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Aliphatic polyurethane (PU) nanocomposites were pre-
pared using modified titanate nanotubes (TNTs) as filler
in order to improve the mechanical and thermal proper-
ties of the initial polymer. With a view to achieving
greater interaction between the polymer chains and
TNTs, the latter was functionalized with hexamethylene
diisocyanate (H) and/or aminopropyl trimethoxysilane
groups (A), producing the modified nanotubes TNTH,
TNTA, or TNTHA. The thermogravimetric analyses used
to quantify the amount of anchored diisocyanate or/and
silanol groups in the nanotubes identified the H function
as the best functional group in terms of improving the
filler–PU compatibility. Transmission electron micros-
copy, field emission scanning electron microscopy, and
atomic force microscopy analyses of the PU nanocom-
posites containing the three different fillers showed
good TNT dispersion. The TNTHA nanotubes functiona-
lized with both groups through the reaction between the
H function already anchored on the TNTs and the A
group, forming a monourea anchored group, signifi-
cantly improved the mechanical and thermal properties
of PU nanocomposites. POLYM. COMPOS., 40:2292–2300,
2019. © 2018 Society of Plastics Engineers

INTRODUCTION

The synthesis of polymeric nanocomposites has
attracted substantial scientific and industrial interest for
their ability to modify and/or improve the thermal, mechan-
ical, optical, and barrier properties of several traditional
polymers [1–3]. In this context, polyurethane (PU) is a
polymer with a wide variety of applications, since it can be

easily molded, injected, extruded, and recycled [4]. More-
over, PU matrices have proved to be suitable for the addi-
tion of different fillers, such as clays [5], zinc oxide [6],
silica [7], titanium dioxide [8], and synthetic talc [9, 10],
among others. Corresponding studies on these PU nano-
composites showed an improvement in their mechanical
properties, thermal stability, and hydrophobic behavior.
The use of fillers with a high specific surface area has been
related to increased polymer crystallinity and thermal sta-
bility. These property modifications have been attributed to
fillers, which act as nucleating agents.

Multilayer carbon nanotubes [11], halloysite clay [12],
and hybrids of these materials [13], which have a high spe-
cific surface area and tubular morphology, were also used
to produce polymeric nanocomposites with significantly
improved tensile strength, Young’s modulus, and elonga-
tion at break. In this respect, titanate nanotubes (TNTs)
emerge as a promising alternative filler due to their low-
cost and easy synthesis. TNTs can be obtained via a simple
hydrothermal method first described by Kasuga et al. [14].
TNTs are used in several different applications, including
uranium and palladium adsorption [15, 16], CO2 capture
[17], and as catalysts [18–20], due to their uniform tubular
morphology and high specific surface area (≈170 m2/g),
making them suitable for tube surface modification and
low toxicity [21]. However, a drawback of TNTs is their
hydrophilic nature, caused by the presence of high concen-
trations of hydroxyl groups at the nanotube surface, making
it difficult for TNT to disperse into the polymeric matrices
and thereby forming filler clusters [22]. One way of miti-
gating this problem is by modifying the nanotubes through
surface functionalization. For example, the presence of
organosilanol groups such as 3-aminopropyl triethoxysilane
[23], allyltriethoxysilane and n-propyltriethoxysilane [24]
at the nanotube surface enhances filler dispersion due to
favorable chemical interactions between the polymer chain
and functionalized material [25, 26].
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TNT-based hybrid nanostructures allow good compati-
bility with organic matrices. Although PU-based nanocom-
posites have been widely investigated, to the best of our
knowledge, there are few studies on the use of functiona-
lized TNTs as filler for these polymers, particularly its use
in situ to obtain PU nanocomposites. As such, this study
aims to synthesize and characterize PU nanocomposites
using TNTs modified with hexamethylene diisocyanate
(H) and/or aminopropyl trimethoxysilane (A). The effect of
the functionalized TNTs on the thermal, mechanical, and
morphological properties of the synthesized nanocompo-
sites is also evaluated.

EXPERIMENTAL

Materials

Polycaprolactone diol (PCL, MM = 2,000 g mol−1,
Sigma-Aldrich) was dried before use. Hexamethylene dii-
socyanate (HDI, Merck), dibutyltin dilaurate (DBTDL,
Miracema-Nuodex Ind.), methyl ethyl ketone (MEK,
Merck), aminopropyl trimethoxysilane (APTMS, 97%,
Sigma-Aldrich), titanium dioxide (TiO2, 98% anatase
phase, JB Química), and sodium hydroxide (NaOH, 99%,
Vetec) were used as received.

TNT Synthesis

TNTs were synthesized using the hydrothermal method
adapted from the literature [14]. Initially, 1.5 g of TiO2

was added to 120 mL of 10 M NaOH solution under mag-
netic stirring, at room temperature, for 30 min. Next, the
solution was transferred to a Teflon-coated stainless steel
reactor (200 cm3) and the system was maintained at
130–140�C for 72 h. The resulting precipitate was centri-
fuged and washed with distilled water until a pH 8. The
TNTs were dried at 80�C for 6 h and kept in a desiccator.

Functionalization of the TNTs

We added 1 g of TNT (previously dried), the functiona-
lizing agent (molar ratio TNT:agent = 1:1) and 20 mL of
MEK to a Schlenk flask. The reaction system was kept
under reflux (40�C), an inert atmosphere (N2), and mag-
netic stirring for 2.5 h. The solvent was then removed
under reduced pressure and the solid product was dried at
45�C for 2 h. This method produced three different modi-
fied TNTs, namely TNTH, TNTA, and TNTHA, corre-
sponding respectively to TNTs containing H, A, and the
product of the reaction between both (HA). In the last case,
TNTHA was obtained by reacting the TNTs first with H,
and then with A, using a molar ratio TNT:H:A = 1:1:1.

Synthesis of PU and PU Nanocomposites Containing
Modified TNTs

Pure PU and PU nanocomposites (modified TNTs) were
synthesized according to the literature [8, 27], using a
500 mL glass reactor with five inputs, coupled to a
mechanical stirrer, thermocouple (temperature control),
reflux system, and an addition funnel. Pure PU was
obtained by reacting PCL with H at a 1:1 molar ratio in
100 mL of MEK under inert atmosphere (N2), at 40�C for
2.5 h. DBTDL was used as the catalyst (0.1 wt% in relation
to the total weight of reactants). In order to synthesize the
nanocomposites, the fillers TNTH, TNTA, and TNTHA
(1 wt% in relation to PCL weight) were previously sus-
pended in MEK for 15 min under ultrasonification and the
resulting suspensions were placed in the polymerization
reactor. Nanocomposite films (~0.7 mm thick) were then
prepared using the casting method.

CHARACTERIZATIONS

TNTs and modified TNTs were characterized by Fourier
transform infrared spectroscopy (FTIR, PerkinElmer spec-
trometer, Spectrum One model) using the accessory UATR
(universal attenuated total reflectance), X-ray diffraction
(XRD, Shimadzu XRD 7000, Kα with λ = 1.542 Å, 40 kV,
30 mA, between 5� and 70� 2θ, scanning speed of 0.02�

min and counting time of 2.0 s), N2 adsorption–desorption
analysis (Micromeritics Instrument Corporation, TriStar II
302V1.03, recorded at 77 K in the 0010 to 1.05 bar relative
pressure range for 6 h) using the Brunauer–Emmett–Teller
(BET) method, field emission scanning electron micros-
copy (FESEM, FEI Inspect F50 in secondary electron
beam), and transmission electron microscopy (TEM, FEI
Tecnai G2T20). The dimensions of TNTs were obtained by
TEM analysis using Image J software (25 measurements).

The pure PU and PU nanocomposites containing modi-
fied TNT were characterized by analyzing the films via
atomic force microscopy (AFM) to collect roughness data.
The analyses were performed in tapping mode to construct
phase/height contrast images at various locations on the
sample surface, using a Bruker Dimension Icon PT system
and TAP150A probe (Bruker, resonance frequency of
150 kHz and 5 N m−1 spring constant). The equipment was
calibrated prior to sample measurements. The scanned area
of the images measured 2 × 2 μm2, with a resolution of
512 frames per area. Dynamic mechanical analysis (DMA,
model Q800, TA Instruments) with Young’s modulus
determinates according to ASTM D 882 standard tech-
nique. Both the TNTs and nanocomposites were submitted
to thermogravimetric analysis (TGA, TA Instruments
Q600, from room temperature to 1,000�C at a heating rate
of 20 �C/min, under inert nitrogen). After solubilization in
THF, the polymers were analyzed by gel permeation chro-
matography (GPC, Waters Instruments-2414), using a 1515
isocratic pump, tetrahydrofuran as mobile phase, flow rate
of 1 mL/min and Waters 2414 refractive index detector,
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with a Styragel column set (cut-off range:
500–500,000 g mol−1) at 45�C. Calibration curve was
obtained with polystyrene standards.

The synthesized nanocomposites were also analyzed by
differential scanning calorimetry (DSC, TA Instruments
Q20, recorded from −90 to 200�C at a heating/cooling rate
of 10 �C/min, under an inert N2 atmosphere). The crystal-
linity (Xc) of pure PU and its nanocomposites was calcu-
lated according to Eq. 1:

Xc ¼ ΔHm

1−wð ÞΔH0
m

ð1Þ

where, ΔHm is the heat of fusion of the polymer or
nanocomposite, ΔH0

m is the heat of fusion of 100% crystal-
line PCL (146 J g−1) [28] and w is the weight fraction of
filler in the polymer matrix.

RESULTS AND DISCUSSION

Characterization of the Modified TNT

As shown in Fig. 1, TNTH are obtained via the reaction
between the active hydrogen of the hydroxyl groups at the
TNT surface and the isocyanate group ( N[dbond]C
[dbond]O) of the H molecule. On the other hand, interac-
tion between the A molecule and OH groups of the TNT
occurs via the methoxy group of the functionalizing agent
[29], forming TNTA. Finally, TNTs modified using H and
A molecules were obtained via the reaction between TNT
and H, followed by interaction between the free NCO
group of the H molecule anchored onto the TNT and the
NH2 group of the A molecule.

The SEM images of the modified TNTs and pristine
TNT shown in Fig. 2 demonstrate that all the nanostruc-
tures are tubular and similar, corresponding to TNT
agglomerates reported in the literature [20, 30]. In addition

to detecting titanium and sodium corresponding to TNT,
the results of Energy Dispersive X-ray Spectroscopy
(EDS). analysis for each material (Fig. 2) indicate the pres-
ence of the functionalizing agents in the nanostructures,
since carbon (from H and A molecules) and silicon atoms
(from A molecules) were identified.

The TEM images of pristine TNTs and modified nano-
tubes (i.e., TNTH, TNTA, and TNTHA) shown in Fig. 3
indicate that the functionalization procedure did not affect
the tubular structure of the TNT.

The pristine TNTs were formed by winding three tita-
nate nanosheets together. Data on the average external and
internal diameters of the TNTs, functionalized or not
(Table 1), corroborate TEM images, that is, functionaliza-
tion caused no significant changes.

For all the samples, the N2 adsorption–desorption iso-
therms of the TNTs (Fig. 4) are type IV isotherm curves
with a hysteresis cycle (H3) in the P/Po = 0.5–1 interval.
These isotherms indicate the presence of both mesopores
(2–50 nm) and macropores (>50 nm) [31, 32].

Furthermore, the internal diameters recorded also cor-
roborate the presence of mesopores, as shown and dis-
cussed above. A decrease in the pore volume (0.31, 0.42,
and 0.19 cm3/g) and specific surface area values (56, 107,
and 42 m2/g) of TNTH, TNTA, and TNTHA, respectively,
was observed in relation to pristine TNT (0.55 cm3/g and
177 m2/g). This demonstrates that less N2 is adsorbed onto
the TNT surfaces, likely because the functionalization
agents partially cover these surfaces. This result confirms
that functionalization occurred through reactions of the OH
groups located at the surface of the TNTs, behavior that is
also reported in the literature [26].

Additionally, the isotherms in Fig. 4 demonstrate that
the decline in SBET values is associated with a decrease in
hysteresis size in the following order:
TNT > TNTA > TNTH > TNTHA. The same trend is
observed for pore volume. This behavior also indicates that
the presence of the functional group on the TNT lowers the
number of pores, thereby reducing the amount of N2

adsorbed during adsorption analysis.
Figure 5 shows the structural and chemical characteriza-

tion of TNTs, TNTH, TNTA, and TNTHA obtained by
FTIR and XRD analyses. With respect to pristine TNTs
(Fig. 5a), the bands located between 3400 and 3300 cm−1

and at 1640 cm−1 correspond to the axial and angular
deformation of the OH groups. Bands in the 900 and
750 cm−1 region are assigned to the Ti O stretching
vibration of a four-coordinated Ti O structure, and differ-
ent vibration modes of Ti O Ti [15, 26, 33]. In relation
to the FTIR spectra of TNTH (Fig. 5b), the band at
3360 cm−1 corresponds to N H stretching of urethane and
the two bands in the 2930–2850 cm−1 region to C H
stretching of the CH2 group; bands at 1617 cm−1 are
assigned to C[dbond]O stretching, at 1575 cm−1 to the
C N and N H bonds of uretane and at 1255 cm−1 to
CO O bonds [8, 34]. Given that the H agent has two NCO
functions, the absence of a band at 2230 cm−1 (free NCO)

FIG. 1. Functionalization of the TNTs using H and A functional
groups.
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indicates that all the NCO groups reacted with the OH
groups on the TNT surface. Likewise, the TNTA spectrum
shows bands at 2940 cm−1 (C H of CH2 group),
1330 cm−1 (C N bond), and in the 1120–1020 cm−1

region, corresponding to assymetric stretching of the
Si O Si bond [35], in addition to those characteristic of
TNTs. The FTIR spectrum obtained for TNTHA exhibits
characteristic bands of TNTs, HDI, and APTMS. It is inter-
esting to note that, in addition to the bands corresponding

to TNTs, the spectrum also contains bands at 3340 cm−1

(N H stretching of urea and urethane linkages),
2930–2850 cm−1 (C H stretching of the CH2 group),
1617 cm−1 (C[dbond]O stretching), 1575 cm−1 (C N and
N H bonds of uretane), 1330 cm−1 (C N bond),
1255 cm−1 (CO O bonds) and 1130–1030 cm−1 (assy-
metric stretching of the Si O Si bond) [8, 34, 36]. Modi-
fied TNT spectra displayed a band characteristic of the OH
group, indicating that not all the OH groups of pristine
TNT reacted during functionalization. With respect to the
XRD pattern of pristine TNTs, the absence of a narrow
peak at 2θ = 25� (101), characteristic of TiO2 nanoparticles
(attributed to the anatase phase), demonstrates complete
transformation of TiO2 nanoparticles into TNTs. The XRD
diffraction peaks at 2θ = 10� (200), 24� (110), 28� (310),
48� (020), and 62� (422) are associated with lamellar tita-
nates, whereas the peak at 2θ = 10� is related to the inter-
layer distance [20, 26, 37, 38]. Interlayer distances for
TNT, TNTH, TNTA, and TNTHA were 0.87, 0.90, 0.91,
and 0.96 nm, respectively. This increase may be associated
with the interaction of organic groups bonded to the surface
of TNTs that replaced Na+ ions between the TNT layers,
thus changing the original load balance and increasing the
interlayer distance. Niu et al. also observed this behavior in
TNT modified with amino groups used in heavy metal
adsorption [39].

Figure 6 shows the thermogravimetric curves (TG and
DTG) for pristine TNT and modified TNTs. Weight loss
was observed in two steps for all the samples, namely in
the 25–100�C and 100–200�C temperature ranges, associ-
ated with the decomposition of adsorbed water and the
interlayer water, respectively. A decrease in the adsorbed
and interlayer water content was observed for modified
TNTs when compared to pristine TNTs (18%, 11%, 8%,
and 10% for TNT, TNTH, TNTA, and TNTHA, respec-
tively). These results indicate effective functionalization of
TNT, since it promoted a decline in the number of OH
groups present in pristine TNTs.

The degradation observed above 200�C corresponds to
the organic segment used in functionalization. The results
obtained were 13% for TNTH, 5% for TNTA, and 16.5%
for TNTHA. Funcionalization performed using the

FIG. 2. SEM and EDS images of (a) pristine TNT, (b) TNTH,
(c) TNTA, and (d) TNTHA (100k).

FIG. 3. TEM micrographs, magnification of 440k: (a) pristine TNT, (b) TNTH, (c) TNTA, and
(d) TNTHA.
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diisocianate molecule (TNTH and TNTHA) was more
effective than that carried out with the amino reactant (A).

PU/Modified TNT Nanocomposite Characterization

The SEM, AFM, and TEM analyses were performed to
assess PU matrix morphology and the degree of dispersion
of the fillers. Figure 7a shows the spherulitic shape of the
PU crystallites, which is characteristic of a polymer formed
by chains containing soft (polyol) and hard segments (dii-
socyanate). The AFM image of this material shows dark
and bright regions associated with amorphous (soft seg-
ments) and crystalline domains (hard segments),

respectively [40, 41]. Average roughness (Ra) and root
mean square roughness (Rq) for pure PU and its nanocom-
posites were measured by AFM in tapping mode, obtaining
Ra = 4.84 nm and Rq = 6.25 nm for pure PU. When 1 wt%
of TNTH was added, the Ra and Rq values increased
(Ra = 7.27 nm and Rq = 9.25 nm), indicating a rise in nano-
composite surface roughness with filler addition. This fact
demonstrates that the TNTH filler influences the surface
morphology of the polymer and leads to chain restructur-
ing, whereby interaction with filler favors miscibility
between polyol and diisocyanate (Fig. 7b). Previous
research demonstrates that this filler reduces the ordering
capacity of lamellae into three-dimensional spherulites,
resulting in axialitic morphology [11]. This behavior was
not observed for the TNTA filler, which showed the forma-
tion of different-sized spherulites. Figure 7c demonstrates
that TNTA seems to have greater affinity with hard seg-
ments, probably due to hydrogen bonding between TNTA
and the hard segments of PU. Verma et al. [42] observed
the same behavior in modified cloisites. TNTHA addition
resulted in a surprising morphology that was completely
different from the others (Fig. 7d). A new organization
occurred between the soft and hard domains, indicating that
this filler interacted with both segment types. This is cor-
roborated by the higher crystallinity degree observed in
PU/TNTHA (34%) when compared to pure PU (27%),
PU/TNTA (27%), and PU/TNTH (30%). The TNTA and
TNTHA fillers prompted a decline in Rq and Ra when com-
pared to pure PU, with Ra/Rq values of 4.32/5.45 nm and
4.48/5.79 nm for TNTA and TNTHA, respectively.

The dark regions in the TEM images indicate the pres-
ence of hard segments, since electron density is higher in
these segments than in the soft segments. Figure 8b shows
circular regions (hard segments) in the pure PU dispersed
in a phase of soft segments, corroborating reports in the lit-
erature [5]. Images of the nanocomposites (Fig. 8c–h) show
that fillers form small agglomerates that are well dispersed
in the PU matrix.

FTIR analysis was also used to evaluate the interaction
between the TNTs and PU chains (Fig. 9). The characteris-
tic band at around 870 cm−1 (Fig. 9a), corresponding to

FIG. 4. N2 adsorption–desorption isotherms of pristine TNT, TNTH,
TNTA, and TNTHA.

FIG. 5. Structural characterization of (a) pristine TNT, (b) TNTH, (c) TNTA, and (d) TNTHA by FTIR
and XRD.

TABLE 1 Average diameters (external and internal) of the TNTs and
their specific surface area (SBET).

Sample
Average external
diameter (nm)

Average internal
diameter (nm)

SBET
(m2/
g)

Pore
volume
(cm3/g)

TNT 9.8 � 0.7 3.5 � 0.4 177 0.55
TNTH 9.4 � 2 3.5 � 0.2 56 0.31
TNTA 10.6 � 0.8 4.4 � 0.5 107 0.42
TNTHA 8.6 � 0.6 3.2 � 0.3 42 0.19
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Ti O bond stretching [20], is very noticeable for
PU/TNTH and PU/TNTHA and nonexistent for pure
PU. A band at 1160 cm−1 reflecting the C O C bond
(Fig. 9b) exhibited differences when fillers were added: a
shoulder is observed at 1185 cm−1, which may indicate
interaction between the fillers and soft segments of the PU
chains [6, 27, 43]. The urethane carbonyl stretching band
at 1680–1760 cm−1 was submitted to deconvolution and fit-
ting to assess the influence of the fillers on the polymer
matrix (Fig. 9c–f ). The urethane carbonyl stretching band
was then decomposed into three bands, namely a free car-
bonyl band at 1734 cm−1, a disordered hydrogen-bonded

carbonyl band at 1703 cm−1, and an ordered hydrogen-
bonded carbonyl band at 1683 cm−1 [44]. These three
bands are only evident for pure PU (Fig. 9a). Addition of
the fillers (Fig. 9d–f ) prompted a significant increase and
overlapping of the disordered and ordered hydrogen-
bonded carbonyl bands, indicating a rise in the number of
hydrogen bonds due to strong filler–polymer chain
interactions.

The thermal and mechanical properties of the nanocom-
posites are shown in Table 2 and Fig. 10 presents the
stress/strain curves. The onset temperatures obtained for
the nanocomposites were at least 10�C higher than for pure
PU, indicating that addition of the filler improved the ther-
mal stability of the polymer. This is because the filler acts
as a better thermal insulator and mass transport barrier, hin-
dering heat and mass transfer [45, 46]. The Tg (soft seg-
ments) and Tm (hard segments) values of the
nanocomposites remained unchanged in relation to pure
PU. However, there was a significant increase in Tc among
the nanocomposites, particularly for PU/TNTHA, demon-
strating that the filler promoted better organization of the
polymer chain.

The nanocomposite showed a reduction in molecular
weights (Table 2), indicating competition between the
surface OH groups of the functionalized filler and the OH
groups of the PCL diol used in PU synthesis. The same
behavior is reported in the literature [8, 9]. Comparison
between pure PU and the nanocomposites revealed that,
despite the decreased molar weight in the latter, a small
decrease in Young’s modulus was observed. However,
stress at break values were similar and strain at break
values higher than pure PU for the PU/TNTH. By con-
trast, these values were lower for nanocomposite TNTA,
indicating that it is a more fragile material. This result
can be explained by interaction between the filler and
hard segments, thereby reducing PU chain mobility. The
PU/TNTHA nanocomposite was the most promising,
since the filler interacts with the hard and soft segments,
providing greater crystallinity with different phase orga-
nization (Fig. 7d). This leads to increased elongation of
the material without losing deformation resistance
(Fig. 10), likely due to the greater mobility of the poly-
mer chain resulting from the filler’s compatibility with
both segments.

FIG. 6. TG (a) and DTG (b) curves of pristine TNT, TNTH, TNTA, and TNTHA.

FIG. 7. SEM images (on the left), 2k magnification, and AFM images
(to the right): (a) pure PU, (b) PU/TNTH, (c) PU/TNTA, and
(d) PU/TNTHA.
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FIG. 8. TEM images of (a,b) pure PU, (c) PU/TNTH, (d) PU/TNTA, (e) PU/TNTHA at 140k magnification
and (f ) PU/TNTH, (g) PU/TNTA, and (h) PU/TNTHA at 410k magnification.

FIG. 9. Absorbance bands of pure PU and nanocomposites in the regions of (a) 870 cm−1,
(b) 1200–1160 cm−1 and deconvoluted curves of the carbonyl band of (c) pure PU, (d) PU/TNTH,
(e) PU/TNTA, and (f ) PU/TNTHA.
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The improvement in the mechanical properties of nano-
composite TNTHA, despite the low filler concentration and
small surface area, may be associated with good filler dis-
persion due to greater filler–polymer than filler–filler inter-
action [9]. This corroborates the SEM, AFM, and TEM
results and reinforces the idea that dispersion affects the
mechanical properties of the nanocomposites.

CONCLUSIONS

Aliphatic PU/modified TNT nanocomposites were pre-
pared by in situ polymerization in order to obtain materials
with superior thermal and mechanical properties. The func-
tionalizing agents HDI (H) and APTMS (A) were used to
obtain three different functionalized fillers, namely TNTH,
TNTA, and a monourea segment (TNTHA). The amount of
anchored organic segment was 5–16%. The hybrid nano-
tubes anchored with a monourea formed by HDI and
APTMS (TNTHA) were found to be an interesting filler
that significantly improved the mechanical and thermal
properties of the PU nanocomposites.
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