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Abstract

Boron nitride nanotubes (BNNTSs) are inappropriate for further chemical derivatization
because of their chemical inertness. We demonstrate covalent activation of chemically inert
BNNTs by isophorone diisocyanate (IPDI) to form isocyanate group (NCO)-terminated
BNNT precursors with an ‘NCO anchor’ ready for further functionalization. As identified by
Fourier transform infrared spectroscopy, a number of molecules or polymers with —-COOH,
—OH or —-NH; groups are readily attached to the activated IPDI-BNNTs. The
IPDI-BNNT-involving polymer composites have shown mechanical properties are
considerably improved due to the good dispersibility of IPDI-BNNTS in the polymer matrix
and the strong interfacial interactions between BNNTSs and polymers. The methodology
reported here provides a promising method to promote the chemical reactivity of BNNTs and
covalently modify polymer nanocomposites with improved mechanical performance.

Online supplementary data available from stacks.iop.org/Nano/23/055708/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

Due to the remarkable properties in many aspects, for exam-
ple, the chirality- and diameter-independent semiconductiv-
ity [1-3], the excellent thermal conductivity [3-5], the high
elastic modulus [6, 7] and the high resistance to oxidation [3,
8, 9], boron nitride nanotubes (BNNTs) are expected to be
attractive candidates for promising applications in composite
materials and nanoscale electrical devices working under ex-
treme conditions. However, the limited dispersion of BNNTs
in conventional solvents and the poor interfacial interaction
with the polymer matrix hinder their applications. In the last
few years, many efforts have been devoted to the surface
modification towards their dispersibility and surface adhesion
improvement [10], including noncovalent processes [11-16]
and covalent sidewall functionalization [17-23]. Noncovalent

0957-4484/12/055708+08$33.00

approaches were achieved through the wrapping of BNNTSs
using appropriate surfactants or polymers, yet large amounts
of surfactant/polymer contaminants may affect their material
properties. Moreover, the limited scalability in the nonco-
valent process is another disadvantage. It heavily depends
on covalent functionalization to overcome these problems.
However, covalent modification of BNNTs have rarely been
investigated chiefly due to their chemical inertness. Promoting
the chemical reactivity of BNNTs is thus a key bottleneck and
crucial challenge for chemists to functionalize BNNTs.

Here we report a method to activate BNNTSs by covalently
grafting an isocyanate group (-NCO) onto BNNTs through
the reaction of BNNTSs with isophorone diisocyanate (IPDI)
(scheme 1). The IPDI-activated BNNTs (IPDI-BNNTSs)
having surviving chemically reactive -NCO groups for further
derivatization were characterized essentially by Fourier

© 2012 IOP Publishing Ltd Printed in the UK & the USA


http://dx.doi.org/10.1088/0957-4484/23/5/055708
mailto:sldeng@xmu.edu.cn
http://stacks.iop.org/Nano/23/055708
http://stacks.iop.org/Nano/23/055708/mmedia

Nanotechnology 23 (2012) 055708

S-J Zhou et al

"2 (IPDI) i

N
N 1nn°c 120h g H
2 w%
WPH

| fr
|

NCO

as-produced BNNTs IPDI-BNNTSs

ROH
——= IPDI-BNNTs-NHCOOR (R=CH,CH,ClI)

RCH,0H
f———3= IPDI-BNNTs-NHCOOR (R=1-pyrenyl, phenyl)

RNH,

——— |PDI-BNNTs-NHCONHR (R=p-CgzH5sCl, CH,COOCH;)

H
RCOOH
NGO |——> IPDI-BNNTs-NHCOR (R=CF;)

.

L=

functionalized-BNNTs

Scheme 1. Schematic illustration of the activation and functionalization of BNNTSs.

transform infrared spectroscopy (FT-IR). The IPDI-BNNTs
can be versatile precursors for reactions with a wide range
of functional molecules (e.g. biomolecule, chromophore and
medicine) or polymers through the bridge of hydroxyl, amine
or carboxylic group. On the basis of activated IPDI-BNNTs,
BNNTSs/polyvinyl alcohol (PVA) and BNNTs/hydroxypropyl
methylcellulose (HPMC) composites were synthesized to
render improved mechanical performance as reflected in the
forms of Young’s modulus and tensile strength.

2. Experiment details

2.1. Materials

Multi-walled carbon nanotubes (MWNTSs) were synthesized
by chemical vapor deposition [24]. The as-synthesized
MWNTs were purified with 2.6 mol 1=! HNO3 under reflux
conditions for 24 h. The resulting MWNT materials were
copiously washed with deionized water until the effluent
was neutral. IPDI was purchased from Bayer Company and
kept in a refrigerator at low temperature. Other solvents and
compounds used in these studies were commercially available
and purified with standard methods.

2.2. Preparation of BNNTs

BNNTs were synthesized by a carbon nanotube substitution
reaction [25-28]. Specifically, 260 mg H3BO3 and 200 mg
MWNTs were milled in a mortar. These powders were
then transferred to an alumina combustion boat and loaded
into the temperature zone of a quartz tube furnace. The
temperature of the furnace was slowly ramped to 1080
°C in an argon atmosphere. After that, the argon gas was
turned off and anhydrous ammonia with a flow of 120 sccm
was simultaneously introduced into the tube furnace. The
reaction was allowed to react for 6 h before cooling to
room temperature. In order to remove the residual carbon
materials, the products were treated at 700 °C under the
ambient conditions for 5 h to yield the as-produced BNNTSs
(herein referred to as ap-BNNTs) [26, 28].

2.3. Synthesis of IPDI-activated BNNTs (IPDI-BNNTs)

The synthesis of IPDI-BNNTs was simply based on
the chemical reaction between the amine groups on the
ap-BNNTs and one of the ‘NCO anchors’ in IPDI as shown
in scheme 1. Specifically, 10 mg ap-BNNTs was added
to 2 ml IPDI in nitrogen atmosphere in a round-bottomed
flask. The mixture was stirred at 100°C for 120 h. Then
the products were sonicated in anhydrous tetrahydrofuran
(THF), followed by centrifugation at 8000 rpm for 30 min. In
order to completely remove the excessive IPDI, the sediment
fractions were repeatedly dispersed in anhydrous THF and
then centrifuged at 8000 rpm for four times. The resulting
products were dried in an vacuum oven at 50 °C for 7 h to
yield IPDI-BNNTs.

2.4. Further functionalization of IPDI-BNNTs

The surviving alicyclic isocyanate groups in IPDI-BNNTs
make BNNTSs chemically reactive for further derivatization
and to be versatile precursors for reactions with a wide
range of chemicals, including 2-chloroethanol, 1-pyrenyl
methanol, benzyl alcohol, p-chloroaniline, glycine methyl
ester and trifluoroacetic acid. Typically, 10 mg IPDI-BNNTs
was reacted with these chemicals in a round-bottomed flask
and stirred at 60—100 °C for 120 h under nitrogen protection
(table 1). After that, the products were repeatedly dispersed in
anhydrous THF and centrifuged at 8000 rpm for four times.
The sediment fractions were dried in a vacuum oven at 50 °C
for 7 h to obtain various functionalized BNNTs.

2.5. Synthesis of BNNT/PVA and BNNT/HPMC composites
and fabrication of composite films

A homogeneous PVA solution (with 15 wt% PVA) was
obtained by heating a mixture of PVA and dimethyl sulfoxide
(DMSO). Specified amounts of IPDI-BNNTs were added to
this solution. The mixture was bath-sonicated for 30 min
and then kept at 100°C for 120 h. After that, the products
were washed with acetone repeatedly and dissolved in hot
water to yield an aqueous solution. In order to fabricate
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Table 1. Further functionalization of IPDI-BNNTs.

Reactants Conditions Products®
2-chloroethanol 100°C/120h  IPDI-BNNT-NHCOOR
(R = CH,CH,Cl)
1-pyrenyl methanol in toluene 80°C/120h  IPDI-BNNT-NHCOOR (R = 1-pyrenyl)
Benzyl alcohol 80°C/120h  IPDI-BNNT-NHCOOR (R = phenyl)
p-chloroaniline in toluene 80°C/120 h IPDI-BNNT-NHCONHR
(R = ])-C(,H5C1)
Glycine methyl ester hydrochloride in 60°C/120h  IPDI-BNNT-NHCONHR
THF (R = CH,COOCH3)
Trifluoroacetic acid 80°C/120 h IPDI-BNNT-NHCOR (R = CF;)

@ The structural illustrations of the products were presented in supporting information (available at

stacks.iop.org/Nano/23/055708/mmedia).

BNNT/PVA composite films, the resulting aqueous solution
was dripped onto a glass plate and cooled at room temperature
for 24 h, followed by drying in a vacuum oven at 60°C
for 96 h. The composite film was peeled off from the glass
plate. In these studies, composite films with 0, 1 and 3 wt%
IPDI-BNNTs loading were fabricated. Similarly, composite
films with 0, 1 and 3 wt% ap-BNNT loading were fabricated
for control experiments. Seven films were fabricated for each
sample. The film thickness was controlled in the range of
0.12-0.18 mm.

For BNNT/HPMC composite film preparation, we used
N, N-dimethylformamide (DMF) as solvent in the replacement
of DMSO. Composite films with 0, 1 and 3 wt% IPDI-BNNTSs
(or ap-BNNTs) loading were fabricated. Seven films with
thickness of 0.12—0.18 mm were fabricated for each sample.

2.6. Characterization

The morphologies and structures of the products were
characterized by field emission scanning electron microscopy
(FE-SEM, LEO1530) and transmission electron microscopy
(TEM, TECNAI F-30). Fourier transform infrared spectra
(FT-IR) were measured with a Nicolet Avatar 330 FT-IR
spectrometer using liquid film (for IPDI, 2-chloroethanol,
benzyl alcohol, trifluoroacetic acid) or KBr pellet (for the
others) techniques. Thermogravimetric analysis (TGA) were
carried out using a TA instrument SDT Q600 thermal analyzer
in the temperature ranging from 30 to 600°C at a heating
rate of 10°C min~! in air. The mechanical properties of the
BNNT-polymer composite films were measured by tensile
tests using a Galdabini Sun 2500 machine with a crosshead
speed of 5.0 mm min~!. For tensile tests, vacuum oven-dried
films were conditioned in the laboratory environment for
24 h before testing. All experiments were performed at room
temperature.

3. Results and discussion
3.1. Preparation and characterization of the ap-BNNTs
BNNTs used in these studies were synthesized by the

reaction of H3BO3 and MWNTs in the presence of anhydrous
ammonia at 1080°C for 6 h [27, 28]. In the reaction,

MWNTs were utilized as templates for the growth of BNNTs,
while NH3 gas not only served as a nitrogen source for
the production of BNNTSs, but also facilitated the produced
BNNT surfaces bonding with amine groups. In addition,
the use of ammonia rather than nitrogen in this procedure
promised a reaction temperature as low as 1080°C [27].
The residual carbon materials in the products were got rid
of by an oxidation process at 700°C for 5 h [26, 28].
Figure 1 shows representative SEM and TEM images of
BNNTSs obtained in the oxidation process. The nanotubes
have diameters ranging from 10 to 100 nm and lengths
up to tens of microns. As revealed by TEM (figure 1(b)),
the ap-BNNTs exhibit well-defined tubular structures with
no detectable amorphous coating. The high-resolution TEM
(HRTEM) image (figure 1(c)) of the sidewall of a cylindrical
BNNT indicates a multi-walled structure with an interlayer
distance of ~0.335 nm. XPS spectra (figure 1(d)) recorded
from the ap-BNNTs indicate the binding energies of B (1s)
and N (1s) at 190.6 and 398.1 eV, which are consistent with
the previous investigation about BNNTs [19, 23, 28]. For the
B1s peak, a second Gaussian component at 192.1 eV is due
to the B—O bonds [29]. The intensities of these peaks give
the B:N ratio close to 1:1, confirming the composition of the
ap-BNNTs. The additional oxygen and trace carbon observed
in the XPS spectra can be ascribed to the residual boron oxide
and surface contamination.

3.2. Preparation and characterization of IPDI-BNNTs

In comparison with carbon nanotubes, BNNTSs exhibit much
lower chemical reactivity because of the very stable B-N
bonds [10]. By taking advantage of the amine groups on the
surface of nanotubes which might happen to form during
BNNT growth in a nitrogenous environment [20, 21] or
an ammonia plasma irradiation [18, 19], surface covalent
functionalizations were achieved. The IPDI-functionalized
BNNTSs were simply produced through the chemical reactions
between the amine groups on the ap-BNNT surface and
the ‘NCO anchors’ in IPDI (scheme 1). Due to the well-
crystallized surface, pristine BNNTs are generally difficult
to be dispersed in common solvents. However, after IPDI
functionalization, BNNTs were shown to be well dispersed
in chloroform (figure 2), indicating the successful attachment
of IPDI onto the sidewall of BNNTSs. The efficient dispersion
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Figure 1. (a) SEM and (b) TEM images of the BNNTSs obtained in an oxidation process. (¢) HRTEM image of the sidewall of a cylindrical

BNNT. (d) Characteristic XPS spectra of the ap-BNNTs.
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Figure 2. Photographs of the ap-BNNTs (a), IPDI-BNNTs at
dilute (b) and concentrated (c) solutions in chloroform after aging
for 5 h. SEM (d) and TEM (e) images of the well-dispersed
IPDI-BNNTs.

of IPDI-BNNTSs was further confirmed by SEM and TEM
images (figures 2(d) and (e)), where monodispersed nanotubes
were predominant.

As estimated by the weight loss in a temperature range
of 220-380°C in TGA experiment, about 3 wt% of IPDI
was loaded on IPDI-BNNTs (figure S1 available at stacks.
iop.org/Nano/23/055708/mmedia). Indispensable evidence to
identify the IPDI-functionalized BNNTs comes from FT-IR
characterization. Figures 3(a)—(c) show IR spectra of reactants
(IPDI and ap-BNNTSs) and the produced IPDI-BNNTSs. The
featured absorption at 2265 cm™! in the IR spectrum of
IPDI is assigned to the stretching mode of the isocyanate
group (-N=C=0), while the peaks at around 2920 cm~! are
attributed to the alkyl C-H stretching [30]. The spectrum of
the ap-BNNTs exhibits two characteristic vibration modes
at 1390 and 812 cm™! corresponding to B-N vibrations
parallel and perpendicular to the nanotube axis [31]. After
IPDI functionalization, three additional IR features around

1632, 2265 and 2958-2926 cm™~! appear (figure 3(c)). The
appearance of the peak at 1632 cm™! is attributed to the
C=0 vibration of the urea moiety (-NH-CO-NH-) formed
from the reaction between the -NCO group of IPDI and
the —NH; group in BNNT as depicted in scheme 1. The
other two features at 2265 and 2958-2926 cm™! are assigned
respectively to the stretching vibration of the isocyanate group
(-N=C=0) and alkyl C-H in IPDI moieties grafted onto
BNNTs [30]. Overall, the IR data provides further evidence
for the covalent bonding of IPDI on the surface of BNNTs.
More importantly, the IR spectrum of IPDI-BNNTsSs strongly
suggests that a fraction of -NCO groups remains intact (at
2265 cm™!) in this chemistry.

During the formation of IPDI-BNNTs, the —NCO
groups in IPDI were partially consumed because of their
transformation to -NH-CO-NH-, while the alkyl C-H in
IPDI kept intact. Therefore, measuring the peak area ratio
of -NCO versus C-H groups (Anco/Ac—u) in both the
starting IPDI and the IPDI moiety grafted onto BNNTSs allows
us to roughly estimate the degree of —NCO involving in
the formation of IPDI-BNNTs. For the starting IPDI, the
ANco/Ac—n is 1.576, yet the value is decreased to 0.6865
(~44% of 1.576) after grafting on BNNTSs, which suggests
that ~44% of -NCO groups still survive in IPDI-BNNTs.
Therefore, approximately half of -NCO groups in IPDI were
involved in the reaction with BNNTSs for the formation of
IPDI-BNNTs.

There are two kinds of —NCO groups in IPDI,
i.e. the aliphatic isocyanate group (—~CH,—NCO) and the
alicyclic isocyanate group (-NCO), directly connected to a
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Figure 3. FT-IR spectra of IPDI (a), ap-BNNTs (b),
IPDI-BNNTs (c), and functionalized BNNTs with
2-chloroethanol (d), 1-pyrenyl methanol (e), benzyl alcohol (f),
p-chloroaniline (g), glycine methyl ester (h) and trifluoroacetic
acid (i). The insets are the amplified plots (ten times).

six-membered ring. It has been well known that the former
is more reactive and sterically favorable than the latter [32].
Accordingly, if only half of -NCO groups in IPDI are involved
in the reaction, it is reasonable to assume that the aliphatic
isocyanate group preferentially reacts with amine groups on
BNNTs and the alicyclic isocyanate group at another side of
IPDI remains intact (but we cannot exclude a small fraction
of alicyclic isocyanate groups involved in the reaction).
It has been shown that the isocyanate group is highly
reactive towards various functional groups such as hydroxyl,
amine and carboxyl groups. The alicyclic isocyanate groups
surviving on the surface of BNNTs are thus ideal ‘NCO
anchors’ open for further derivatization, so as to make BNNTSs
reactive towards these functional groups in the forms of
NCO-terminated IPDI-BNNTs.

3.3. Preparation and characterization of BNNT derivatives
based on activated IPDI-BNNTs

BNNTSs themselves are chemically inert, but, under otherwise
the same reaction conditions, the activated NCO-terminated

IPDI-BNNTSs are versatile precursors for further func-
tionalization with various chemicals as well as functional
molecules with biological, chromophoric or medicinal per-
formance, including 2-chloroethanol, 1-pyrenyl methanol,
benzyl alcohol, p-chloroaniline, glycine methyl ester and
trifluoroacetic acid (table 1). The reactions between —-NCO
of IPDI-BNNTs and hydroxyl (amine or carboxyl) groups
of these molecules have been unambiguously identified by IR
spectra, especially by the C=0O vibration in the wavenumber
range of 1600-1800 cm™! (vide infra) [30).

Shown in figures 3(d)—(f) are IR spectra of IPDI-BNNT
—-NHCOOR (R = CH,CHCl, 1-pyrenyl and phenyl) pro-
duced from the reactions of IPDI-BNNTSs with 2-chloro-
ethanol, 1-pyrenyl methanol and benzyl alcohol. As compared
with the IR spectra of reactants (figure 3(c) for IPDI-BNNTs
and figures S2(b)—(d) available at stacks.iop.org/Nano/23/
055708/mmedia for hydroxyl compounds), additional signals
around 1700 cm~!' are observed in these three spectra
(figures 3(d)—(f)). The 1700 cm™! is within the featured
vibration frequency range of C=0 in urethane (-NH-COO-),
indicating the functionalized BNNT products bridged with
urethane. Similarly, in addition to the original reactant IR
peaks (figure 3(c) and figure S2(g) available at stacks.iop.org/
Nano/23/055708/mmedia), the appearance of a new band at
1683 cm™! (figure 3(i)) in IPDI-BNNT-NHCOR (R = CF3)
indicates that the carboxyl group of trifluoroacetic acid reacts
with IPDI-BNNTs to form an amide bridge (—-NH-CO-).
In the case of IR spectra of IPDI-BNNT-NHCONHR (R =
p-CeHs5Cl) produced from the reaction of IPDI-BNNTSs
and p-chloroaniline, however, no additional IR peak is
observed in the range of 1600-1800 cm~! (figure 3(g)).
The produced urea bridge vibration is actually overlapped
onto the original 1632 cm~! peak of IPDI-BNNTs, leading
to an enhanced IR absorption in this area as expected.
Similar evidence is observed in figure 3(h), though it should
be noted that the weak peaks at 1753 cm™! are due to
the original C=0 vibration from reactant glycine methyl
ester. This evidence also solidifies the conclusion about the
urea moiety (-NH-CO-NH-) produced in the formation of
IPDI-BNNTs and indirectly validates the existence of -NHj
in the ap-BNNTs (likely due to the low content, no NH;
signal is directly observed in the IR spectrum of ap-BNNTSs).
Actually, no IPDI-boron-nitride derivative was detected if
starting from pure boron nitride powders without amine
groups.

Another prominent feature of the functionalized BNNT
IR spectra (figures 3(d)—(i)) is the disappearance of the
2265 cm™! vibration which has been assigned to the -NCO
groups surviving during the formation of IPDI-BNNTs (vide
supra). This evidence strongly supports the process shown
in scheme 1, in which the terminated -NCO groups in
IPDI-BNNTSs were completely consumed in the following
functionalization process.

To investigate the thermal behavior of the function-
alized BNNT products, TGA experiments were performed
under air conditions. Figure S1 (curve 7 available at
stacks.iop.org/Nano/23/055708/mmedia) shows the decom-
position curve of 1-pyrenyl methanol-functionalized BNNTs,
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Figure 4. SEM images of the cross sections of BNNT/PVA (a), (b) and BNNT/HPMC (c), (d) composite films, TEM images of
BNNT/PVA (e), (f) and BNNT/HPMC (g), (h) composite films ((a), (c), (e), (g), composite films containing 1 wt% IPDI-BNNTs; (b), (d),

(), (h), composite films containing 3 wt% IPDI-BNNTs).

IPDI-BNNT-NHCOOR (R = 1-pyrenyl), in which two dis-
tinct decompositions were observed. The first decomposition
(below 220°C) with approx. 5.1% weight loss is assigned
to the defunctionalization of 1-pyrenyl methanol molecules,
while the second one in the temperature range of 220-380 °C
with approx. 4.6% weight loss is assigned to the degrafting
of IPDI moieties on BNNTs. The balanceable weight loss
in these two decomposition stages agrees well with the
proposal about the activated IPDI-BNNTs having half of
‘NCO anchors’ surviving for the next reaction.

3.4. Characterization and mechanical performance of
BNNT/PVA and BNNT/HPMC composite films

Based on their excellent properties such as high elastic
modulus and thermal conductivity, BNNTs are ideal
nanofillers for polymer composite materials with enhanced
performance [33-38]. However, the practical applications of
BNNT-polymer composites have been limited due to several
unsolved problems, for example, the limited dispersibility of
BNNTs in the host matrix, the poor interfacial interaction and
load transfer between BNNTSs and the polymer matrix.

In this work, activated IPDI-BNNTs were used to
synthesize BNNT-polymer composites. Figure S3 (avail-
able at stacks.iop.org/Nano/23/055708/mmedia) shows the
photographs of BNNT/PVA and BNNT/HPMC composite
films with different IPDI-BNNT loading. Unlike composite
films made from the ap-BNNTSs, no nanotube aggregation
is observed in the composites synthesized. Together with
the TEM images, the SEM images of the cross sections of
BNNT/PVA and BNNT/HPMC composite films with different
nanotube loadings are shown in figure 4, indicating the
BNNTs dispersed well in the polymer matrix.

Tensile tests were performed to evaluate the mechanical
properties of these composite films. The typical stress—strain
curves, tensile strength and Young’s modulus for pure
polymers (PVA and HPMC) and composite films with 1
and 3 wt% BNNT loading, including activated IPDI-BNNTs
and ap-BNNTs, are shown in figure 5. It is clear that the

addition of a small fraction of activated IPDI-BNNTs leads
to a considerable increase in both Young’s modulus and
tensile strength. Specifically, on the addition of only 1 wt%
of IPDI-BNNTs, the tensile strength of PVA was increased
by 3.6% and the Young’s modulus was increased by 42%.
When the loading of IPDI-BNNTSs was altered to 3 wt%,
the tensile strength was increased up to 22% from 150 to
183 MPa and the Young’s modulus was increased by 49%
from 2.19 to 3.27 GPa. However, when ap-BNNTs rather
than activated IPDI-BNNTSs were used in the fabrication of
polymer composite films, different results were obtained in
the tensile tests: although the Young’s modulus was increased
by the addition of 1 wt% ap-BNNTs, the tensile strength was
slightly decreased. When the amount of ap-BNNT's was added
up to 3 wt%, both tensile strength and Young’s modulus were
decreased. Similar results were yielded in the tensile tests of
BNNT/HPMC composite films, in which the addition of a
small fraction of IPDI-BNNTs in HPMC, as exemplified by
3 wt%, resulted in the increases of tensile strength (from 73.9
to 94.5 MPa) and Young’s modulus (from 1.63 to 1.92 GPa),
yet the addition of 3 wt% of ap-BNNTs in HPMC resulted in
the decreases of tensile strength (from 73.9 to 53.4 MPa) and
Young’s modulus (from 1.63 to 1.34 GPa).

As described above, activated IPDI-BNNTs exhibit good
dispersibility and chemical activity towards various chemicals
and functional molecules. Adding IPDI-BNNTs into the
solution of PVA or HPMC, the strong interfacial interactions
between BNNTSs and polymers were achieved by the covalent
reactions of hydroxyl groups of polymers and the chemically
reactive -NCO groups surviving on the nanotube surface.
The covalent binding leads to the homogeneous dispersion of
BNNTs in the polymer matrix and results in the reinforcement
of the mechanical performance of polymer composites as
reflected in the Young’s modulus and tensile strength. In
contrast, due to the well-crystallized surface, pristine BNNTs
exhibit limited dispersibility and poor interfacial interactions
with PVA and HPMC.
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Figure 5. Stress—strain curves of BNNT/PVA (a) and BNNT/HPMC (b) composite films with different BNNT loading (1, 3 wt%
IPDI-BNNTS; 2, 1 wt% IPDI-BNNTS; 3, pure PVA or HPMC; 4, 1 wt% ap-BNNTs; 5, 3 wt% ap-BNNTS), tensile strength and Young’s
modulus of BNNT/PVA (c) and BNNT/HPMC (d) composite films with different BNNT loading.

4. Conclusions

By taking advantage of the reaction with IPDI, chemically
inert BNNTSs were activated by covalently grafting isocyanate
groups (-NCO) onto their sidewalls. In addition to the
dispersibility improvement, the IPDI-BNNTSs are versatile
precursors with half of the ‘NCO anchors’ ready for further
functionalization. A number of molecules with —-COOH, —-OH
or -NH; functional groups can be readily attached onto the
activated IPDI-BNNTs through the reactions with —NCO
groups surviving on the nanotube sidewalls. BNNTs/PVA and
BNNTs/HPMC composites based on activated IPDI-BNNT's
were synthesized. The tensile tests revealed that the tensile
strength and Young’s modulus of the composite films with a
small fraction of IPDI-BNNTSs were considerably increased.
These reinforced mechanical properties were attributed to
the good dispersibility of IPDI-BNNTSs in the polymer
matrix and the strong interfacial interaction between BNNTs
and polymers through the covalent reactions of hydroxyl
groups of the polymer and the chemically reactive -NCO
groups remained on the nanotube surface. Therefore, the
current work provides a promising method for promoting
the chemical reactivity of BNNTs and producing functional
BNNT materials.
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