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B.P. 87, 38402 Saint Martin d’He`res, France

Marie-Louise Saboungi

Centre de Recherche sur la Matie`re DiVisée, CNRS-UMR 6619, 1B rue de la Fe´rollerie,
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We introduce novel materials consisting of hydrated titanium oxide nanotubes filled with poly(ethylene
oxide) (PEO) via a simple synthesis route. MAS NMR, TEM, TGA, PAS-FTIR, and ATR-FTIR
measurements provide clear evidence of polymer inclusion in these nanotubes. PEO has been widely
studied in the field of solid-state electrolytes, and its behavior in this confined environment shows unusual
properties: faster relaxation times (as seen by PFGSE-NMR) and absence of transitions in DSC data,
two criteria that hint of a potential enhancement of segmental mobility controlling ion diffusion. Conversely,
the polymer serves as an efficient template when the inclusion compound is pyrolyzed to yield well-
defined TiO2 nanorods.

Introduction

Much interest has been aroused recently in the scientific
community at large for the use of hybrid organic-inorganic
materials,1 for example, for catalysis, chiral synthesis, or
enhancing optoelectronic properties.2-4 Concurrently, sev-
eral studies have been carried out on carbon-polymer5,6

and intercalated7-9 or dispersed polymer-clay composites
to improve mechanical,10,11 thermal, and transport prop-
erties.12-15

More specifically, the structure and dynamics of polymers
in a confined environment16,17have shown that confinement
constitutes an attractive approach to further the understanding

and control of thermal properties such as the glass transi-
tion18,19 and melting, which are closely coupled to transport
properties20,21in these systems. Moreover, in the fast growing
field of solid-state lithium batteries, transfer phenomena22,23

at the polymer/electrode interface are often factors limiting
either fluxes or lifetimes.

As a first approach to modeling this electrolyte/electrode
interface on the nanoscale, we synthesized novel hybrid
materials consisting of poly(ethylene oxide) (PEO) confined
in the recently reported hydrated titanium oxide (H2Ti3O7,
trititanate) nanotubes.24-27 We carried both in situ and ex
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situ generation of the hybrids: either by allowing the polymer
to be wrapped by the tubes while they are being formed in
aqueous medium (the nanotubes are believed to be generated
by a scrolling of the titanium oxide planes),26,27 or by
contacting already synthesized empty tubes with a solution
of the polymer. Both approaches were successful as con-
firmed by TEM, TGA, MAS NMR, PAS-FTIR, and ATR-
FTIR analysis. We also addressed the dynamics of these
systems through DSC and PFGSE-NMR studies. The mea-
surement of the decay curves withT1 (spin-lattice) andT2

(spin-spin) relaxation time constants for the bulk and the
confined polymers allowed us to compare the respective time
scales of these dynamics.

Experimental Section

Synthesis.TiF4 99.9% (Aldrich) was used as the titanium oxide
precursor. A 0.04 M aqueous solution of TiF4 was prepared. The
pH of the as-prepared solution was around 1.9, an adequate pH for
the homogeneous precipitation of anatase TiO2 at 60°C.28 100 mL
of this solution was poured into a series of sealed Teflon vials
containing various amounts of PEO (Mw 5 × 106, Aldrich) to give
weight percents of PEO to TiF4 of 0% (blank sample), 10%, 20%,
and 30%. The PEO-containing samples were allowed to become
homogeneous by a complete dissolution of the PEO in the TiF4

aqueous solutions at room temperature. All samples were then
placed into an oven at 60°C for 24 h for precipitation of plain
TiO2 and TiO2-PEO hybrids to occur. The precipitated TiO2 was
in the form of anatase as confirmed by X-ray diffraction analysis.
The titanium oxide nanotubes were generated by following the
procedure described by Kasuga and co-workers.24 A 10 M aqueous
NaOH (pellets from Aldrich) solution was poured onto a few
milligrams of the respective plain TiO2 and TiO2-PEO hybrids
inside a homemade assembly consisting of a sealed Teflon vial
slid into a sealed stainless steel vessel. The whole system was then
heated at 110°C for 24 h. After cooling to room temperature, the
generated plain nanotubes and the respective PEO hybrids (resulting
from the resistance of PEO to these highly basic conditions) were
isolated by centrifuging at 7000 rpm for 15 min. A series of
washings with water each followed by centrifuging and isolating
were made until a neutral pH was reached. The compounds were
then finally rinsed with methanol (Aldrich), isolated, and dried at
60 °C for 24 h.

For the ex-situ generation of a hybrid, a few milligrams of plain
nanotubes were placed into an aqueous homogeneous gel of PEO
(5 × 106) consisting of 0.5 g of PEO dissolved in 100 mL of water.
The nanotubes were dispersed in the gel by placing the mixture in
an ultrasonic bath for 30 min. The system was then allowed to rest
for 48 h for the PEO to impregnate the nanotubes. The hybrid was
then isolated after centrifuging and rinsing three times with water
and one time with methanol. The compound was finally dried at
60 °C for 24 h.

TEM. All samples were imaged with a Philips CM-20 transmis-
sion electron microscope equipped with a LaB6 crystal for electron
generation. A few milligrams of each sample were suspended in
methanol, and the solution was dispersed by sonication for 5 min.
A drop of this solution was then placed on a TEM grid (copper
grid covered by electric arc-deposited carbon) and allowed to dry
in air under a lamp. For image acquisition, the applied voltage was
set between 80 and 200 kV.

MAS NMR. A Bruker DSX-300 solid-state nuclear magnetic
resonance spectrometer operating at 7 T was used.1H (resonance
frequency: 300.18 MHz) solid-state NMR spectra consisting of at
least 8000 points and four co-added scans within a spectral window
of 10 kHz were acquired for each sample. A Bloch decay
experiment with magic angle spinning (magic angle, 54.7°; spin
rate, 12 kHz), with an impulse of 90° for 4.5 µs, was performed.

PAS-FTIR. We used a Bio-Rad FTS 6000 spectrometer equipped
with a ceramic IR source and a photoacoustic detector. For each
sample, a spectrum consisting of 128 co-added scans with a
resolution of 4 cm-1 was acquired in the rapid scan mode with a
speed of 2.5 kHz. A background done on carbon black under the
same conditions was subtracted from the spectra.

ATR-FTIR. Each spectrum was acquired on a Nicolet Nexus
870 spectrometer equipped with an attenuated total reflectance cell
(ATR Smart ARK accessory) with a ZnSe window, a XT-KBr beam
splitter, and a DTGS-TEC detector. The samples were placed
directly on the ZnSe window, and the spectra were recorded with
a resolution of 4 cm-1 and averaged over 128 scans from which a
background was subtracted. The spectra were Fourier transformed
and processed with a Happ-Genzel apodization function and a
Mertz phase correction.

DSC/TGA. A Pyris 1 Perkin-Elmer differential scanning calo-
rimeter was used. Each sample (∼2.5 mg) was crimp-sealed in an
aluminum pan and scanned at 5°C/min from 20 to 120°C. The
melt was then quenched at 500°C/min from 120 to-150°C, and
a second scan was then done at 5°C/min from -150 to 120°C.
TGA analysis was carried out by a Perkin-Elmer TGA 7 thermo-
gravimetric analyzer. Each sample (∼2.5-6 mg) was placed in a
platinum pan and heated in a furnace under nitrogen flow between
20 and 800°C at a rate of 10°C/min.

PFGSE-NMR. A homemade spectrometer equipped with a
superconducting coil providing a direct magnetic field of 6.6 T was
used. For the blank PEO samples, we applied a pulsed magnetic
field gradient technique (PMFG) with spin-echo (SE) using the
pulse sequence (π/2, τ, π) described by Stejskal and Tanner.29 The
1H free induction decay (FID) curve in the XY plane, due to
transverse (or spin-spin) relaxation with a characteristic time (T2),
was reconstructed by measuring the amplitude of the echo signal
for different τ values at a temperature of 360 K. The measured
echo amplitude (A(2τ)), for eachτ value, was normalized to the
maximum intensity atτ ) 0. Due to the high crystallinity of the
hybrid samples, no echo signal was observed. In those cases, the
free induction decay curve was directly generated by applying a
π/2 pulse and allowing the magnetic moments to relax over time.

The longitudinal (or spin-lattice) relaxation time (T1) was
estimated by applying a (π, τ, π/2) sequence and measuring the
magnetization on theZ axis (Mz) for differentτ values. The decay
of M0 - Mz as a function ofτ is proportional toT1, M0 being the
measured magnetization forτ ) 1 s. More details on these types
of measurements can be found elsewhere.30

Results and Discussion

By examining Figure 1, we can tell from the morphologies
of plain trititanate nanotubes (Figure 1a) as compared to those
prepared in the presence of various amounts of polymer
(Figure 1b-e) that the polymer has a marked influence on
the titanium oxide structure. In the case of pristine trititanate,
the tubular structure is well defined, whereas in the presence
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of PEO, folding of the titanium oxide scroll is incomplete
in some areas.

Proton MAS NMR data (Figure 2) revealed the presence
of two types of protons: hydroxyl protons associated with
the oxide surface of the trititanate structure,27 and aliphatic

protons from PEO. In fact, the polymer can provide strong
hydrogen bonding between ether oxygens and acidic surface
protons of the trititanate structure. Water, if present, is
believed to be confined but to exchange rapidly with the
hydroxyl protons and be part of the broad “inorganic” protons
peak. We suggest that during synthesis (see Experimental
Section) PEO bonds to the initially formed trititanate sheets
(during the thermal treatment in the presence of the strong
base), which in turn confine the polymer to the medullar
space when the scrolling process26 takes place, leading to a
multiwalled tube.27

PAS-FTIR spectra (Figure 3a) show the O-H stretching
mode around 3400 cm-1 for all compounds. Around 1650
cm-1 it is also possible to see H-O-H bending modes that
confirm the hydrogen bonding in the structures and/or water.
PEO has been reported to form a stable complex with water
involving 3 molecules of water per ethylene oxide unit.31

Bands for plain PEO are barely apparent for the hybrid
samples, corroborating the idea that PEO is trapped inside
the tube scroll. By zooming in the region between 2700 and
3000 cm-1 (Figure 3b), it is possible to see for the hybrid
compounds the C-H (from the aliphatic CH2 in the ethylene
oxide units) symmetric and asymmetric stretch modes, at
2850 and 2920 cm-1, respectively. These bands are similar
to those observed, for instance, in self-assembled monolay-
ers.32 These C-H stretch modes are less pronounced for the
sample designated as X, which was brought into contact with
PEO after the synthesis of empty trititanate tubes. We
hypothesize that the PEO is only allowed to enter the hollow
center of the scroll as evidenced by the surface-sensitive
ATR-FTIR spectra where no bands could be detected for
PEO at the surface of the hybrid samples (Figure 3c). For
the in-situ preparation, higher contents of imperfect scrolling
regions leave more “IR accessible” PEO as detected by bulk-
sensitive PAS-FTIR. PEO is unlikely to intercalate between
the layers of H2Ti3O7. Although reminiscent of the clay
structures with intercalated polyethers,7-9 the density of OH
groups in the interlayer space (0.78 nm) is much higher,
implying strong plane-to-plane hydrogen bonding.27 The
trititanate is not known to form adducts from propping up
the layers.

TGA data (Figure 4) show that PEO is totally decomposed
into volatile components around 400°C (Figure 4a). On the
other hand, the dehydration of H2Ti3O7 to give TiO2

corresponds to∼7% weight loss. The pristine nanotubes lose
∼21%, and thus 14% is accountable for water, tightly held
in the tubes, whose loss occurs concomitantly with the
2OHsurfacew Osurface+ H2O condensation reaction. As can
be seen, the amount of polymer present initially for the in-
situ procedure does influence the weight loss, but not
proportionally. When the polymer replaces the “pipe” water,
it is now possible to see a knee between 300 and 350°C
(Figure 4b). This change in regime is likely due to an
accelerated polymer fragmentation, catalyzed by the surface
OH groups, becoming increasingly acidic with dehydration
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Figure 1. TEM images of the samples: (a) plain titanium oxide nanotubes,
(b) 10% PEO, (c) 20% PEO, (d) 30% PEO, and (e) X PEO.

Figure 2. MAS NMR of the hybrid PEO-titanium oxide samples versus
PEO and plain nanotubes.
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and temperature. Ethers are known for their sensitivity to
depolymerization via oxonium formation. Dioxane is the
main product formed from PEO. The global weight loss
tendency seems to be less pronounced for the samples
containing increased amounts of polymer. The fact that PEO
can allow hydrogen bonding favors water retention, leading
to a more gradual water weight loss. In the case of tubes
containing less polymer, more water molecules can be
incorporated into the tubes, and at the same time this water

is free to evaporate, so that a steeper water weight loss
occurs.

Interestingly, TEM analysis of the samples after TGA up
to 800 °C reveals new morphologies (Figure 5). The
nanotubes of Figure 1 are now converted into TiO2 compact
nanorods (Figure 5), except for the ex-situ hybrid that
generates disrupted structures. Surprisingly, for the incom-
pletely folded structures observed in the in-situ samples
(Figure 1b-d), the final shape is a rodlike feature (Figure

Figure 3. PAS-FTIR of (a) hybrid PEO-titanium oxide samples versus PEO and plain nanotubes; (b) hybrid samples, zoom in of a specific spectral region;
and (c) ATR-FTIR spectra of all samples.

Figure 4. TGA of (a) PEO and (b) hybrid PEO-titanium oxide and plain nanotubes.
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5b-d), implying that the polymer strands act as a transient
template to allow the dehydration process to maintain the
initial aspect ratio of perfectly scrolled empty tubes. For the
ex-situ sample, containing less incompletely folded regions,
it is more difficult for the polymer degradation products to
escape, resulting in bursting. The imperfect tubes obtained
from the in-situ synthesis are more permeable and thus
allow the volatile products to escape progressively. This is,
to our knowledge, the first report of titania nanorod syn-
thesis33-37 from nanotubes, using a polymer template that
affects the transformation. The TiO2 nanorods could be of
interest for light harvesting38 and are susceptible to be
topochemically transformed into the well-known electrode
material Li4Ti5O12

39 by reaction with LiOH or Li2CO3 and
subsequent heating to high temperatures for several hours.

From the DSC data, no transitions, due to a confinement16-21

of the polymer, could be observed. However, the very small

size of the samples (∼2.5 mg) is borderline in terms of
detection limit, and the polymer content of our samples (up
to 30%) is small as opposed to the case of oxide additives
dispersed in polymers15 where the polymer makes at least
80% w/w of the sample.

To further investigate the confinement effect, we turned
to NMR, and more specifically to the proton PFGSE-NMR
measurements of relaxation times. As a first approach, we
measured the1H decay curves, withT1 (spin-lattice) and
T2 (spin-spin) time constants, for plain PEO and the in-situ
generated hybrids (Figures 6 and 7). From Figure 6, it is
possible to see that the free induction decay (FID) curve for
free PEO (Figure 6a) drops to zero following an exponential
decay over a time scale in the range of 20 ms, whereas for
the confined samples (Figure 6b) the scale drop is in the
range of 500µs. Roughly, the relaxation dynamics in the
confined samples are about 40 times faster than for the free
PEO. Moreover, the free induction decay is faster for the
sample containing 30% weight PEO, and then, in increasing
order of time, we find the 20% and 10% weight samples.
Intuitively, we would expect the opposite because more
polymer means less possible confinement by the titanium
oxide matrix. One explanation for this behavior could be
that the less polymer introduced in the sample, the smaller
the population of polymer molecules in each tube; therefore,
each polymer molecule is more likely to be able to move
freely as compared to the other case (more polymer) where
it would be sterically hindered by its neighbors thus leading
to faster relaxation times. We see likely a maximum effect
on the chain dynamics at 30%, probably a tradeoff between
the confinement by more polymer neighbors (causing faster
chain dynamics) and the strong interactions of the polymer
with the surface TiOH.

The magnetization decay along theZ axis (Figure 7)
shows again a slower relaxation processes for the free PEO
(Figure 7a) as compared to the confined samples (Figure
7b), roughly by a factor of 4 on the time scale. A similar
tendency to the FID curves (Figure 6b) is observed for the
magnetization decay as a function of polymer concentra-
tion (Figure 7b). One interesting phenomenon is that it is
possible to see that the exponential decays have two regimes
or, more accurately, a distribution between two extremes:
the first one is a drastic drop before 10 ms and the second
one a smooth decay over 240 ms. We attribute the slower
regime to the amount of polymer away from the surface (i.e.,
closer to the center of the tube cavity), where it is confined
but with dipolar interactions from its neighbors that are
weaker to those that are experienced by the amount of
polymer that is chemisorbed via hydrogen bonds on the inner
walls of the tubes. The faster regime is therefore associated
with the latter that is expected to be relatively immobile
(except for local segmental and/or rotational dynamics),
leading to a faster decay of the magnetization along theZ
axis.
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Figure 5. TEM images of the samples after TGA up to 800°C: (a) plain
titanium oxide nanotubes, (b) 10% PEO, (c) 20% PEO, (d) 30% PEO, and
(e) X PEO.
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Conclusions

Successful confinement of PEO into a titanium oxide
matrix was achieved. To our knowledge, this is the first time
that polymers are thread into nanotubes. The fact that the
polymer can enter the already scrolled trititanate indicates a
strong affinity between the ether oxygens and the OH groups
lining the inner cavity. The confined polymer presents faster
relaxation dynamics than the bulk material. If this system is
viewed as a nanoscale mimic of the electrode/polymer
electrolyte interface (as found in lithium batteries), the faster
relaxation dynamics implies faster local segmental and/or
rotational polymer motions and would favor enhanced ionic
transport.40 The effect seems to be larger than the “inverse”
configuration in which ceramic nanoparticles are dispersed
in a PEO matrix.12,15,41Our findings may eventually translate
into practical improvements of the transfer kinetics at this
poorly mastered electrode/electrolyte interface. Also, the

transformation from nanotubes to nanorods only in the
presence of the polymer is novel and, although not fully un-
derstood, significant for designing new nanomaterials. Fur-
ther work will emphasize neutron studies to probe the im-
provement on structure and kinetics, thus obtained, and NMR
studies following lithium salt complexing with the confined
PEO.42,43
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Figure 6. 1H free induction decay, with a time constantT2, as measured by PFGSE-NMR for: (a) plain PEO and (b) hybrid PEO-titanium oxide nanotubes.

Figure 7. 1H magnetization decay, with a time constantT1, as measured by PFGSE-NMR for: (a) plain PEO and (b) hybrid PEO-titanium oxide nanotubes.
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