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Length-Dependent Band-Gap Shift of TiO;> Molecular Wires

Embedded in Zeolite ETS-10%**

Nak Cheon Jeong, Myoung Hee Lee, and Kyung Byung Yoon*

Efforts have been directed at the synthesis and character-
ization of 1D quantum-confined semiconductor materials,
since they have great potential to be widely used as building
blocks for nanoscale electronic devices and other novel
applications.'!! Of the 1D quantum-confined semiconductor
materials, molecular wires are the thinnest.'*) However,
examples of molecular wires are still very rare, and there is no
method of synthesizing them in uniform diameters and
controlled lengths. Accordingly, the relationship between
the wire length (/) and the band-gap energy (E,) in the
quantum confinement region has not yet been determined for
molecular wires, despite the fact that this relationship is
crucial for the elucidation of the properties of the wires.

Zeolites are crystalline inorganic materials having nano-
meter-sized pores and channels with uniform shapes and sizes.
These materials are widely used as catalysts, catalyst supports,
adsorbents, ion-exchangers, and molecular sieves. ETS-10
(Na,TiSisO,3) is a unique titanosilicate zeolite that contains
regularly spaced 1D TiO,*~ molecular wires (-O-Ti(O-),-O-)
with a diameter (d) of 0.67 nm. ETS-10 has two polymorphs:
polymorth A (space group P4, or P4;, not shown) and
polymorph B (space group C2/c). The TiO;*~ molecular
wires run along the [110] and [110] directions (polymorph B,
Figure 1) without touching each other.'’ Each TiO,*~ wire
is surrounded by nanoporous silica with a pore size of 8 x 5 A2
In highly crystalline ETS-10, the lengths of the TiOs*~
molecular wires are greater than 25nm.'*'! Hence, it
would be difficult to determine the [-F, relationship in the
quantum confinement region unless the Bohr radius of the
exciton in the molecular wire were to exceed 25 nm, since the
quantum confinement effect (£, increases with decreasing /)
is observed only in the region in which / is smaller than the
exciton Bohr radius.
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The diameter of the TiO;>~ molecular wire in ETS-10 is
comparable to that of a single-wall carbon nanotube (d=
0.7 nm).”! However, from the point of view of titanates, an
important class of inorganic materials widely used in industry,
the TiOs*~ molecular wire is ultimately the thinnest wire.
Furthermore, no other molecular wires or nanorods have
been produced in the form of a superlattice embedded in a
chemically inert large-band-gap medium. ETS-10 can be
produced in large quantities at low cost by hydrothermal
synthesis.'>" Therefore, ETS-10 provides an unprecedented
opportunity to systematically study the /-E, relationship of
the titanate molecular wire and to explore the applications of
molecular-wire superlattices as advanced materials.

Zecchina and co-workers, however, assumed that the
band gap of the TiO,>~ wire in ETS-10 is independent of the
length of the wire when the length is greater than 25 nm.!%!7
This assumption has been widely accepted by the community
during the last decade.l'®”] The verification of its validity has
not been possible owing to the inability to synthesize high-
quality ETS-10 crystals of different sizes.”™ The standard
approach to vary the size of a zeolite crystal is to vary the
reaction time and temperature. Unfortunately, this standard
approach has not worked for ETS-10. For instance, Southon
and Howe demonstrated that, for a given synthesis gel, even a
slight variation of the reaction time and/or temperature leads
to ETS-10 crystals containing partially decomposed TiO5*~
molecular wires.”!! Furthermore, the decomposition of the
TiO;> molecular wires yields titanium-containing amorphous
or anatase nanoparticles whose absorption onsets appear at
longer wavelengths.”?! Thus, the preparation of ETS-10
crystals of different sizes does not guarantee the successful
elucidation of the /-E, relationship of the TiOs*" molecular
wires, unless the quality of the crystals is very high. Indeed,
the UV absorption spectra reported for ETS-10 samples have
not shown any correlation between the band-gap energy and
the length of the crystals along the [110] direction (L)
Figure SI-1 and Table SI-1 in the Supporting Informa-
tion).1%1*2!l We now report an unprecedented and highly
reliable method of synthesizing ETS-10 crystals of uniform
sizes with average L values of 0.3, 2, 5, 10, and 20 um
(denoted as E-0.3, E-2, E-5, E-10, and E-20, respectively).

The starting materials for our synthesis of ETS-10 were
sodium silicate (Na,SiO3, 35 % SiO,, 18 % Na,0), [Ti(iPrO),],
H,SO,, NaOH, and KF. First, concentrated H,SO, (4.5 g) was
added to [Ti(iPrO),] (5.7 g), and then distilled deionized
water (35 g) was added. The mixture was boiled for a time
period (¢) of 5, 10, 15, 30, or 60 min. This procedure yielded
anatase nanoparticles (d=2-5nm) in an amount that
increased with the value of ¢, namely, 0, 0.02, 0.08, 0.16, or
0.44 g (Figure SI-2). Independently, the silicon source was
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Figure 1. Crystal structure of polymorph B of ETS-10. a) Typical truncated-bipyramidal morphology of the crystals, which consist of a three-
dimensional network of SiO, channels (blue) and TiO,>~ molecular wires (red). b) View along the [1T0] axis. c) View along the [110] axis. d) A

single TiO;®>~ molecular wire.

prepared by dissolving sodium silicate (18.3 ¢g) in a dilute
NaOH solution (2.6 g NaOH and 75 g water). A solution
containing anatase nanoparticles was added to the silicon
source, and a dilute KF solution (1.7 g KF and 15 g water) was
subsequently added to the mixture. The mixture was aged for
18 h at room temperature and heated at 200°C for 24 h.

The scanning electron microscopy (SEM) images
(Figure 2) and powder X-ray diffraction (XRD) patterns

Figure 2. SEM images of ETS-10 crystals with average lengths along
the [110] direction (Lpiq) of a) 0.3 um (E-0.3), b) 2 um (E-2), ¢) 5 pm
(E-5), d) 10 um (E-10), and e) 20 pm (E-20). The images were obtained
on a Hitachi $-4300 field-emission SEM at an acceleration voltage of
20 kV. The insets are higher-magnification images.
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(Figure 3a) of the products confirmed that ETS-10 crystals
were obtained and that the sizes of the crystals in each batch
were fairly uniform. The sizes became highly irregular if the
anatase nanoparticles were isolated prior to being used as
titanium sources. Therefore, a key to the success of producing
ETS-10 crystals of uniform sizes is to keep the freshly
prepared anatase nanoparticles in the mother liquor and to
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Figure 3. a) Powder XRD patterns, b) Raman spectra, and c) solid-state
MAS 2Si NMR spectra of the ETS-10 samples. The XRD patterns were
collected on a Rigaku D/MAX-2500/pc diffractometer. The Raman
spectra were acquired using a 514.5-nm excitation beam from an Ar'-
ion laser. The NMR spectra were recorded on a Bruker DSX 400-MHz
solid-state Fourier-transform NMR spectrometer at the Korea Basic
Science Institute (Kyungpook National University).
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use them in this form as titanium sources. None of the
reported synthetic methods have adopted this methodol-
ogy.[12132051 Another important discovery is that the average
size of the ETS-10 crystals was inversely proportional to the
amount of anatase nanoparticles produced in the solution
(Figure SI-3).

The Raman spectra of the products are shown in
Figure 3b. All the spectra have a sharp and strong peak at
724 cm™' with a band width (full width at half maximum
(FWHM)) of 25-27 cm™'. Other groups established that the
724 cm ™! peak arises from the symmetric stretching of high-
quality Ti-O-Ti chains and that the peak position shifts to
significantly higher energy (to up to 820 cm ') as the crystal
deteriorates.[*2+2l The peak width for a high-quality ETS-10
crystal is approximately 25 cm™, and the width broadens (to
up to 120 cm™) as the crystal deteriorates (Table SI-4).2124

The solid-state magic-angle-spinning (MAS) *Si NMR
spectra of the ETS-10 crystals (Figure 3 c) showed resonance
peaks at 6 =-94.1 (0.65), —95.8 (0.38), —96.5 (0.41), and
—103.3 (0.60) ppm (the band widths are given in parentheses).
The relative intensities of the peaks were 1.00:0.79:0.84:0.50,
consistent with those reported by other groups for high-
quality ETS-10 crystals. As the quality of the ETS-10 crystal
degrades, the peaks at 6 =—94.1 and —103.3 ppm disappear,
while those at 0 =—95.8 and —96.5 ppm coalesce because of
broadening,[11421-24

The above results unambiguously show that all the
crystals, regardless of their size, contain high-quality TiO;*~
quantum wires. High-resolution transmission electron micro-
scope (TEM) images of the E-0.3 crystals showed that, over
an area of 50 x 50 nm?, pore coalescence occasionally occurs
within the layers but not between the layers (Figure 4). This
result indicates that most of the TiO;*>~ quantum wires in the
E-0.3 sample are longer than 50 nm.

Absorption spectra revealed the remarkable fact that the
band-gap energy of the samples (estimated from the inflec-
tion point of the spectra) decreases with increasing Ly value
(Figure 5a and SI-5). The data of the E~Ljo plot shown in
Figure 5b could not be fitted to the formula E, :A/L[HO]2 +B
(dotted curve), where A and B are chosen so that at least the
two data points of E-0.3 and E-20 can fit into the formula.
This result indicates that the average length of the TiO5*
molecular wires is not linearly proportional to Lo}

Although not perfect, the effective-mass approximation
has proven to be very useful for the analysis of the [-FE,
relationship of semiconductor nanorods.®716-1827.281 Accord-
ingly, we apply Equation (1), where AE, is the difference

n H
AE, = TR T (1)
between the E, value of the wire and that of a bulk three-
dimensional titanate such as MTiO; (M = Ca, Sr, Ba), 4 is the
Planck constant, u,, and u, are the effective reduced masses of
the exciton in the molecular wire along the perpendicular and
axial directions, respectively, and d and / are the diameter and
length of the molecular wire, respectively.
The forced fit of the AE, value of each sample to
Equation (1) with the assumption of an average wire length of
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Figure 4. a) TEM image of an ETS-10 crystal from sample E-0.3 at a
magnification of 250000. Inset |: The corresponding fast Fourier-
transform (FFT) image, which shows that the TEM image was taken
perpendicular to the (110) face of the crystal. Inset Il: An enlargement
of the designated area in the TEM image. Inset I11: lllustration of the
ETS-10 structure viewed along the [110] axis. b) TEM image of the
crystal at a magnification of 600000. The TEM images were collected
on a JEOL JEM 4010 microscope.

50 nm for the E-0.3 sample (the minimum estimated length)
and with CaTiO; (E,=3.7 eV) as the reference bulk material
is shown in Figure 5c. This fit predicts / values of 50, 57, 65, 83,
and 167 nm, for the E-0.3, E-2, E-5, E-10, and E-20 samples,
respectively. Furthermore, it predicts a u,, value of 15.2 m,
and a u, value of 0.0006 m,, which are the largest and the
smallest values yet estimated. On the basis of these values, the
electron mobility along the perpendicular direction is
expected to be very low and that along the axial direction is
expected to be very high, despite the oxide nature of the
molecular wire.

The u,, value, which is derived from the height of the
baseline in Figure 5c [the first term in Eq. (1)], can vary from
2.15 m, to 15.2 m,, depending on the reference bulk material
(rutile (TiO,; E,=3.03eV), anatase (TiO,; E,=3.18¢V),
BaTiO; (E,=3.2 eV), or CaTiO;). The u, value may be much
smaller if the / value of the TiO,’>~ molecular wire in E-0.3 is
longer than 50 nm, which is also possible. If the / value for E-
0.3 is assumed to be as small as 25 nm, as estimated by
others "% the u, value from the fit is 0.0027 m,, which is still
much smaller than the smallest values yet reported (for InSb,
U, =0.014m,* for carbon nanotubes, u,=0.019m,;>"
Table SI-6).
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imposed onto the molecules by the rigid zeolite framework
does not exist.

The effective Bohr radius of the exciton along the axial
direction (ag,) of the TiOs>~ molecular wire cannot be
estimated, because the dielectric constant of the wire along
the axial direction is not available. However, the very small u,
value and the possibility of the dielectric constant being large
(judging from the titanate nature of the wire; Table SI-6)
suggest that the ag, value could be larger than any known,
thereby making it possible for the molecular wire to exhibit a
length-dependent shift in the band-gap energy, even at lengths
much greater than 50 nm. Consistent with this prediction, the
TiO,>~ molecular wires do not fluoresce (even at 10 K),
indicating a large spatial separation between the hole and
electron wave functions in the excited state.””

We believe that our synthesis of high-quality ETS-10
crystals with different sizes and our subsequent elucidation of
the long undiscovered [-E, relationship of the embedded
TiO4*~ wires are important steps towards the development of
quantitative mechanistic models for the remarkable phenom-
enon of the TiO;*>~ molecular wire to exhibit a quantum
confinement effect over such long wire lengths, towards the
acquisition of direct evidence of the efficient electron trans-
port predicted for the wires, and towards the application of
the molecular-wire superlattices in nanoscale electronic
devices. The high-quality ETS-10 crystals prepared could
also be used as membranes for molecular separation.[**]
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Figure 5. a) The diffuse-reflectance UV-vis spectra of the ETS-10 sam-
ples, from which the band-gap energy (E,) can be estimated (the
intensities of the maximum absorption bands in the 290-330 nm
region are normalized to an arbitrary Kubelka—Munk value). b) The
dependence of the E, values of the samples on the average length of
the crystals along the [110] direction (Lpy1q). c) The forced fit of the
relative band-gap energy (AE,; with respect to CaTiO;) of the samples
to Equation (1) for the cases in which the average length (/) of the
TiO;>~ molecular wires in the E-0.3 sample is 25 nm or 50 nm. See text
for details.

Such extraordinarily small x4, values probably originate
from the extraordinarily short Ti—O bond length (1.872 A)
along the axial direction.!'” This bond length is shorter than
those of other Ti—O bonds involving six-coordinate titanium
atoms, which range from 1.940 A for rutile®" to 2.005 A for
BaTiO;P (Table SI-7). Stronger interatomic interactions give
a smaller effective mass.” In this regard, the molecular wires
in ETS-10 are unique, because such a short Ti—O bond length
along the axial direction would not be possible outside of a
zeolite framework, in which the strong spatial confinement
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