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From Nanorods to Atomically Thin Wires of Anatase TiO,:
Nonhydrolytic Synthesis and Characterization

Chenmin Liu, Hui Sun, and Shihe Yang*[“]

Abstract: A nonhydrolytic two-step
chemical process has been developed
to synthesize ultrathin, nearly monodis-
perse TiO, (anatase) wires with tunable
diameters of 5nm to approximately
4 A, reaching the atomic length scale.
The high-quality anatase titania atomi-
cally thin wires can be doped and stabi-
lized with nitrogen species by introduc-

cules. The ultrathin wires, particularly
the atomically thin wires, as well as the
precursor, have been thoroughly char-
acterized by an extensive series of
structural, spectroscopic, and other
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techniques. Possible formation mecha-
nisms for the rods and the wires are
proposed on the basis of experimental
results obtained under varying reaction
conditions. Also demonstrated are the
pronounced effects of size and N-
doping on the electronic, optical, and
phononic properties of the anatase tita-
nia wires in the smallest size regime.

ing suitable nitrogen-containing mole-

Introduction

Synthetic chemistry has been the workhorse for bottom-up
fabrication of nanomaterials." In principle it offers atomic
precision and bonding specificity with added advantages of
controllability, processibility, cost-effectiveness, and scalabil-
ity. The ability to synthesize size-tunable quantum dots that
has been developed in the last two decades represents a
grand triumph of the bottom-up chemical approach,*®! but
generalization of this methodology to the controllable syn-
thesis of nanostructures of different materials with different
sizes and shapes is still a major challenge. In particular, con-
trol over nanowire growth is often rather limited in terms of
the nanowire quality and size. It is especially difficult to
obtain ultrathin nanowires of uniform size. Although some
ultrathin nanowires have been recently reported,’!! it is
still unclear how they can be synthesized, stabilized, and ma-
nipulated in general terms. Ultimately, the controllable syn-
thesis of atomically thin wires would be of interest. The
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quantum effect is most pronounced in this size regime
reaching the atomic limit, and the change in size and shape
is often accompanied by a dramatic change in electronic
structure and thus in physical and chemical properties. Con-
trol over size- and shape-dependent electronic structures
should allow adjustment of the intrinsic properties of any
material; this principle has been practiced for meeting the
demands of a wide range of applications.

Widely known as white pigments in the form of anatase
and rutile, titanium dioxide (TiO,) is also intensively studied
and extensively used in heterogeneous catalysis, photocatal-
ysis (water purification, air cleaning, water splitting for the
production of hydrogen and electricity), solar cells, gas sen-
sors, corrosion-protective coatings, ceramics, dielectric and
optical materials, Li-ion battery electrodes, and electric devi-
ces such as varistors.'>!8! The functionality of many of the
titania-based devices can be boosted and significantly ampli-
fied by virtue of two aspects of atomic engineering: size re-
duction to nanoscale and atomic doping. The former leads
to pronounced confinement and surface effects, whereas the
latter introduces local chemical and electronic effects, both
of which contribute to the modification and augmentation
of material properties. For example, underlying the optical
response of a given material is normally its electronic struc-
ture, which can be tuned by reducing its physical dimensions
to the nanometer regime (confinement of carriers) and by
varying its chemical composition. In its pure form, titania
has limited UV-driven activity, which largely inhibits its
overall efficiency under natural sunlight (5% UV, 300-
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400 nm; 43% visible, 400-700 nm; and 52% IR, 700-
2500 nm)."™! One of the potential solutions for improving its
efficiency is to shift its absorption from the UV into the visi-
ble region, allowing more photons to be absorbed and uti-
lized. By changing the chemical composition of TiO,
through main-group doping, in particular with nitrogen, it
has been shown that the resultant nitrogen-doped TiO, is ca-
pable of light activity at much longer wavelengths.?*2
Thus, TiO, doped with nitrogen (N-TiO,) has received a
great deal of attention in the past few years owing to its po-
tential role in solving the currently exacerbating global
energy and environmental crises.* " Depending on the spe-
cific application, the TiO, as well as the N-TiO, materials
must fulfill a wide variety of requirements in terms of parti-
cle size, size distribution, morphology, crystallinity, and
phase. Up to now, many TiO, and N-TiO, nanostructures,
for example, nanofilms, hollow spheres, nanotubes, nano-
wires, and mesoporous structures, have been synthesized by
different methods including hydrolytic, sol-gel, electropho-
retic, and thermal deposition.">'"®31- However, there is
still only limited control over the growth of the nanostruc-
tures obtained from solution chemical synthesis.

Recently we gave a preliminary report on the synthesis of
extremely thin wires of N-doped anatase titania reaching
the A regime.” This opens opportunities not only to ex-
plore the physical properties and application of the atomi-
cally thin wires but also to understand their growth and
doping processes. Herein, we
present a comprehensive study
on the synthesis and characteri-
zation of atomically thin titania
wires (4-5 A) and of ultrathin
titania nanorods (<5 nm). Our
synthesis is based on a simple
nonhydrolytic ~ two-step  ap-
proach, which consists of con-
trolled precursor formation in-
volving ester elimination,
esterification, and controlled
precursor condensation involv-
ing the oxidation of amines
with ester elimination. Further-
more, we demonstrate a facile
method of N-doping and its at-
tendant stabilization of the tita-
nia atomically thin wires. Final-
ly, we demonstrate the pro-
nounced effects of size and N-
doping on electronic, optical,

and phononic properties of the ' ~Sam

anatase titania wires traversing
the nm to A scales.

Results and Discussion

Size and morphology of titania wires: The products collect-
ed after precursor treatment at different temperatures for
different reaction time periods were examined by using
transmission electron microscopy (TEM, see Figure 1). As
expected, the precursor obtained from the first solvothermal
step is an amorphous gel network without any crystalline
material (Figure 1 A). However, after the second heat treat-
ment at 180°C for 1h in the presence of octadecene
(ODE), well-dispersed atomically thin wires with a mean di-
ameter of approximately 4.5 A and mean length of approxi-
mately 20 nm were achieved (Figure 1B). When the same
solvothermally prepared precursor was post-treated at
180°C for 12 h, we obtained long and bundled atomically
thin wires (average diameter 0.5 nm, average length
~38 nm; Figure 1C). However, when the heat treatment
was at 300°C for 20 min, well-dispersed nanorods with a
mean diameter of approximately 3 nm and length of approx-
imately 11 nm were obtained (Figure 1D), and prolonging
the post-treatment process to 1 h resulted in nearly mono-
disperse nanorods with the same mean diameter (~3 nm)
but the mean length increased to approximately 19 nm (Fig-
ure 1 E). When the second heating process was further pro-
longed to 3 h, we obtained a self-assembled pattern of bun-
dled nanorods, a typical example of which is shown in Fig-
ure 1F. It thus appears that a longer heat treatment time

Figure 1. TEM micrographs showing the evolution of products from the Ti complex precursor to atomically
thin anatase titania wires and nanorods and their self-assembled networks: A) the titanium complex precursor

obtained in the first step of solvothermal treatment; B) dispersed atomically thin wires obtained after precur-
sor treatment in ODE for 1 h at 180°C; C) bundled atomically thin TiO, wires obtained after precursor treat-
ment in ODE for 12 h at 180°C; D) TiO, nanorods obtained after precursor treatment in ODE for 20 min at
300°C; E) TiO, nanorods obtained after precursor treatment in ODE for 1 h at 300°C; F) TiO, nanorod net-
work obtained after precursor treatment in ODE for 3 h at 300°C. Insets of B-E: Enlarged HRTEM images

of the corresponding nanostructures.
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tends to increase the lengths but not the diameters and
favors bundling and self-assembly of both the nanorods and
the atomically thin wires.

We found that the sequence in which oleylamine (OLA)
was added to the reaction mixture can have important ef-
fects on the bundling and self-assembly of the wires, and to
illustrate this point we conducted a one-pot solvothermal
synthesis. When OLA was added before the start of the re-
action at 150°C for 25 h, closely assembled, ultrathin titania
nanowires (=~ 1.8 nm) were obtained (Figure 2A). However,

Figure 2. A) TiO, nanowires (d~ 1.8 nm) obtained in a one-step synthesis
in which OLA was pre-added to the reaction mixture; B) TiO, nanorods
(d~3.0nm) obtained by hot injection of OLA. Insets: Enlarged
HRTEM images of the corresponding nanowires.

hot injection, whereby OLA was added dropwise during the
reaction with the same reagents, gave well-separated titania
nanowires (Figure 2B). These results suggest that a pre-
formed uniform mixture of oleic acid (OA) and OLA solu-
tion favors self-assembly of the wires, which is perhaps due
to the tendency to form an ordered micelle structure."-+%

As described above, by careful tuning of the reaction con-
ditions the smallest-diameter, atomically thin titania wires
could be obtained in both isolated and bundled forms de-
pending on the reaction time. More detailed TEM and high-
resolution TEM (HRTEM) characterizations were carried
out on the spatially separated, atomically thin wires. The
atomically thin wires were abundant with lengths of up to
20nm and diameters that were uniformly below 6 A, and
typically around 4-5 A (Figure 3 A). The good dispersion of
the atomically thin wires, free of aggregation and bundling,
on the copper grid can be attributed to the protective sur-
face layer of OA. A survey of
several atomically thin wires in
higher-magnification TEM
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Figure 3. TEM micrographs of atomically thin N-TiO, wires grown at
180°C for 1 h: A) an overview image of nearly monodispersed, atomical-
ly thin wires; B) HRTEM image of a single atomically thin wire (d
~4.5 A). The individual atomically thin wire is crystalline with lattice
fringes spaced at approximately 3.5 A, corresponding to the spacing be-
tween the (101) planes of anatase TiO,.

which corresponds to the spacing between the (101) planes
of anatase TiO,.

Table 1, which summarizes the synthesis results we have
obtained so far from a series of experiments, clearly shows
the effects of the reaction conditions on the size and mor-
phology of the titania wires. This is also schematically illus-
trated in Figure 4. Whereas an increase in reaction tempera-
ture mainly increased the wire diameter, prolongation of the
precursor treatment time mainly caused an increase in the
wire length accompanied by bundling and self-assembly,
which was promoted by OLA. This can provide a valuable
guide for controlling the 1D structures of titania. Note that
the atomically thin wires, nanowires, and nanorods of titania
exhibit good shelf stability in ambient conditions. For exam-
ple, the atomically thin titania wires could still maintain
their diameters and morphologies after storage for more
than a year.

Composition and bonding structures: The composition of
the products was ascertained and checked by X-ray photo-
electron spectroscopy (XPS). The estimated atomic concen-
trations from typical XPS survey spectra of the precursor,
atomically thin wires, nanorods (1.8x38 nm, 3x19 nm), and
commercial P25 nanoparticles (diameter ~20nm; Fig-
ure SA) over a broad binding-energy range are given in
Table 2. For the atomically thin wires with an O/Ti atomic

Table 1. Size and shape of the products obtained under various precursor treatment conditions.*!

images (an example is shown in  Temp [°C] Duration [h] Morphology Mean diam [nm] Mean length [nm]
Figure 3B) further confirms 180 1 separated atomically thin wires (>90%) 0.5+0.1 20.0+3.8
that the diameters of these 180 12 bundled atomically thin wires (>80%); 0.5+£0.2 382453
wires are indeed in the 4-5 A nanodots (<20%)
range. with an averase of 4.5 A 300 1/3 nanorods 3.1£0.2 11.7+£33
8¢ I Vi 1 nanorods 30402 186423
Note that the atomically thin 300 3 nanorod network pattern 3.0+02 -
wires are crystalline with well- 150 (one-pot 25 nanowires 1.8£0.1 38.0+1.9

defined lattice fringes spaced at  solvothermal)

about 0.35nm (Figure 3B),
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[a] The parameters were estimated from the TEM data.
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Figure 4. Schematic representation of the evolution of the product mor-
phology as a function of reaction temperature and time.

ratio of approximately 3.6:1, the extra oxygen atoms can be
ascribed to the contribution from the capping layer of OA.
As a result, with the increase in size (precursor —atomically
thin  wires—ultrathin  nanowires —nanorods—relatively
large nanoparticles) and thus a decrease in the surface/
volume ratio, the O content decreases. This is because, ulti-
mately, the bulk titania has an O/Ti ratio of only 2:1. To our
surprise, the N/Ti atomic ratio is as high as 0.24:1, which is
far beyond the environmental contamination level (~0.01:1
in the P25 sample, see Table 2) and hence indicates N-dop-
ing in the atomically thin anatase wires. Interestingly, we
found that both OLA and N,, introduced separately into the
reaction system in the second heat-treatment step, could ef-
fectively dope the atomically thin wires with nitrogen.

For further analysis of the chemical structure of the inter-
mediate, product, and reference samples, three areas of the
XPS spectra, namely the N 1s around 400 eV, the Ti2p near
460 eV, and the O1s around 530 eV, were examined more
closely. The relatively high intensity of the N 1s peak for the
atomically thin wires (Figure 5B) again proves the existence
of N-doping, contrary to the remaining samples. Further-
more, the N1s peak of the atomically thin N-TiO, wires is
centered at approximately 401 eV. We have previously
shown that the N1s peak is not from the free OLA
(~399 eV) used as a reagent in the synthesis.*) We also sug-
gest here that the N 1s peak is not from the OLA simply co-
ordinated to Ti atoms of the atomically thin wires, which
would result in a binding energy of approximately 400 eV.[*
The N1s peak at approximately 401 eV is notably higher
than that in TiN crystals with a typical N 1s binding energy
of approximately 397 eV. Because the core-electron binding
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energy of an atom is usually higher when the oxidation state
of the atom is more positive, the N 1s peak with a relatively
high binding energy can be ascribed to nitrogen species in a
relatively high oxidation state, such as in NC or NCO, or to
an NO site in titania.***! This can be explained by the fact
that the N1s electron binding energy is 408 eV in NaNO;
but 398 eV in NH;.*! When the nitrogen atoms in TiN are
partially replaced or oxidized by O atoms to form such a
structure as O-Ti-N or O-Ti-O-N on the atomically thin
wire surfaces, the electron density around N will be reduced
owing to the strong electron-withdrawing ability of the O
atoms, leading to an increased N1s binding energy.* %!
The above argument has excluded the possibility of direct
OLA coordination to the surface Ti atoms, so the relatively
high N1s binding energy we observed suggests that the N-
doping of the atomically thin TiO, wires may well take the
structural form O-Ti-O-N-C on the atomically thin wire
surfaces. More discussion on this aspect will be found below.

In addition, the facile N-doping in the atomically thin tita-
nia wires is in marked contrast to the little N-doping in the
titania nanowires. This could be attributed to the larger sur-
face-to-volume ratio and higher surface activity of the atom-
ically thin wires than of the nanowires. In our experience
the N-doping not only modifies the electronic structure of
the materials but also appears to have the effect of stabiliz-
ing the atomically thin titania wires further. Specifically, we
found that the atomically thin wires of pure titania were un-
stable under electron-beam irradiation and hence it is much
more difficult to obtain clear TEM images, but the atomical-
ly thin N-TiO, wires were much more stable in this sense.
This is why the TEM images presented above are almost all
for the atomically thin N-TiO, wires. Such a stabilization
effect is believed to result from the nitrogen dopant passiva-
tion on the part of the wire surface not adequately covered
by OA.

From the O1s XPS spectra of the four titania samples to-
gether with fitting results obtained by using XPSPEAK Ver-
sion 4.1 software (Figure 5C and D), one can see significant
changes upon precursor decomposition and atomically thin
wire growth in comparison with the reference P25 nanopar-
ticles. Figure 5 DI'"* shows the fitted O1s spectra for the
precursor, atomically thin wires, and nanorods, respectively.
The signal at a relatively high binding energy of approxi-
mately 532 eV in the O 1s spectrum was previously assigned
to surface-anchored, oxygen-containing species, such as
—COO0—-, —-C—N-0- or —OH,*! which in our case is denot-
ed as “Peak I” (Figure 5D). The lower binding-energy peak
can be ascribed to oxygen atoms that are bound to atoms of
lower electronegativity such as in Ti—O-Ti,*"! which we
have denoted as “Peak II” (Figure 5D). These assignments
are consistent with the much greater abundance of the
ligand oxygen (a large Peak I) than of the Ti-connected lat-
tice oxygen (a small Peak II) in the precursor. On the other
hand, no apparent Peak I can be observed for P25 nanopar-
ticles (see Figure 5C) because of their much larger size, and
hence much smaller relative surface area. Indeed, in the
order nanorod—ultrathin nanowires—atomically thin

Chem. Eur. J. 2010, 16, 4381 -4393
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Figure 5. A) XPS survey spectra of precursor, atomically thin N-TiO, wires, 1.8 x38 nm nanowires, 3x19 nm
nanorods, and P25 nanoparticles; B) XPS spectra in the N 1s region around 400 eV; C) XPS spectra in the O 1s
region at around 530 eV; D) fitted O1s spectra for precursor a), atomically thin wires b), 1.8x38 nm nano-
rods c¢), and 3x19 nm nanorods d); E) XPS spectra in the Ti2p region at around 460 eV (inset: a magnified

portion of Ti2p;, at around 459 eV).

Table 2. Relative atomic contents of the products calculated from XPS
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wires —precursor, with decreas-
ing size the ratio of ligand
oxygen (PeakI) to Ti-connect-
ed lattice oxygen (Peak II) dra-
matically increases as can be
seen from Figure 5D 1-4, owing
to the dramatically increasing
surface/volume ratio. This trend
reflects the change in O contri-
butions to the O 1s spectra from
the carboxylic groups in precur-
sors and atomically thin wires,
in comparison with those from
the anatase TiO, lattice in
nanorods and P25 nanoparti-
cles. Also noteworthy are the
shifts of the peaks. As can be
seen in Figure 5D, the Ols
peak associated with the Ti-O-
Ti lattice at approximately
530.2 eV (Figure 5D 1, Peak II)
for the precursor is slightly
shifted to approximately
530.1 eV (Figure 5D 2, Peak II)
for atomically thin wires, to ap-
proximately  530.0eV  (Fig-
ure 5D 3, Peak II) for nano-
wires with diameters of 1.8 nm,
and to 529.9eV (Figure 5D 4,
Peak II) for nanorods with di-
ameters of 3.0 nm and for P25
nanoparticles (Figure 5C),
whereas no obvious shift could
be observed in the surface
ligand O1ls peak (Figure 5D 1-
4, Peak I) for the series of sam-
ples. There are two possible
causes of this phenomenon: the
size reduction and the surface
effect, both of which are likely
to increase the electron binding
energy. The size reduction is
due to electron confinement,
whereas the surface effect is a
consequence of the high elec-
tronegativity of the ligand.

The Ti2p spectra (Figure SE)
confirm that the oxidation state
of titanium in all four samples

is mainly +4, considering that the signals centered at

around 458.7 eV (Ti2p;,) and 464.3 eV (Ti2p,,) are similar

data.

Sample Ti2p Ols N1s
Precursor 1 3.60 0.03
Atomically thin wires 1 3.27 0.24
1.8 x 38 nm nanowires 1 3.16 0.08
3x19 nm nanorods 1 2.70 0.02
P25 1 2.33 0.01
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to those of fully oxidized bulk TiO,. However, by scanning
the Ti2p region in detail, subtle differences for the four
samples also become noticeable. There is a signal for the
precursor at around 459.1 eV, which is a notably higher
binding energy than those for the remaining samples (Fig-
ure 5E, inset). This phenomenon is also caused by the spe-
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cial structure of R—COO-Ti—
OOC-R. Specifically, because

A
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P25

E

o o = == fitted data
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=== raw data

$2¢%, anatase E
als)

of the high electron-withdraw-
ing ability of the surrounding
R—COO— group, the electron
density around the Ti atom is

va l

[}
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1a(2d) g

anatase Bum

reduced; this results in the in-
crease in Ti binding energy.

Also note that the Ti2p,, peak I : —————

at 458.6eV for the nitrided > o
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hance the electron density at
Ti** or partially change the va-
lence state of Ti*t to Ti’*,
which would also lower the
binding energy of the Ti2ps,
peak."

Raman scattering and phonon

confinement: The bulk anatase TiO, has six Raman-active
fundamentals in the vibrational spectrum: three E, modes
centered around 142, 196, and 639 cm™' (designated here as
Eq1), By, and E,), respectively), two B, modes at 399 and
519 cm™" (designated B,y and B,,,q), respectively), and an
A, mode at 513 cm L. In these vibrational modes, Eys),
Big@a) and A, are of the Ti—O bond-stretching type, where-
as the modes of By, Ey1), and E,,) are associated with the
O-Ti—O bending vibrations.’! As the crystallite size de-
creases, each of the Raman signals shows increased broad-
ening and systematic frequency shifts; the latter can be blue-
shifts and redshifts for different Raman signals."”? Such
Raman signal broadening and frequency shifting trends
have all been confirmed in the Raman spectra of our atomi-
cally thin wires and nanorods, as shown in Figure 6 and in
Table 3. For example, with the decrease in crystallite size,
the most intense Raman signal of E,;, at around 142 cm ™" is
broadened by as much as nearly 20 cm™ (see Figure 6D).
Such signal broadening also occurred for other Raman sig-
nals, although to a smaller extent (see Figure 6A). As for
signal positions, the E,;) mode showed the largest blueshift
with decreasing crystal size (see Figure 6C and Table 3):
142 cm™' for nanoparticles with diameters of approximately
25nm, 151 cm™' for 3x19 nm nanorods, and 158 cm™' for
atomically thin wires. A smaller blueshift was seen for the
E, mode: 206 cm™' for atomically thin wires, 199 cm™" for
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Figure 6. Raman spectra of the titania products excited at 514 nm: A) overall Raman spectra of the atomically
thin N-TiO, wires, 3x 19 nm nanorods, and P25 nanoparticles; B) an enlarged Raman spectrum of the atomi-
cally thin N-TiO, wires in the solid-line rectangle in A) together with the fitted result; C) an enlarged Raman
spectra of the dashed-line rectangle in A), indicating the shift of the E,, Raman signal with the size of the
nanostructures; D) FWHMs of the E,,) Raman signal for different samples plotted versus the size of the nano-
structures. The solid line is a guide for the eye.

Table 3. Raman signal positions [cm™'] in different titania samples.

Sample Eqy  Ewy  Biw  BiegtA By

Atomically thin wires ~ 158.0 2059  401.3  508.7 635.3
3% 19 nm nanorods 151.0 199.2 401.6 514.6 648.6
P25 141.6 1940 3949 5140 636.7

nanorods, and 196 cm™' for P25 nanoparticles. The B,

mode showed an even smaller blueshift: approximately
400 cm™ for atomically thin wires and nanorods, and
396cm™  for P25 nanoparticles. For the combined
Biypat A, modes, redshifts were observed instead: 508 cm!
for atomically thin wires and 514 cm™' for P25 nanoparticles.
For the anatase material, the most intense E,;, mode is
commonly chosen for phonon analysis owing to its charac-
teristic features, such as the largest broadening and the larg-
est blueshift as described above. To appreciate the trends
better, we compared the E,, signal positions for the sam-
ples of different sizes in Figure 6C and plotted the full-
width at half maximum (FWHM) of this signal as a function
of size in Figure 6D. The dramatic blueshifts and signal
broadening are clearly seen as the wire diameter is de-
creased in this size range, a range that probably exhibits the
most dramatic size effects.

The availability of the atomically thin anatase wires al-
lowed us to acquire the Raman data in the smallest size

Chem. Eur. J. 2010, 16, 4381 -4393
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region, which give rise to the most pronounced Raman
signal broadening and shifts. In the literature, the size effect
on the Raman scattering in nanocrystalline TiO, is common-
ly interpreted as originating from phonon confine-
ment.'>371 Although the phonon-confinement model is
thought to be inapplicable for nanocrystals smaller than
3 nm,** the Raman signal broadening and shifts follow
surprisingly consistent and clear trends. We believe that in
our case some other factors, such as nonstoichiometry!®®!l
of titanium and oxygen, or internal stress/surface tension ef-
fects!® arising from the drastic dimensional reduction to
atomic-scale wires, may also play an important role in the
broadening and shift of the Raman signal, but the detailed
explanations call for further experimental as well as theoret-
ical studies.

The presence of a strong luminescence background (see
Figure 6B), which must be included in the fitting of the
Raman spectrum, should be mentioned. Such visible-light-
induced luminescence from the atomically thin TiO, wires is
a direct manifestation of the N-doping effect previously ob-
served in other forms of the anatase TiO,. This will be dis-
cussed further below.

Optical spectroscopy and electronic structure: Figure 7A
shows UV/Vis absorption spectra of N-TiO, atomically thin
wires and 3 x19 nm titania nanorods. First, in the UV region
(below 300nm), an absorption signal at approximately
269 nm was observed for the nanorods, whereas this signal is
blueshifted by approximately 12nm to approximately
257 nm for the atomically thin wires. This blueshift is pre-
sumably due to the reduction in the wire diameter as docu-
mented in earlier reports.”**! The absorption of the titania
nanorods was limited only to the UV region, whereas the
absorption threshold value of atomically thin N-TiO, wires
was extended from 270 to 600 nm. This is consistent with
the fact that the atomically thin wires are dark yellow,
whereas the nanorods appear to be very pale yellow, nearly
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white, which demonstrates a pronounced effect of the sur-
face doping of nitrogen species on the optical response of
the atomically thin wires in the visible-wavelength region.
Such an absorption edge shift was generally observed in
TiO, materials with bulk doping of nitrogen species,!!>220:6]
and was attributed to additional N-dopant-induced energy
bands. Livraghi et al. found that N-TiO, contained single-
atom nitrogen impurity centers, localized in the bandgap of
the oxide, which were responsible for visible-light absorp-
tion by promoting electrons from the localized gap states to
the conduction band.P Serpone proposed that the common-
ality in all doped titanias rests with formation of oxygen va-
cancies and color centers; the latter were thought to account
for the redshift of the absorption edge.® However, because
almost all the atoms of our atomically thin TiO, wires are
on the surface, the doping of N species is probably on the
surface and involves oxidative coupling of OLA.

In the photoluminescence (PL) spectra of the anatase
wires with different diameters (Figure 7B and C), the first
observation is a dramatic blueshift of approximately 68 nm
to around 303 nm for the bandgap emission of the atomical-
ly thin wires compared with large P25 anatase nanocrystals,
and to the much smaller blueshifts for the 1.8 nm (<10 nm)
and the 3.0 nm (<5nm) TiO, nanorods. This is consistent
with the fact that the typical exciton Bohr radius of anatase
TiO, is 1.5 nm. In other words, when the diameter of an ana-
tase nanowire is approaching and/or smaller than the exci-
ton Bohr radius, the bandgap emission is expected to display
a prominent blueshift." Second, as shown in Figure 7C, an-
other signal observed at approximately 590 nm in the visible
region for the atomically thin wires is mainly due to the in-
tergap states arising from the surface N-doping,[1%1323.26:67-6]
However, for the sample synthesized by the one-pot solvo-
thermal method (1.8 nm nanowires), the visible signal is at a
much longer wavelength (/720 nm); it is believed to be as-
sociated with transitions of electrons from the conduction
band edge to holes, trapped at interstitial Ti** sites arising

1 —— Atomically thin wires 00 —-— Atomically thin wires
A 500 B “o=P2s C —o—P25
—~—3x19 nm nanorods ——3x19 nm nanorods
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Figure 7. Spectra of A) UV/Vis absorption spectra of atomically thin N-TiO, wires and 3 x 19 nm nanorods; B) UV photoluminescence spectra of atomi-
cally thin N-TiO, wires, 1.8 x38 nm nanowires, 3 x 19 nm nanorods, and P25 nanoparticles; C) visible photoluminescence spectra of atomically thin N-
TiO, wires, 3 x 19 nm nanorods, and P25 nanoparticles. The excitation for B) and C) was at 270 nm.
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from surface defects of the nanorods.*®! For the 3 nm
nanorods, a much broader signal in the region of 550-
750 nm was observed, which appears to consist of both types
of PL described above. Finally, a weak but broad signal in
the region of 550-800 nm can be recognized for the commer-
cial P25 sample. This signal was previously attributed to the
interfacial Ti**—OH (500-650 nm)" and interstitial Ti’*
sites (650-800 nm).[***! These results clearly show that the
surface N-doping of the atomically thin wires results in dis-
tinct enhancements not only in visible absorption but also in
visible luminescence. As mentioned above, nitriding of TiO,
nanoparticles is expected to create localized impurities and/
or defects and give rise to additional energy bands,'>%
which, besides supporting the visible-light absorption, could
also boost visible-light luminescence.!'21320:23.20]

Electron spin resonance and photoinduced carrier genera-
tion: To investigate possible involvement of localized impur-
ities and defects in the visible absorption and PL of atomi-
cally thin N-TiO, wires, ESR spectroscopy was performed
on these samples. Figure 8 A highlights changes in the ESR
spectrum of atomically thin N-TiO, wires under white-light
illumination generated by a 150 W halogen light source
compared with the ESR spectrum taken in the dark. The
most important observation is a pronounced enhancement
of the ESR signals upon light irradiation, which clearly
points to carrier generation in the atomically thin N-TiO,
wires after light absorption. Remarkably, this occurs even at
room temperature, at which light-induced ESR signal en-
hancement could rarely be observed for other TiO, materi-
als. Moreover, the light-induced ESR signals could persist
for over 6 h after the light was turned off, indicating persis-
tent trapping with only a very slow decay of the photogener-
ated carriers. The light-induced ESR signals, although also
present in the dark, were sharp and shifted somewhat com-
pared with those in the dark. Presumably, the photogenerat-
ed carriers were trapped at different sites with different life-
times and most of them would eventually decay by recombi-
nation, leaving the most deeply trapped carriers, which
appear to be similar to those in the dark.

It is well documented for titania materials that ESR sig-
nals with g values of less than 2.0 are due to trapped elec-
trons associated with Ti’T centers, whereas those in the
2.00-2.03 range correspond to trapped holes.”" ! The spec-
troscopic splitting factor g can be obtained from Equa-
tion (a), in which v is the frequency of the electromagnetic
radiation (9.40 G in our experiment), iy is the Bohr magne-
ton, and H, (mT) is the magnetic field strength.

8= hV/ﬂﬁH() (a)

After substitution of the constants, Equation (a) can be
simplified to g=21.42x9.40/(3.00x10°xH,). The resulting g
values are given in Figure 8 for atomically thin N-TiO,
wires. We tentatively assign the ESR signals at g=2.013 to
trapped holes, and those at g=1.999 and 1.994 to trapped
electrons.’" In other words, the photogenerated electrons
are mainly trapped at two types of sites, and there is only
one main trapping site for the photogenerated holes.”**""")
In addition, the ESR signal of the photogenerated holes is
much weaker, probably owing to recombination with surface
electron donors.

With the above information in mind, we can interpret the
ESR result in terms of surface traps of our atomically thin,
OA-capped N-TiO, wires. The singular feature of the atomi-
cally thin wires is that almost all of the atoms are on the
wire surfaces. The surface titanium atoms, in general, experi-
ence a very different crystal-field environment (for example,
a distorted octahedral crystal field) from that of the bulk
atoms. This creates abundant electron-trapping centers with
different values of g factors.””! Two types of electron-trap-
ping sites can be envisaged in our atomically thin N-TiO,
wires: one from N coordination, and the other from the OA
capping. The former is believed to correspond to the weak
ESR signal at g=1.999 and the latter to the strongest ESR
signal at g=1.994. The ESR signal at g=2.013 can be as-
cribed to holes localized on the N centers.***""71 More-
over, the energy levels of both electron- and hole-trapping
centers are located in the bandgap of TiO,, which accounts
for the visible-light sensitivity of the atomically thin N-TiO,
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Figure 8. A) ESR spectra of N-TiO, atomically thin wires in the dark and under white-light illumination at room temperature; B) schematic energy
levels illustrating the proposed mechanism for the visible-light induced carrier processes in N-TiO, atomically thin wires.
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wires. Reactions (1)-(3) make up a sequence of visible-light-
induced events that are probably involved in the formation
of trapped electrons and holes in atomically thin N-doped
TiO, wires.

N~ + Vis-hv — N'e™ (1)
e” + —Ti*"N — T’**N (T’*(I)) 2)

e + —Ti*"00C—C,;H,; — Ti**O0C—Cy,Hy, (Ti*(I1))
3)

A picture then emerges for the photoinduced ESR signals
from our atomically thin N-TiO, wires; the photoinduced
carrier generation process outlined above is schematically il-
lustrated in Figure 8 B. Upon illumination with visible light,
electrons are released from the N centers and trapped on
the surfaces (with either N or OA coordination correspond-
ing to Ti**(I) and Ti**(II), respectively, as shown in Fig-
ure 8 B), leaving behind the holes on the N centers, which
could also be replenished by electrons from surface donors.

As a reference, when the same ESR measurements were
performed on the titania nanorods at room temperature, no
obvious signal could be detected. This indicates that either
the density of photogenerated electrons and holes is negligi-
ble or the lifetimes of the photogenerated electrons and
holes are too short to be observed in the ESR spectra. Both
possibilities may exist. The former is due to the much lower
visible absorption of the nanorods than of the atomically
thin wires, and the latter may be related to the enhanced
carrier trapping of the photogenerated carriers.

Mechanistic implications for the growth of the ultrathin
nanowires: Some immediate questions about the atomically
thin TiO, wires warrant attention, for example, how were
they formed? In our experiments, we found that they could
also be formed under appropriate conditions without the
solvothermal precursor-preparation step, but the yield was
relatively low. Then why did the two-step process increase
the atomically thin-wire yield? What is the nature of the N-
doping process? First, it is commonly found that aqueous
hydrolysis of titanium alkoxide or titanium chloride precur-
sors results in the formation of spherical TiO, nanoparticles,
whereas nonhydrolytic decomposition of titanium oleate
precursors yields anisotropic TiO, nanostructures. This
means that a slow reaction (for example, a nonhydrolytic
process) would favor 1D growth of TiO, With a further
stretch of the imagination, thinner and thinner TiO, nano-
wires, and ultimately atomically thin wires, could be formed
under milder and milder conditions. This seems to be what
we have observed here. Specifically, our results show that a
relatively low reaction temperature, together with appropri-
ate amounts of oxygen and humidity, is conducive to the for-
mation of atomically thin TiO, wires. This is clearly demon-
strated in Figures 1-4 and Table 1. We also found that the
diameters of the products are more closely related to the re-
action temperature, whereas their lengths are more closely
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related to the reaction time (see Figure 4). When the reac-
tion temperature was 180°C, well-separated atomically thin
wires could be obtained, but when it was raised to approxi-
mately 300°C, the diameter of the products dramatically in-
creased to over 2nm. This increase in diameter may be
caused by the increased aminolysis rate at the elevated tem-
perature, which is sufficient to turn on the mode of sideways
growth. By balancing the reaction temperature and reaction
time, diameter-tunable, ultrathin titania nanowires could be
obtained. Next, the benefit of a two-step process appears to
lie in the separation of the processes of precursor formation
and atomically thin wire growth so as to optimize both and
prevent mutual interference of the two. Finally, the charac-
terization data obtained so far indicate that the N-doping
originates from the oxidative coupling of OLA to surfaces
of the atomically thin wires, forming the N-O-Ti surface
structure. We believe that the N-doping stabilizes the atomi-
cally thin TiO, wire structure because the N species, as a
type of cosurfactant, can passivate part of the atomically
thin wire surface that somehow has not been capped ade-
quately or completely by OA in the absence of the N spe-
cies. Indeed, high-quality TEM images could be easily ob-
tained for atomically thin N-TiO, wires, but not for those
without N doping.

The subsequent questions are then: What actually is the
precursor ? How is it formed and how is it transformed ulti-
mately into the titania wires? We believe that in the first
step of precursor formation, the titanium butoxide is esteri-
fied nonhydrolytically and dimerized by ester elimina-
tion,?¥! as expressed by Reactions (4)—(6) taking place in
the autoclave.

OR Q N
RO-Ti-OR + HO-C-R' —= —Ti-O-C-R" + R-OH
OR /
N OR QR OR %
—Ti-0-C-R" + RO-Ti-OR —= RO-Ti-O-Ti-OR + R-0-C-R
/ OR OR OR
R
w0, O 0.,
i A
OR OR o 5N
RO-T-O-T-OR+ 4 9 o +4 R-OH
! w HO-C-R' O, | WOy,
OR OR R’—C'\'\’_ /'TiA b “C-R'
o c;)\o/
R

MALDI-TOF mass spectrometry (see the Supporting In-
formation) provided molecular information about the pre-
cursor. In separate measurements on precursor samples pre-
pared separately at different times, a mass signal consistent-
ly appeared at m/z values of 1270-1280 (Figures S1A and
B) in the Supporting Information). The mass signals corre-
spond very closely to 2 at m/z~1268, which is presumably a
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fragment of the precursor 1 (R=C,Hy, R’=C;H3,) after
elimination of the butyl groups. This MS result supports the
precursor-forming Reactions (4)—(6).

We next consider the second step: the precursor formed
in the first step, (C;;H;COO),(OCH,)Ti—O—Ti-
(OC,H,)(O0C—C;;Hs3),, is polycondensed to form ultrathin
titania wires. When the reaction was at 180°C in ambient
conditions, the polycondensation rate was slow, a condition
necessary for generating atomically thin wires. Here the
trace amount of water in ambient conditions may play a
role, which needs be studied further. However, OLA is sus-
ceptible to oxidation to form hydroxylamine [Eq. (b)]. It is
possible that the oxidized amine groups coordinate to the
atomically thin wire in the form of —C—N—O—Ti, passivating
its surface in conjunction with OA and contributing to the
surface N-doping of the atomically thin titania wire.

w_ H
R"—NH, +1/2 OZ_’R”—N—OH

However, when the reaction temperature was increased
to 300°C, the aminolysis rate was significantly increased so
that titania wire growth could proceed much more rapidly,
as established previously by Han and co-workers.”® Now
the amine could attack the carboxylate groups nucleophili-
cally on the side-wall surface of the growing wire to form
unstable titanium hydroxides, giving rise to thicker nano-
rods.P!

In size-exclusion chromatographic analysis of the precur-
sor solutions that were carried out to confirm our hypothe-
sis, the precursor (/10 mg) was dispersed in hexane (2 mL,
HPLC grade) and filtered through a syringe-driven filter
(0.2 um, Millex) before injection of the resulting solution
into the HPLC column (20 pL). Pure hexane was used as
the mobile phase at a flow rate of 3 mLmin~". Because the
optical absorption of the precursor is in the UV range (see
Figure S2 in the Supporting Information), we chose the de-
tector wavelength range of 230-240 nm. The chromatogram
of pure OA (see Figure S3 A in the Supporting Information)
has two close signals at the elution time of 3.0-3.5 min. For
the mixture of OA, titanium butoxide, and cyclohexane ob-
tained by stirring in ambient conditions at room tempera-
ture for 1 h and then extraction with ethanol (a condition
for forming the pure precursor for the 1.8 nm nanowires),
additional broad signals arose in the chromatogram in the
4-10 min elution time range (see Figure S3B in the Support-
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ing Information), perhaps due to the variously substituted Ti
complexes. The precursor resulting from heating the mixture
at 150°C in an autoclave for 25h followed by extraction
with ethanol gave rise to a relatively sharp, strong signals at
approximately 4 min (broken line in Figure S3C in the Sup-
porting Information). The shortening of the elution time
and the sharpening of the signals indicate that after the sol-
vothermal procedure, the precursor with a relatively well-
defined size was produced, which was probably the Ti dimer
complex described above. A trailing tail extending to ap-
proximately 6 min can be interpreted as indicating the exis-
tence of some smaller molecules, for example, dimer or
monomer complexes with different extents of substitutions.

We also used NMR spectroscopy to study the titania wire
growth mechanism. The samples were prepared by disper-
sion in deuterochloroform (CDCl;, 1 mL; TMS, 1% v/v) by
using approximately 2 mg in 1 mL CDCI; for the precursor
and 2mg in 2mL CDCI; for the atomically thin wires to
obtain homogeneous solutions. For comparison, the
"HNMR spectrum of pure OA was recorded by dispersing
OA (=0.1mL) in CDCl; (1 mL). All the 'H spectra were
obtained with only a single scan, whereas *C spectra were
averaged over 2750 scans.

Figure 9 shows the '"H NMR spectra of pure OA (A), pre-
cursor (B), and atomically thin wires (C), together with si-
mulated '"H NMR results (obtained by using ChemOffice
2004) on the right of the figure for some possible 'H-con-
taining species in the system. Here we focus on several char-
acteristic signals numbered 1-8 in Figure 9 for comparison.
First, all three samples exhibit a chemical shift signal at ap-
proximately 5.4 ppm (1), which corresponds to the H atoms
on the double bond of OA (—CH=CH-). This again indi-
cates that both the precursor and the atomically thin wires
contain the OA chains. However, in both of them, the signal
at approximately 11 ppm (2) associated with the H atom in
the —COOH group disappears. This is consistent with our
perception that the carboxylic groups of all the surface-
bound OA chains have been bonded to Ti atoms of the
atomically thin wires. Signals 3 and 4 relate to the H atom
closest to the carboxylic group in OA. The obvious broaden-
ing of the signals for the precursor and atomically thin wires
compared with that of the pure OA is due to the reduced
degree of freedom arising from the anchoring of the carbox-
ylic groups to the relatively bulky precursor and atomically
thin wires. Signal 5 is essentially the same for all the samples
because this signal results from the H atoms that are rela-
tively far away from the anchoring site of Ti atoms. Some
new signals such as 6 and 7 can be attributed to the exis-
tence of by-products, such as 1-butanol and butyl oleate. Fi-
nally, we tentatively assign the new signals at approximately
2.7 (8) and 2.0 ppm (9) in the NMR spectrum of the atomi-
cally thin wires to the H atoms attached to the C and N
atoms in “CH,~NH—O-Ti, respectively, both of which pre-
sumably originate from the OLA added to the reaction
system in the post-treatment step as described above. No
signal was detected at approximately 8 ppm, which would be
characteristic of H in R—CO—-NH—-R". This supports our
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Figure 9. '"H NMR spectra of A) pure OA, B) the precursor, and C) atomically thin wires. The calculated results for possible species in the reaction
system are presented on the right for a) OA, b) butanol, c) butyl oleate, d) oleylamine, and e) a possible N-O—Ti structure.

belief that aminolysis is likely to be inconsequential during
the formation of the precursor and the atomically thin wires.

The "*C NMR spectra of pure OA (A) and atomically thin
wires (B) are shown in Figure S4 in the Supporting Informa-
tion. First, in accordance with the '"H NMR result, the pres-
ence of the C=C double bond in the OA in the atomically
thin wires is confirmed by signal 1. Second, the *C atom in
the carboxylic group (signal 2 in the OA spectrum) shows
an approximately 174 ppm NMR shift to higher field for the
atomically thin wires, in good agreement with the result esti-
mated by using the ChemOffice 2004 software. Third, a new
signal at approximately 46 ppm arises in the NMR spectrum
of the atomically thin wires, which is fairly consistent with
the C—N—O-Ti structure proposed above (see signal 3 in
Figure S4B in the Supporting Information and the estimated
result). This result is further support for our proposition that
the N-doping in the atomically thin wires is in the form of
C—N—O-Ti on their surfaces.

To address the question of why the TiO, products are
prone to grow in one dimension under our synthetic condi-
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tions, we emphasize the importance of surface energy. Spe-
cifically, because the (001) planes of anatase titania have
higher surface energy, the Ti-O-Ti network preferentially
extends along the [001] direction during the growth of TiO,
nanocrystals. We further believe that the facile N-doping
also results from surface stabilization by the OLA mole-
cules.

Conclusion

We have described the synthesis of nearly monodisperse,
ambient-condition stable, ultrathin anatase titania wires with
sizes tunable between 5 and 0.4 nm by a nonhydrolytic two-
step approach. Size control of the wires was achieved by for-
mation of a precursor, its restricted esterification, and the
attendant growth of the wires. Surface N-doping was shown
to be significant for the atomically thin titania wires because
of their extremely large specific surface area. In addition,
the surface N-doping was found to stabilize the atomically
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thin anatase titania wires further because the amine mole-
cules work as both a dopant and a surfactant. Both the size
reduction and the surface N-doping were demonstrated to
have dramatic effects on the electronic, optical, and vibra-
tional properties of the atomically thin wires. In particular,
extreme size reduction of anatase wires has increased the
electronic bandgap by at least 1 eV, and has radically shifted
and broadened the phonon spectrum. The N-doping on the
atomically thin anatase wire surfaces has also introduced
bandgap states and has given atomically thin wires with the
capability to absorb in the visible region of electromagnetic
radiation. This opens up new avenues and will invigorate en-
deavors to tailor material properties, which in turn will aid
the design of future devices at the nano-, molecular, and
atomic scales. In addition, the nonhydrolytic two-step ap-
proach may be applied to the synthesis of ultrathin nanorods
or nanowires and atomically thin wires of other oxide and
chalcogenide materials.

Experimental Section

Materials and reagents: Titanium butoxide (Alfa Aesar, 98%), OA
(95%, International Laboratory USA), OLA (Aldrich, 70 %), cyclohex-
ane (Acros), and octadecene (Sigma—-Aldrich, 90%) were used as re-
ceived without further purification. Other chemicals were of analytical
grade and were also used as received without further purification.

Synthesis of atomically thin anatase titania wires: Appropriate amounts
of OA (3mL) and cyclohexane (10 mL) were mixed, and Ti(OBu),
(0.5 mL) was slowly added dropwise to the mixed solution. The resulting
solution was sealed in a Teflon-lined stainless autoclave, heated to 150°C
and kept at that temperature for 25h. A light-yellow, sticky, titanium
complex precursor (viscous but transparent) was obtained, which was
then extracted by precipitation with an excess of ethanol at RT.

The titanium complex precursor was redispersed in a mixture of ODE
(5mL), OA (0.6 mL), and OLA (0.8 mL). The solution was heated to
and maintained at 180°C in a three-necked flask with stirring for 1h
under ambient conditions. The mixture appeared to be clear and light-
yellow, and then turned darker yellow as the reaction proceeded, indicat-
ing the formation of N-TiO, products.

Product extraction was performed in air at room temperature. When an
excess of ethanol was added to the reaction mixture, the atomically thin
N-TiO, wire product was precipitated. The precipitate was further puri-
fied by centrifugation and washed twice with ethanol to remove residual
surfactants. The final atomically thin N-TiO, wires protected by OA-coor-
dination were easily re-dispersed in solvents such as chloroform or
hexane without any sign of further growth or irreversible aggregation.

Synthesis of TiO, nanorods: TiO, nanorods were prepared in the same
way as the atomically thin wires except that the solvothermally treated
precursor was post-treated in the presence of ODE at 300°C for a speci-
fied period of time.

For comparison, two other methods were used to synthesize TiO, nano-
rods. In a one-step variant of the above-method method, a mixture of Ti-
(OBu), (0.1 mL), OA (3mL), and cyclohexane (10 mL) was stirred at
room temperature for 1h, and then OLA (1 mL) was added dropwise.
The resulting solution was sealed in a Teflon-lined stainless autoclave,
heated to 150°C, and kept for 25 h. The light-yellow precipitate obtained
was extracted and washed as described above. The second method in-
volved hot injection. After preparation of the precursor in the same way
as for the synthesis of the atomically thin wires followed by mixing of
OA (3mL) and cyclohexane (10 mL), Ti(OBu), (0.5 mL) was slowly
dropped into the mixture. The resulting solution was sealed in a Teflon-
lined stainless autoclave, heated to 150°C, and kept at that temperature
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for 25 h. The titanium complex precursor was extracted by precipitation
with an excess of ethanol at room temperature, then re-dispersed in a
mixture of ODE (5mL) and OA (0.6 mL). The solution was heated to
and maintained at 300°C in a three-necked flask with stirring for 30 min,
followed by injection of OLA (0.8 mL). After reaction for 30 min, a gray-
ish-white product was obtained by extraction with an excess of ethanol,
centrifugation, and was washed twice with ethanol.

Characterization: The prepared products were characterized by TEM
and HRTEM by using JEOL 2010 and JEOL 2010F microscopes with an
accelerating voltage of 200 kV. Samples for TEM measurements were
prepared by sonicating the precipitate products in hexane for 30 min and
evaporating a drop of the suspension onto a carbon-coated, porous film
supported on a copper grid. The XPS spectra were measured on a
Perkin-Elmer model PHI 5600 XPS system with a resolution of 0.3—
0.5 eV from a monochromated aluminium anode X-ray source with Mo,
radiation (1486.6 eV). The samples were prepared by dispersing the
powder products on a carbon tape, which was attached to the sample
holder. The binding energies of Ti2p, O1s, Cls, and N 1s peaks from the
samples were calibrated with respect to the Cls peak from the carbon
tape at 285 eV. UV/Vis spectra were measured on a Milton—-Roy Spec-
tronic 3000 Array instrument. Photoluminescence spectra were measured
by using a Perkin-Elmer luminescence spectrometer, Model LS-55. FTIR
analysis was carried out by using pressed KBr disks in the 4000-400 cm™!
region in a Perkin-Elmer spectrometer. Raman scattering spectroscopy at
RT in a Renishaw RM 3000 micro-Raman system (spectral resolution
<lcm™), employed an Ar* laser for excitation (A=514 nm, power
~25 mW). ESR measurements were undertaken at RT with a JEOL ES-
IPRITS ESR spectrometer operating at X-band frequency (~9.4 GHz).
The white-light illumination was generated by a 150 W halogen light
source (DCR III, Schott North America).

A Varian Mercury 300 MHz NMR spectrometer was used for NMR spec-
troscopy. For MS (MALDI-TOF), a MALDI Micro MX TM mass spec-
trometer (Waters Micromass) was employed. Size-exclusion chromatog-
raphy was performed by using a Waters HPLC system 600-717-996
equipped with a gel permeation column (American Polymer Standards
Corporation; porosity: linear 10 um; serial no.: 7-7-92).
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