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Water-soluble titanate nanotubes (TNTs) with temperature-responsive shells were synthesized by
grafting poly(N-isopropylacrylamide) (PNIPAAm) from TNTs via surface atom transfer radical polymer-
ization (ATRP) using ATRP agent functionalized TNTs as macroinitiator. Proton Nuclear magnetic reso-
nance spectroscopy ('H NMR), Fourier-transform infrared (FT-IR) and thermogravimetric analyses (TGA)
results prove the successful graft of PNIPAAm chains from TNTs. TGA shows that the amount of PNIPAAm
grown from the TNTs increased with the increase of monomer/initiator ratio. Transmission electron
microscope (TEM) measurements displays the obtained TNTs-g-PNIPAAm nanohybrids have a core-shell
Titanate nanotube structure of TNT cores and PNIPAAm shells. In addition, the functional nanotubes demonstrate
Temperature sensitive a reversible low critical solution temperature (LCST) transition with the increase of solution temperature.
ATRP The synthetic method presented here can also be extended to graft other stimuli responsive polymers
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from TNTs.
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1. Introduction

In recent years, the researches about water-soluble nanohybrid
materials based on nanoparticles [1], nanorods, nanotubes [2], etc.
have attracted many attentions due to their extraordinary proper-
ties and widespread potential applications in biomaterials for
tissue engineering, [3] biosensors, [4,5] bioelectronics [6] and
dental/orthopedic implants [7]. An important issue in making these
nano systems useful for specific applications is their capability to
respond to external stimuli such as temperature and/or pH [8,9].
Thus, great efforts have been put into the preparation of intelligent
water-soluble nanohybrids, which rapidly push the development of
nanobioelectronics and nanobiotechnology [10-12]. For example,
the integration of biomaterials (e.g., proteins/enzymes, antigens/
antibodies, or DNA) with carbon nanotubes (CNTs) provide new
hybrid systems that combine the conductive or semiconductive
properties of nanomaterials with the recognition or catalytic
properties of the biomaterials [13-16].

Compared with the CNTs, the titanate nanotubes (TNTs) [17-21]
also possess high aspect ratio, uniform one-dimensional nano
channel structure and larger surface area, but prevail due to their
good properties including optical activity, ion-exchange property,
lower toxicity and facile preparation in a large scale and cost-
effective technology, especially their biocompatibility. However,
the shortcomings of TNTs are also obvious including the high
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brittleness and bad solubility in water or organic matrix. Although,
TNTs have hydrophilic surfaces, they tend to aggregate together in
water within a short time and cannot be dispersed homogeneously
into the biomaterials matrix, which greatly block their potential
applications in biological systems. To break this limitation, organic
functionalization of TNTs may be a good alternative. However, up to
now, there are very few works concerning the organic functional-
ization of TNTs [22]. Very recently, our lab has reported the surface
functionalization of TNTs with biodegradable poly(e-caprolactone)
(PCL) [23]. The obtained PCL-g-TNTs have demonstrated great
improvements on the dispersibility and flexibility as well as a good
biodegradable capacity.

Herein, we report a new way to prepare water-soluble and
temperature-sensitive hybrid TNTs. Poly(N-isopropylacrylamide)
(PNIPAAm) [24,25], one of the most often used thermoresponsive
polymers in biotechnology and medicine, was successfully grafted
to the surface of TNTs through an in situ ATPR technology. The
obtained functional TNTs-g-PNIPAAm nanohybrids demonstrate
excellent water solubility and reversible responsiveness to envi-
ronmental temperature due to the thermo-sensitive phase transi-
tion of the coated PNIPAAm shells.

2. Experimental section
2.1. Materials

Titanate nanotubes were obtained from Institute of New Energy
Material Chemistry Department of Material Chemistry, Nankai
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University, and the preparation is described in literature [26]. N-
Isopropylacrylamide (NIPAAm), which was purchased from Aldrich,
recrystallized from hexane at 60 °C. CuBr supplied by Shanghai
Reagents Co. Ltd. was purified by stirring it overnight in absolute acetic
acid. After filtration, it was washed with ethanol and diethyl ether and
then dried. y-aminopropy! triethoxysilane (y-APS), 2-bromo-2-methyl-
propionyl bromide (a-bromoisobutyryl bromide), N,N,N',N’,N’-pent-
methyldiethylenetriamine (PMDETA) were purchased from Acros and
without purification. Acetone, methanol, ethanol, chloroform
(CHCI3) and other organic reagents or solvents were obtained from
domestic market; they were previously distilled and kept in the
presence of 4 A molecular sieve to eliminate any traces of water
before use.

2.2. Instrumentation

FT-IR is conducted on a Perkin-Elmer Paragon 1000 instrument.
All samples are prepared as pellets using spectroscopic grade KBr.
Ultraviolet-Visible (UV-Vis) spectra were measured on a GBC
Cintra 10e UV visible spectrophotometer equipped with a thermal
cell. 'TH NMR measurements are performed on a Varian Mercury
plus-400 spectrometer; TMS is used as the internal reference. TGA
is carried out on a Perkin-Elmer TGA-7 instrument with a heating
rate of 20 °C/min in a nitrogen flow (20 mL/min). DSC studies were
performed from 10 to 60 °C (heating rate 5 °C/min) on a Q1000
modulated DSC (TA Instruments) under a nitrogen atmosphere.
TEM studies are performed on a JEOL JEM-2100F instrument
operating at a voltage of 200 kV. Samples are prepared by dropping
the sample solutions onto carbon-coated copper grids and air-dried
before measurement. SEM images were recorded using an FEI
SIRION200 field emission scanning electron microscope, and the
samples were loaded on the silicon surface, previously sputter-
coated with a homogeneous gold layer for charge dissipation
during the SEM imaging. AFM studies (tapping mode) were per-
formed using a Multimode Nanoscope Illa scanning probe micro-
scope with a standard silicon nitride cantilever. X-ray
photoelectron spectroscopy (XPS) spectra were recorded with
a PerkinElmer PHI 5000C system equipped with a hemispherical
electron energy analyzer. The Mg Ko, (hv = 1253.6 eV) was operated
at 15kV and 20 mA. The Binding energy (BE) was calibrated by
using the containment carbon (C 1s =284.6 eV).

2.3. Synthesis of brominated TNTs

5.0 g TNTs were added to 100 mL of anhydrous toluene under N,
atmosphere in a 250 mL flask with a reflux condenser. y-APS was
injected into the reaction system and refluxed at 80 °C for 24 h. The
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Brominated TNT

resultant was ultrasonically washed with toluene and acetone to
remove any unreacted silane coupling agents. The APS modified
TNTs (TNTs-NH;) were obtained and dried under vacuum. Then
TNTs-NH,, anhydrous CH,Cl, and triethylamine were added into
a 150 mL flask. Then CH)Cl, solution of 2-bromo-2-methyl-
propionyl bromide was added dropwise at 0 °C within 1h. The
mixture was stirred for 3 h at 0°C, followed by stirring at room
temperature for 48 h. The resultant brominated TNTs (TNTs-Br)
were obtained and washed with CH,Cl, and dried under vacuum.
The FT-IR and X-ray photoelectron spectroscopy (XPS) spectra were
used to characterize the organically modified TNT. Bromine content
of TNTs—Br was determined by element analysis, TGA, and Energy-
dispersion X-ray (EDX) spectroscopy to be 0.281 mmol/g.

2.4. Grafting PNIPAAm from the surface of TNTs

Typically, 25.2 mg of brominated TNTs, 7.2 mg (0.050 mmol) of
CuBr, 8.7 mg (0.050 mmol) of PMDETA and 0.5 mL of pure water
were placed into a 10 mL dried flask and sealed with a rubber plug.
The flask was evacuated and back-filled with Ar-gas three times to
remove any trace of oxygen. After this procedure, a certain amount
of NIPAAm dissolved in 0.5 mL of degassed water was injected into
the flask using a syringe. The flask was kept at room temperature
and stirred for 48 h. The final products were purified by ultrasonic
dispersion and centrifugation for five times in water to ensure the
removing of resultant homopolymers completely, and drying
overnight under vacuum to obtain the white powder. Evidence for
the successful graft was provided by FI-IR, '"H NMR, TEM images,
and TGA measurement.

3. Results and discussion

There is a large amount of Ti-OH groups existing on the surface
of TNTs and they provide the potentiality to modify the TNTs with
organosilanes. Thus, the inorganic hydroxyl groups with low
reactivity on surface of TNTs are transformed into the more reactive
organic functional groups for further functionalization. Our
strategy to modify TNTs is described in Scheme 1. Firstly, organic
amino groups were introduced onto the surface of TNTs by the
reaction of organosilane (APS) with hydroxyl-contained titanate
nanotubes [27,28]. Secondly, initiating sites (TNTs-Br) for ATRP
were formed by reacting amine-modified TNTs with 2-bromo-2-
methylpropionyl bromide. Thirdly, grafting polymerization of
NIPAAm from TNTs-Br was carried our by means of in situ ATRP,
resulting in TNTs-g-PNIPAAm. Representative reaction conditions
of ATRP are provided in Table 1. Three hybrid TNT samples, denoted
as TP1 to TP3, were prepared and carefully characterized.
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PNIPAAmM-g-TNT

Scheme 1. Schematic illustration of the synthesis of PNIPAAm-g-TNT. Only two representative coupling reactions between APS and Ti-OH groups or those between APS were

illustrated for simplicity.
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Table 1

The reaction conditions and some results.

Sample R? fP (wt/%) d° (nm)

TP1 13:1 30 3.3+£0.02
TP2 65:1 45 6.04 + 0.04
TP3 130:1 60 10.25+0.25

2 R=monomer:brominated TNTs (wt:wt).

b £, =the weight content of grafted PNIPAAm in the nanohybrids calculated from
TGA data.

¢ d=d=+od, is the average thickness of grafted polymer layers calculated
through a statistic analysis of ten nanotubes measured from TEM images, and ¢ is
the standard deviation of thickness.

FT-IR (Fig. 1) and XPS (Fig. 2) spectra were used to characterize
the organically modified TNTs. In the FT-IR spectrum of TNTs-NH;
(Fig. 1b), 2900 cm™! (the stretching vibration of C-H groups),
1442 cm™! (the bending vibration of C-H groups), 1095 cm™! (the
Si-O groups), 3380 and 3301 cm~! (the NH, groups) could be
clearly detected. It indicates the successful anchoring of APS groups
onto the surface of TNTs.

Compared with TNTs—NHy, the FT-IR spectrum (Fig. 1c) of TNTs-
Br demonstrates the characteristic absorption bands occurred at
1680 cm ! and 1100-1200 cm ™! (the amide groups), and 690 cm ™!
(the C-Br groups) [29]. XPS (Fig. 2) spectra provide more detailed
evidences to prove that bromide groups have been grafted onto the
surface of TNTs successfully. In the XPS spectra of TNTs-Br, the
characteristic peaks of Br 3d were found around 104.3 eV. In
addition, the binding energy of Ti 2p3/2 shifts from 458.24 to
4579 eV (Fig. 2, inset), which is ascribed to a decrease in the
positive charge on Ti atoms because of the formation of Ti-O-Si
bonds at the TNTs surface. Thus, it can be concluded that by
modifying pristine TNTs with APS and 2-bromo-2-methylpropionyl
bromide, the inert inorganic TNTs have been changed into func-
tional hybrid nanotubes with many ATRP initiators.

The TNTs-g-PNIPAAm were prepared via in situ ATRP of NIPAAm
monomers from the surface of TNTs-Br. The FT-IR spectrum (Fig. 1d)
of the TNTs-g-PNIPAAm shows characteristic peaks for grafted
PNIPAAm (C-H groups at 2970, 1450, and 1366 cm ™, C=0 groups at
1650 cm~!, N-H at 3300 and 1550 cm™!). In addition, 'H NMR
spectrum of TNTs-g-PNIPAAm provides more detailed evidences
(Fig. 6,20 °C). The characteristic peaks of PNIPAAm, such as the peak
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Fig. 1. The FT-IR spectra of pristine TNTs (a); TNTs-NH, (b); TNTs-Br (c); TNTs-g-
PNIPAAm (d).

at 6 =3.9 ppm (peak c) ascribed to CONH-CH (CH3)-CHs, and the
peak at 6 = 1.1 ppm (peak d) ascribed to CONH-CH (CH3)-CH3, and
6=3.9 ppm (peaks a and b) ascribed to -CH,-CH (CONH)-, were
clearly found. All these results strongly support that PNIPAAm have
been successfully grafted from brominated TNTs by ATRP.

The merit of the ATRP approach is the possibility to introduce
uniform coatings on TNTs. Here we have succeeded in evenly
wrapping PNIPAAm on the TNTs surface, and this has been
confirmed by TEM observations. Fig. 3a displays a typical TEM
image of pristine TNTs obtained by a hydrothermal reaction. The
tubes possess uniform inner and outer diameters of about 6-7 and
10-12 nm in average along their length, respectively, and the
average length is about several hundreds of nanometers. They are
multilayered and open-ended, and have a smooth surface. The
PNIPAAm-coated TNTs can be easily distinguished from pristine
TNTs as both the polymer shell and the TNTs crystal sheet struc-
tures are clearly discerned as shown in Fig. 3b-d. We have
measured the polymer shell thickness from the TEM images, and
the thickness in average for each PNIPAAm-g-TNT sample was
obtained through a statistical analysis of ten nanotubes. With the
increase of monomer feed ratio, the thickness of the grafted poly-
mer shell varies from 3.30 + 0.02, 6.04 4+ 0.04 to 10.25 4+ 0.25 nm
(Table 1). The shell thickness is very uniform when the TNTs were
grafted with a lower PNIPAAm content (Fig. 3b and c), indicating
a well controllability of the ATRP reaction. However, when the
PNIPAAm content is much higher, there is a bigger derivation in the
shell thickness. Both the uneven (Fig. 3d) and uniform (Fig. 3d,
inset) TNTs-g-PNIPAAm were obtained.

Furthermore, the result of TEM measurements is well consistent
with that obtained from TGA analyses (Fig. 4). The TGA curves show
a major decomposition in the temperature range at 225-450 °C,
which should be attributed to the thermal degradation of PNIPAAm
polymers coated on the TNTs when compared to the TGA curve of
PNIPAAm polymers (Fig. 4e). Thus, the PNIPAAm content in TNTs-g-
PNIPAAm can be calculated (Table 1), and it is 30% for TP1, 45% for
TP2, and 60% for TP3, respectively. These results further indicate
that the content of the grated polymer in the functionalized TNTs
can be adjusted by monomer/initiator ratio.

The possibility of temperature switching behavior of the as-
prepared TNTs-g-PNIPAAm in aqueous solution was also evaluated.
The sample was fully dispersed in water, forming a stable milky
solution at room temperature for more than one week. However,
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Fig. 2. Wide scan XPS spectra of the pristine TNTs and TNTs-Br (inset, high-resolution
XPS spectra of Ti 2p spectra).
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Fig. 3. TEM images of pristine TNTs (a), TP1 (b), TP2 (c), and TP3 (d).

with the temperature increasing to 35 °C, the hybrids gradually
precipitated from aqueous solution. Such a temperature-responsive
solubility of the nanohybrids is reversible. When the temperature
was lowered, the precipitation dispersed again to form a homoge-
neous solution. This tests preliminary proved that TNTs-g-PNI-
PAAm have the thermally responsive property.

Furthermore, such temperature sensitive behavior of PNIPAAms’
solubility in water was determined by temperature-controlled UV-
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Fig. 4. The TGA curves of pristine TNTs (a), TNTs-g-PNIPAAm with different NIPAAm
feed ratio (TP1-TP3) (b-d) and pure PNIPAAm (e).

Vis spectroscopy. Fig. 5 displays the absorbance of TNTs-g-PNI-
PAAm (TP2) at 250 nm as a function of temperature in aqueous
solution. The absorbance of TNTs-g-PNIPAAm almost remains
a constant below 30 °C, but it gradually decreases until 45 °C, and
then remains invariable again with increasing temperature. It was
found that the transition temperature midpoint is 34 °C, which is
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Fig. 5. The absorbance of TNTs-g-PNIPAAm in water as a function of temperature.
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Fig. 6. "H NMR spectra of NIPAAm-g-TNTs in D,0 at different temperature.

higher than the low critical solution temperature (LCST) of pure
PNIPAAm (~32 °C) [21]. Meanwhile, we can also observe in Fig. 5
that the phase transition range, from 30 °C to 45 °C, is wider than
that of pure PNIPAAm as well as the PNIPAAm-g-CNTs [30].
Generally, the LCST phase transition is due to the coil-to-globe
conformation transition of the grafted PNIPAAm brushes in water
with increasing temperature [31]. TNTs are more rigid than CNTs,
and will strongly prohibit the conformation tumbling of the coated
polymers, which induces a slow LCST transition.

We also use temperature-variable 'H NMR to detect the
temperature sensitive property of the TNTs-g-PNIPAAm. Fig. 6
shows the 'H NMR spectra of TNTs-g-PNIPAAm in D,0 at 20, 30, 35,
and 50 °C respectively. The corresponding proton signals of PNI-
PAAm chains (peaks a-d) can easily be observed at 20 °C. With the
increasing of temperature to 30 °C, the signals become weaker but
could still be detected clearly. When the temperature was increased
to at 50°C, all the signals of PNIPAAm chains can hardly be
detected. The results further support the conformation trans-
formations of TNTs-g-PNIPAAm from a hydrophilic state into
a hydrophobic one. At temperature above 30 °C, intramolecular
hydrogen bondings are formed between C=0 and amine groups in
the PNIPAAm chains, while the intermolecular hydrogen bondings
between PNIPAAm and water are partly broken, thus the PNIPAAm
chains at the surface change from a coil conformation into a densely
aggregated structure, which makes the polymer hybrids insoluble
in water. At an even higher temperature, the polymer coated TNTs
precipitate from water almost completely, so the PNIPAAm units
cannot be clearly detected in NMR spectrum.

The hydrophilic/hydrophobic phase transition of TNTs-g-PNI-
PAAm can induce endo- or exo-thermal effects, which can be
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30 40 50 60
Temperature (°C)

Fig. 7. DSC thermogram of NIPAAm-g-TNTs (TP2) in water at heating rate of 5 °C/min.

25°C 35°C

Scheme 2. Schematic illustration for conformation change of PNIPAAm chains on TNT.

detected by DSC. Fig. 7 shows a clear endo peak around 34 °C for
aqueous sample of TP2, indicating that the switching of aggregate
and disaggregate of TNTs-g-PNIPAAm in water can be controlled
through the temperature variation. Compared to the UV measure-
ment, the thermosensitive phase transition detected by DSC is
sharper and was completed in a temperature range from 32 to
37°C. The reasons for the difference between DSC and UV
measurements lie in the higher sensitivity of modulated DSC used
in this experiment and a higher temperature-heating rate. These
results further demonstrate that the PNIPAAm chains coated on
TNTs still preserve the temperature-responsive ability.

Based on the results of above measurements, a mechanism for
the thermally responsive behavior of TNTs-g-PNIPAAm nano-
composites is presented in Scheme 2. At temperatures below the
LCST, the intermolecular hydrogen bonding between the PNIPAAm
chains and water molecules plays a dominant role, and the PNI-
PAAm chains are in a loosely coil structure and soluble in water. At
temperature above LCST, the graft PNIPAAm chains dehydrate to
form a compact globe structure, which makes the PNIPAAm chains
insoluble in water and precipitate from the solution.

4. Conclusions

In conclusion, PNIPAAm was covalently grafted onto the TNTs
convex surfaces by an in situ ATRP technology, resulting in core—
shell nanocomposites with various contents of uniform polymer
layers. The thickness of the grafted polymer shell is adjustable by
the control of the monomer/initiator ratio. The larger is the
monomer/initiator ratio, the thicker is the polymer shell. The TNTs-
g-PNIPAAm showed temperature-switching assembly and
disassembly behaviors in water, because of the hydrophilic and
hydrophobic transformation of the grafted PNIPAAm chains. It is
anticipated that such nanocomposites, with good mechanical
properties and good thermo-sensitivity, are potential to be used in
shape memory materials, artificial muscles, and controllable drug-
delivery. In addition, this surface ATRP method presented here can
be extended to graft other stimuli responsive polymers from TNTs.
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