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New molecular devices based on nanometer scale assemblies
that display flexibility, stable electronics, and rapid response and
long lifetime under photoinduced current are needed for micro-
electronics applications. Assembly processes studied with respect
to the chemical and structural transformation and reconstruction
of semiconductor surfaces by water and other oxygen-rich mol-
ecules, such as ZA%nd TiG:22 nanoparticles, have been a topic
of considerable recent interest. The association of water molecules
with such surfaces displays a reversible characteristic, and this
property implies that the oxygen atom in water does not interact
through a coordinate covalent bond. Our recent ab initio calculations
demonstrate that the energy advantage for water molecules to
directly interact with a ZnS surface is very small. However, if one 1mm
considers the case_ of a molecule containing multiple hydm)_(yl Figure 1. TiO2 wires induced bys-cylodextrin complexation displayed
groups, the interaction becomes stronger and generates coordinatgnger light microscopy. The inset shows the confocal images of a
covalent bonds with the surface atoms. This mechanism has beerstraightened wire on a TEM grid (using tweezers under the light micro-
proposed for the interaction between ZnS with cyclodextfilrs. scope). (a) Regular light image. (b) Multilight image. (c) Fluorescence image
this communication, we report that cyclodextrins (CDs) appear to with 488-nm illumination. (d) Fluorescence image with 534-nm illumination.
irreversibly coat the surface of anatase Jjgarticles and produce
ultralong wires. For this purpose, CD molecules may play the role
of linker molecules, with hydroxyl groups protruding from both
faces. These interactions appear to result in a kind of self-assembly
of the TiO, particles, resulting in super long Ti©dextrin wires
generated irreversibly (Figure 1). X-ray diffraction (XRD) shows
that the wires maintain the expected structural signature for the
TiO, particles, and FTIR confirms their relevant chemical content.
The well-formed wires are mechanically flexible, behaving like
ropes in water. They may even be straightened linearly using
tweezers under a microscope (Figure 1 inset). Preliminary photo-
current and electronic measurements show the rapid response of B
photoexcitation of isolated Ti>-dextrin wires and constant electric
resistance.

Approximately 1 mg of anatase TiOnhanorods, made by a o
hydrqthermal proces§ from SOd'u.m.t'taMd 5 mg Qf cyclo- Figure 2. TEM images of (a) the Ti@-dextrin wire bundle, (b) the electron
dextrin, was mixed with 1 mL of distilled water. The mixture was diffraction of the wire bundle, (c) the interdextrin layer between the two
sonicated for 5 min and then transferred to a temperature-controlledTiO; particles, and (d) the dextrin layer on the particle surface.

(25 °C) quartz tube illuminated by UV light. Within one to two ., scavenge holes efficiently. This scavenging ability increases
weeks, hairlike wires were observable in the suspension. They Were ith the number and spatial distribution of the hydroxyl groups

separated from the suspension using tweezers and thoroughlyper moleculé, which suggests that the photoexcited Tiirface
washed yvith water. The \_Ni_res were stored in a hydrated condition. has a tendency to associate strongly with available hydroxyls.
These wires were surprisingly long and extend to as much as 9 ¢ gysceptibility to manipulation (Figure 1 inset) and stability
mm in length (Figure 1). Three cyclodextrins, 5, andy, were in water (over one year) suggest the potential utility of these wires.
used, and all induced wire formation. Some pH effects were s yonerty may be explained by the gross structure of the wires.
observed. Solutions of pH 5 to 7 were the best for wire formation, 5nsmission electron microscopy (TEM) revealed that on the TiO
and higher pH incubations (pH 7 to 9) produced only wires of poor 4 grface and within the interface of two particles, there is an
quality. _ _ amorphous layer of molecules (Figure 2). The “carbohydrate” layer

_Under UV light, TiC, surfaces generate electrqhole (g/h+) between the rods is about 1 nm in thickness, which is very close to
pairs that can be separated and move toward different sites. They,o ¢ ciodextrin height profile. We believe this random block
holes are thought to cause interactions with surface molecules. 'tparticle composite structure is the reason the,Fi@extrin wires
was recently revealed that alcohols and polyhydroxyl compdunds possess the mechanical properties observed.
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between oxygen and with titaniufnwhich suggests that multiple
Ti—O—R bonds are formed during the reaction of cyclodextrins
and the TiQ surface. We know that the surfaces of photoexcited
TiO, particles generate electrehole (e/h™) pairs that result in
radical formation on the Ti@surface (TV—0) and in solution
(OHag. The reaction of TY —O* with HO—R generates Ot$pecies

that may combine with an electron and a proton to produce a water

molecule. Furthermore, the surface modification of anatase with
sugar molecules and other polyols was found to result in the
coordinated bonding of these hydroxylated functionalities to
titanium atoms in a way that resulted in two of the oxygen atoms
being octahedrally coordinated to a single titanium atdiReports
from other workers demonstrated that the interaction between
hydroxyl compounds and the photoexcited Ti@anoparticles
resulted in the oxidation of the hydroxyl ligantsin this view,

the electror-hole (e/h™) pairs generated by photoexcitation would
be separated and the charge trapping time could be much longe
than the time of hole scavenging by the hydroxyl compodnidsus,

200 nm
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Figure 3. Topographic AFM images of (a) Ti>-dextrin wire bundle, (b)
surface structural features of the association of, i@rticles, (c) two strands
of the TiG;—dextrin wires, and (d) illumination mode image of the image

when the hydroxyls of cyclodextrin molecules take the place of in (c).

the “holes” on the anatase surface, the coordinate bonds betwee
oxygen atoms and titanium atoms are formed.

In XRD experiments, the peaks close to 25, 38, and648
demonstrate that these wires consist of pure anatasg FiOm
the FTIR of the TiQ—dextrin wires, bands appearing at 2880 and
2930 cntt are consistent with the principal carbohydrate stretching
vibrations of—CH,— and—CH. Also observed was a band at 806
cm~*that could result from an ©C—C—O relative ring vibration.
The presence of an-@C—C—O ring with the titanium atom reflects

r]owest—energy principle may explain control of wire formation. The
photoactive and mechanically stable Fi@res described here may
provide new strategies for producing semiconductor devices at the
nanometer scale. Potential applications are ultrasmall light-induced
electronic junctions, switches, and sensors.
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with a titanium atom, as well as the carbon bridge between the
two hydroxyls of the cyclodextrin.

Electronic measurement of the Ti©dextrin wires showed that
the wire resistance has a good linear relationship with the length
of the wire. Also, the resistance of the wires stays constant with
voltage change. For example, a 3@® length of wire maintains
constant resistance with voltage change from 4 to 10 V, or 500-
Ohmum=1,

From the inset of Figure 1, we see the photoluminescence

emission of the wires. Using a UV lamp (254/366 nm, model
UVSL-58) and an electrochemical analyzer wlitft function (CHI
650), we measured the photoactivity of single Fi@extrin wire.
The photocurrent of a wire bundle at a potential of 10 mV is about
410 pA and appears stable within 1000 s. Also important was the
observation that the photo current responds quickly during the light
on/off cycles.

The FTIR and XRD data shown above suggest that cyclodextrins
accommodate into the titanium octahedral complex. Although the
assembly process itself is not yet known, a plausible explanation
lies in simple entropic control of the cyclodextriTiO, complexes
in water. For example, the cyclodextrins have two hydrophilic edges
and a hydrophobic lumen, and the TFiQurface is normally
hydrophobic, yet hydrophilic when photoinduced. Therefore, the

assembly process observed may be induced by surface energetics
(10) (a) Goldstein, S.; Czapski, G.; Rabani].JPhys. Chenl994 98, 6586—

alone.

Although larger wire bundles were observed, single wires have
remarkably consistent diameters400-800 nm; Figure 3). The
distinct energy facets of the titanium crystalsombined with the

Supporting Information Available: XRD, FTIR measurements,

electronic and photocurrent measurements, and the wire height profile
measurement of the Ti©dextrin wires. This material is available free
of charge via the Internet at http:/pubs.acs.org.
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