCNTs
was confirmed from the UV-Vis-NIR spectrum and
the tangential mode of Raman spectra. In the carbon
materials, conducting amorphous carbon has played an
important role on the composites such as the electrode,
conducting paints and conducting rubber. The nano-
tube-filler used in these applications is required to be
conducting and easy to disperse in polymer and the
nanotubes could be used to form the conducting
channel within the polymer. The radial SWCNTs are
more easily dispersed in polymer than the semi-finite
long SWCNTs. We believe that the radial SWCNTs
are applied as the conducting filler.
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The dry powder vessels of cyclodextrin including tin tetrabromides, SnBry were prepared in vacuum to
investigate the electronic states of the isolated molecule. From the reflection spectra of SnBry single
crystal, the exciton absorption band has been observed at peak energies 3.64eV (2K) and 3.21 eV (room
temperature). The reflection spectra of SnBry clusters inserted in &-, f- and y-cyclodextrins were
measured. The lowest energy absorption peak of the molecule shows broad absorption band in 3-6eV. It
is analyzed as the overlapped shape of two absorption bands which are separated about 0.5eV, They
come from the spin—orbit split of HOMO state which is made of bromines and 5sp? mixed states of 4 tin.

KEYWORDS: ftin tetrabromide, SnBr,, cluster, single crystal, cyclodextrin, optical absorption spectra, spin—orbit

interaction
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1. Introduction

Cyclodextrin (CyD) is a cylindrical organic compound. It
is possible to insert various kinds of materials such as
anthracene, pyrene, thiophene in it."! We have reported on
the optical properties of the cluster state of tin tetraiodides,
Snl, by inserting them in a CyD. The optical spectra of Snl,
single crystal show the exciton absorption band. The spin-
orbit split pair of the exciton absorption band could not be
clarified in the spectra of the single crystal. In the optical
spectra of a single molecule, it was observed that the
absorption band had two separated peaks with 0.8¢eV. The
energy is close to the spin-orbit interaction energy. Snly is
easy to deal with it experimentally, because the melting
temperature is high as 417.7K and the single crystal is not
hygroscopic.z‘”

On the other hand, there are only a few papers on tin
tetrabromide, SnBry which is the similar inorganic com-
pound Snly. Almost all the papers reported on the crystal
structure of SnBry. " Only one paper shows the optical
absorption spectra of SnBry vapor.” It is quite difficult to

deal with the SnBry single crystals experimentally, because -

of its low melting temperature, 304 K and of the very high
hygroscopic property. Although the fresh single crystal is
transparent, its surface quickly becomes opaque white in the
experimental atmosphere like sodium iodide crystal. It
should be dealt in dry nitrogen gas flow for optical
measurements.

The main purpose of this paper is to clarify the energy
levels of tin halide compounds. The single molecule of tin
tetrabromide, SnBry, was settled inside the CyD molecules
in the present study by the same way as the Snl,.

The electronic configuration of the neutral tin atom is
[Kr]4d'%5525p%, where [Kr] represents the electronic config-
uration of the rare gas krypton atom. The sp? hybrid orbital

“E-mail: tak@sci.kj.yamagata-u.ac jp
'Present address: Graduate School of Materials Science, Nara Institue of
Science and Technology, Takayama 8916-5, Ikoma, Nara 630-0192.

Table 1. Physical characters of -, 8- and y-CyD’s.
Number of Molecular Inner diameter Depth
glucoses weight D (nm} d (nm}
a-CybD 6 972 0.45 0.70
B-CyD 7 1135 0.70 070
y-CyD 8 1297 0.85 0.70

in a tin atom makes four equivalent bonding hands, while the
configuration of bromine is [Ar]3d'%4s4p’. Four bromines
are bound to a tin atom by the covalent bonds. Then, the
SnBry forms a tetrahedral molecule similar to a methane.
The cohesion of neutral SnBr, molecules is due to the van
der Waals force. The electron affinity of bromine is stronger
than jodine, thus the bromines are more negatively charged
than iodines in Snly. The bromines of SnBry molecules are
nearly close-packed in the crystal and are weakly charged
negative. This is the origin of the low melting temperature,
304 K under atmospheric pressure. ‘

The crystal structure of SnBry is monoclinic and the space
group is P2, /c. There are four SnBry molecules in the unit
cell. Bromine atoms of nearest neighbor molecules are in
nearly the close-packed, and the tin atoms occupy the center
of four bromine atoms in each molecule.*®

The numerical values of CyD are summarized in Table 1.
Their inner diameter are at the center of the tubes.

2. Experimental

2.1 Single crystal of SnBry

Single crystals of SnBr, were made by vapor growth
method from the commercial product of SnBr, powder. The
powder purity is 99%. The melting point is 304K and the
boiling point is 480 K. Hard glass tube (borosilicate glass)
was washed by filling it with nitric acid for half a day and
washed four times with distilled water using ultrasonic
washer for twenty minutes of each times. The glass tube was
dried, and the inside was evacuated for five hours at 593 K.
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Then the glass tube was cooled to RT and filled with argon
gas. The molecular weight of argen is 39, which is heavier
than that of air, 29, The glass tube was taken off from the
evacuation system by holding the open edge upward, and
then the open edge was quickly covered with a thin paraffin
film (Parafilm). The SnBry powder was quickly put into the
glass tube and then covered again with the film. In these
treatments, humid air did not come into the glass tube,
because the tube was filled with argon gas, which is heavier
than air. The glass tube was again set to the vacuum system
and evacuated for five minutes and then filled with argon gas
again. This treatment was done five times. Then, it was
evacuated again with a diffusion pump to 1.3 x 1072 Pa, and
the glass tube was sealed with gas flame. In this evacuation
process two liquid nitrogen traps were inserted between the
glass tube and the pumps to prevent the contamination of the
pump oil.

The glass tube was kept at 278 K for four weeks in a
refrigerator. Transparent SnBry crystals were grown inside
the glass tube. The glass tube was broken, and the crystals
were taken out from the tube and then again put into a newly
prepared giass tube and treated as the same way mentioned
above. Recrystallized pure grade crystals were used for
optical reflection measurements,

The size of SnBry single crystals for optical measurements
was 10 x 10 x Smm?. Single crystal is transparent at RT.
Big size crystals are not good for optical measurements,
because they are more hygroscopic than small size crystals.
Since the bigger size crystals may be polycrystals, they have
small voids among domains of the crystals and the humid air
may not completely be taken off by the evacuation. Thus,
they easily loose the luster of the crystal surfaces.

The single crystals were taken out from the glass tube by
breaking it in a dry box. Dry nitrogen gas was constantly
flown by evaporating liquid nitrogen with a heater. The
temperature inside the dry box was kept lower than 283K
with the cool nitrogen gas by controlling the heater voltages.
Crystals were fixed on a finger of a long thin rod. While the
rod was pulled out from the dry box, the sample holder part
was covered with thin vinyl bag filled with dry and cold
nitrogen gas. The rod was put into the entrance tube of a
cooling dewar and slowly pushed down to the liquid helium
surface and soaked into it. The crystal surfaces do not loose
their Juster by these treatments. Then the liquid helium was
evacuated to 2K by rotary pump in order to prevent the
bubble noise for optical measurements.

The reflection spectra of the SnBry single crystals were
measured at RT, 77K and 2K. A deuterium lamp (Hama-
matsu Photonics L1626, 24 W) was used for the light source
to measure optical spectra in the wavelength region from
190 to 350 nm and a tungsten lamp (Ushio 12V, 50 W) from
350 to 900nm. Two sets of a monochromator (Acton
Research Corporation Spectra Pro-500) with a CCD photo-
detector and that with a photodiode array (Hamamatsu
Photonics C4448-11) system were used for the reflection
measurements, .

Room temperature (280 K) measurements were proceeded
in the small dry box that has a fused quartz window. Dry and
cool mnitrogen gas was constantly flown in the box by
evaporating liquid nitrogen with a heater as mentioned
above.
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2.2 Sample preparation for SnBry cluster in CyD and
Measurements

Cleaned glass tubes were prepared as the same way
mentioned above to make a cluster state of SnBry. They
were evacuated, heated and filled with argon gas. The
powder of CyD was put into the bottom of a glass tube and
evacuated again. It was evacuated to 1.3 x 107! Pa with a
rotary pump and to 1.3 x 10~3 Pa with a diffusion pump for
one hour, and then heated and evacuated for nine hours, The
heating temperatures were 413K for @- and y-CyD and
393K for B-CyD. The glass tube was cooled to RT after it
was heated, and the glass tube was filled with argon gas.

SnBry single crystals were put into these glass tubes, in
which CyD powder had already been put just mentioned
above. This procedure had been done in the cooled dry box.
Glass tube which contains CyD powder and SnBr, single
crystals was evacuated for 10 min and then filled with argon
gas. This treatment was done twice and the glass tube was
evacuated to 1.3 x 1073 Pa and then sealed.

The sealed glass tube was put in a heating glass tube that
was wound with tungsten heater. It was heated at 300K for a
day and then one of the sealed tube edges was pulled out of
the heating tube and kept for three hours in order to take off
the excess SnBry from the CyD powder surface. Excess
SnBry were recrystallized at the cooled edge. After then the
sample tube was taken out from the heating tube. It is
quickly put in a dried and cooled box.

The reflection spectra of the SnBry clusters in CyD were
measured by the following method. The SnBry clusters in
CyD were taken out by breaking the glass tube and were
quickly pressed with a glass plate on the both-sided adhesive
tape which was fixed to the finger of the sample holding rod.
These treatments were also done in the dried and cooled box.
The holder was soaked into liquid helium or liquid nitrogen
using a glass dewar. Room temperature (at around 280 K)
measurements were proceeded in the small dry box that had
a fused quartz window. The dry and cool nitrogen gas was
constantly flown in the box by evaporating liquid nitrogen
with heater as mentioned above.

2.3 Experimental results

The reflection spectra of a SnBry single crystal were
measured at 2K, 77K and RT. The reflectivities were
corrected by the absolute reflectivity measured with a He—
Ne laser and an S$1335-8BQ photodicde (Hamamatsu
Photonics R955) at 632.8nm, which is the transparent
wavelength of SnBry single crystal. The absolute reflectivity
is about 5% at 632.8 nm {1.96eV} at RT and also at 2 K. The
absorptioh coefficients were calculated by the Kramers—
Kronig formula. Since the reflectivity in the higher energy
range than 6.2eV could not be measured, they were
extrapolated with the damping factor § as E~%, where E is
photon energy. The criteria of fitting the parameter § are as
follows; the low energy side of exciton absorption damps to
zero, the absorption coefficient is nearly zero in the
transparent wavelength region. If the parameter was set
incorrectly, some parts of the absorption coefficients became
negative. The value § was adjusted to be 1.5 to obtain a
reasonable spectrum. The calculated abserption spectra are
shown in Fig. I. The exciton absorption band peak is at
3.64eV at 2K, It shifts to 3.59eV at 77K and to 3.21 eV at
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