
Enhanced Thermal Conductivity in Polymer Nanocomposites via
Covalent Functionalization of Boron Nitride Nanotubes with Short
Polyethylene Chains for Heat-Transfer Applications

Susana Quiles-Díaz,† Yadienka Martínez-Rubí,‡ Jingwen Guan,‡ Keun Su Kim,‡ Martin Couillard,§
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ABSTRACT: Boron nitride, which possesses high thermal
conductivity, is often incorporated into polymer matrixes for
thermal management. The enhancement in the thermal
conductivity depends on the filler shape, size, effective
dispersion in the matrix, and interfacial thermal resistance
between the filler and matrix, and the last two are the most
challenging issues. To address these challenges, in this study two
different covalent functionalization approaches on boron nitride
nanotubes (BNNTs) with short polyethylene (PE) chains are
employed: one based on the Williamson reaction and the other
on nitrene [1 + 2] chemistry. The covalent connection between
the nanotubes and the polymer is confirmed by Fourier transform infrared, X-ray photoelectron microscopy, tandem
thermogravimetric−infrared spectroscopy analysis and energy-filtered transmission electron microscopy. The modification of
BNNTs with short polymer chains has resulted in an excellent strategy to modulate the interface in polymer composites. Tuning
the interface has a strong influence on thermal transport, and up to an ∼250% increase in the thermal conductivity of BNNT-
HDPE nanocomposites has been observed when the loading increases from 20 to 40 wt % of PE-modified BNNTs due to the
improved dispersion and reduced interfacial thermal resistance. The materials described here show the potential for heat-
transfer applications.
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■ INTRODUCTION

Nowadays, materials for heat-transfer applications require light
weight, flexibility, a stable mechanical performance, easy
processing and low cost. Polymers accomplish these character-
istics even though they have lower thermal conductivity
compared to commonly employed materials.
Polymer nanocomposites containing boron nitride have

been widely investigated for thermal management because they
are light-weight materials with extreme ratios of thermal-to-
electrical conductivity because of the electrical insulating
nature of boron nitride (BN).1−4 As is widely known, achieving
superior properties, like thermal conductivity for instance,
strongly depends on the filler/polymer interface, which is
governed by several factors, as was recently highlighted.5

Chemical modification of fillers in order to enhance the
polymer/filler interface contact is envisaged as a very powerful
tool.1 However, although some advances in the chemical

functionalization of boron nitride (e.g., h-BN) have been
reported,6−10 the chemistry of such a material is limited. By
analogy with the chemical reactivities of graphene and carbon
nanotubes (CNTs), where the latter are more reactive because
of bond tensions resulting from the curved structure, the same
behavior can be expected for 2D sheets and nanotubes of BN.
Boron nitride nanotubes (BNNTs) have emerged as

promising nanomaterials for the development of new
technologies and multifunctional materials for engineering
applications and drawn interest among the scientific
community because of their outstanding properties, such as
high mechanical stiffness, wide band gap, chemical stability,
excellent thermal conductivity and thermal stability.11 Never-
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theless, their application has been hindered by the lack of a
production method able to produce sufficient quantities of
material. Recent advances in the large-scale production of high-
quality and high-purity BNNTs by laser and thermal plasma
processes12−14 have promoted an advancing research on
BNNT applications.
BNNTs have gained great attention as functional fillers to

reinforce polymer matrixes, with the aim of producing high-
performance polymer nanocomposites.15−22 However, the
development of polymer nanocomposites reinforced with
BNNTs is not straightforward, and several drawbacks must
be addressed. The principal disadvantage is the natural
tendency of BNNTs, like other nanomaterials, to agglomerate
in bundles because of van der Waals interactions. Because of
their high aspect ratios, these interactions are very strong and
persist when the BNNTs are incorporated into polymer
matrixes, yielding poor dispersion. Moreover, a strong BNNT/
polymer interface must be achieved to ensure the optimal
transfer of properties from the filler to the matrix. In the case of
CNTs, the dispersion and interface strength can be improved
by many proven surface modification strategies;23,24 however,
the case of BNNTs is more challenging because the chemistry
of BNNTs is poorly developed. Although BNNTs are
structurally similar to CNTs, their chemistries are vastly
different because of the differences in bonding character
brought about by the different electronic structures.25,26

Consequently, the advancement of BNNT surface modifica-
tion methods is required in order to produce BNNT-based
materials with superior properties.
Currently, there are few reports for the direct functionaliza-

tion of pristine BNNTs.27,28 Shin et al.27 proposed a promising
route based on the chemical reduction of the nanotube, using
sodium naphthalide, followed by reactions with free radicals.
They succeeded in covalently functionalizing BNNTs with
hexyl chains. Moreover, Lin et al.28 covalently functionalized
BNNTs using thermally labile peroxides that can decompose
to generate radicals that are able to react with the nanotubes
via a Lewis acid−base reaction. However, the most common
approach consists of a two-step method of “activation” with
functional surface groups (−OH or −NH2), followed by
reaction with target molecules.29−32 One of the pioneering
works involving two reaction steps was reported by Ciofani et
al.,29 who introduced hydroxyl groups onto the BNNT surface
by means of a strong oxidation process that was followed by
silanization of the surface with (3-aminopropyl)triethoylsilane.
A third approach takes advantage of the amino groups present
at the surface of the BNNTs produced under specific
conditions.30,33 It should be highlighted that significantly
more effort has been devoted to the direct functionalization of
hexagonal boron nitride nanosheets (BNNSs).34−36 In this
regard, Sainsbury et al.36 presented a covalent functionalization
approach of BNNSs by using the reactivity of the nitrene
radicals produced by the thermolysis of (4-methoxybenzyl)-
oxycarbonyl azide, where the labile nitrene is able to react with
the electron-deficient boron atom.
All of the above-mentioned strategies deal with the covalent

incorporation of discrete organic molecules. However, a very
attractive approach to enhancing the BNNT/polymer interface
in nanocomposites consists on the functionalization of BNNTs
with low-molecular-weight polymers. These polymer-modified
BNNTs can be used as fillers for higher-molecular-weight
polymers, with the aim of developing high density of
supramolecular interactions between both components. This

enhanced filler/matrix affinity is expected to significantly
increase the strength and quality of the interface, as
demonstrated for the nanocomposites with polymer-function-
alized graphitic nanofillers,37−41 and to reduce the interfacial
thermal resistance because the energy of the phonon modes of
the side chains is closer to those of the target matrix.
Up to now, investigations of the chemical functionalization

of BN nanomaterials with polymers were limited to a few
examples and mainly related with BNNSs instead of
BNNTs.42−45 In addition, the BN nanomaterial was acting,
in most cases, as a polymerization platform for the growth of
polymer chains (grafting-from).43−45 This strategy ensures that
both the grafting of relatively high-molecular-weight polymers
and high grafting ratios are achieved but with the drawback of
requiring complex synthetic routes to incorporate the
polymerization initiator onto the BN surface.46,47

In this paper, we report the functionalization of BNNTs with
short PE brushes (∼460 g·mol−1) following a grafting-to
approach. In our particular case, grafting-to provides a number
of advantages because the reaction is addressed in a single step
and a low degree of functionalization is obtained, which is
positive in terms of minimizing BNNT framework damage.
Here, two synthetic strategies are reported. The first one was
inspired by the Williamson reaction48 for the synthesis of
ethers, where hydroxylated BNNT (BNNT-OH) is reacted
with a bromine-terminated polyethylene (PE-Br); the second
strategy consists of the reaction between pristine BNNTs and
azide-terminated polyethylene (PE-N3). Further, BNNT-N-PE
is selected and integrated into a high-density polyethylene
matrix for evaluation.

■ EXPERIMENTAL SECTION

Materials. High-density polyethylene (HDPE; Alcudia HDPE
47100) from Repsol has Mw (157870 g·mol−1) and polydispersity
index (11) experimentally determined by gel permeation chromatog-
raphy in 1,2,4-trichlorobenzene.

Raw BNNTs were synthesized by the hydrogen-assisted BNNT
synthesis method.12 These BNNTs have few walls (2−5 walls) and an
average diameter of 5 nm. A hexagonal boron nitride (BN) powder
(99.5%, 70 nm, MK-hBN-N70, M K Impex Corp.) was used as the
feedstock. Raw BNNTs contained about 25 wt % of boron particles
and 25 wt % of nontubular BN species; hence, prior to being used for
chemical functionalization with PE, they were purified through a
combination of thermal and solvent treatments. The raw BNNTs have
been purified using two approaches. In one approach, chlorine-phase
thermal treatment at 750 °C followed by solvent extraction was used
to remove elemental boron and some h-BN.49 This material is labeled
BNNT in the paper. Thermogravimetric analysis (TGA) and scanning
electron microscopy (SEM) indicate a purity of about 70 wt %, with
the rest being BN impurities. In the second approach, a low-purity
BNNT material was treated with excess liquid bromine in water for
surface hydroxyl functionalization. This material is labeled BNNT-
OH50,51 and has a purity, estimated by SEM, of ∼50 wt %. SEM was
used to determine the collective/representative purity level of BNNTs
through the entire sample area (not determined on a single image) by
estimating the relative ratio of the appearances of nontubularstruc-
tures (named impurities collectively) and tubularstructures (named
pure BNNT tubes).

As previously mentioned, two different approaches were developed
to functionalize the BNNTs with PE chains. Each strategy requires the
use of a different PE reactant, bromide or azide-terminated PE (PE-Br
or PE-N3). Both precursors are converted from PE monoalcohol (PE-
OH; Mn = 460 g·mol−1, Aldrich), following a reported procedure.38

Triacontane (Aldrich), a linear alkane with 30 carbon atoms,Mw= 422
g·mol−1 resembling the short polymer chains that have reacted with
BNNT, was used to carry out control reactions. All solvents,
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triethylamine (NEt3; Aldrich), dimethylformamide (DMF; Aldrich),
and anhydrous toluene (Aldrich), were used as received.
Preparation of PE-Grafted BNNTs. The approaches used to

functionalize BNNTs with PE chains are illustrated in Scheme 1.
Approach 1. Williamson Reaction, BNNT-O-PE. The covalent

functionalization of BNNT-OH via the Williamson reaction took
place in two steps under a dry atmosphere. First, BNNT-OH was
deprotonated by using NEt3. Second, the reactive deprotonated
BNNT-O− reacted with the bromine-terminated PE via a SN2
reaction. The reaction was carried out as follows: 50 mg of BNNT-
OH (1.94 mmol) was dispersed in 150 mL of anhydrous toluene by
bath sonication for 15 min, and then 7 mL of NEt3 (50 mmol) was
added to the BNNT-OH suspension. The reaction mixture was stirred
at 110 °C for 3 h to achieve the appropriate deprotonation level.
Afterward, 500 mg of PE-Br (0.96 mmol) was completely dissolved in
50 mL of anhydrous toluene at 65 °C and then added to the nanotube
dispersion. The resulting mixture was refluxed for 42 h. Afterward, the
mixture was cooled to 65 °C and the reaction product, BNNT-O-PE,
was collected by vacuum filtration using a poly(tetrafluoroethylene)
(PTFE) membrane filter with a pore size of 0.2 μm. The crude
product was extracted twice with 200 mL of toluene at 110 °C for 2 h
each time to remove any nonreacted polymer. The reaction product
was filtered after each toluene wash, and, finally, a single wash of the
product with 90 mL of DMF for 90 min was carried out to remove the
NEt3

+Br− salt generated as the byproduct. Last, the product was
washed once again with 200 mL of hot toluene and dried at 100 °C
for 12 h.
A control reaction was also performed. It consisted of dispersing 50

mg of BNNT-OH in 150 mL of toluene with the aid of bath
sonication for 15 min. Then, 400 mg of triacontane (0.95 mmol) was
completely dissolved in 50 mL of toluene at 65 °C and added to the
nanotube dispersion. The resulting mixture was heated at 70 °C for
24 h under stirring. Furthermore, the control reaction product was

also exhaustively purified following the same protocol as that
described above and denoted as the Williamson control.

Approach 2. Nitrene Chemistry, BNNT-N-PE. The functionaliza-
tion of BNNTs via nitrene [1 + 2] addition was achieved by
thermolysis of the azide-terminated PE in the presence of BNNT
under a nitrogen atmosphere. First, 80 mg of BNNTs (3.22 mmol)
was dispersed in 200 mL of DMF and bath-sonicated for 15 min.
Then, 500 mg of PE-N3 (1.03 mmol) was added to the BNNT
suspension. The resulting mixture was stirred and refluxed for 48 h.
The large excess of PE-N3 was used to ensure that the nanotubes were
exposed to the maximum number of reactive species possible. Then,
the mixture was cooled to 70 °C, and the reaction product, BNNT-N-
PE, was collected by vacuum filtration. The reaction product was also
exhaustively washed to ensure the removal of any nonreacted
polymer. The purification procedure consisted of three consecutive
washes with 200 mL of hot toluene (110 °C), with each wash lasting
for 2 h. After each wash, the reaction product was collected by
vacuum filtration on a PTFE membrane with a pore size of 1.2 μm.
Then, in order to remove residual DMF that might be present with
the nanotubes, the sample was stirred overnight with 200 mL of
deionized water at room temperature. The product was collected by
vacuum filtration, and the nanotubes were further rinsed with 200 mL
of methanol. Last, the sample was dried at room temperature for 96 h.

As in route 1, a control reaction was again performed. For that, 50
mg of BNNT (2.01 mmol) was dispersed in 125 mL of DMF with the
aid of bath sonication for 15 min. Then, 312 mg of triacontane (0.74
mmol) was completely dissolved in 30 mL of toluene at 65 °C and
added to the nanotube dispersion. The resulting mixture was heated
at 65 °C for 24 h under stirring. Then, the product was exhaustively
purified following the same protocol as that described above. This
sample is named as the azide control.

Preparation of BNNT/HDPE Nanocomposites. BNNT-N-PE
prepared by approach 2 was selected as the filler for HDPE and

Scheme 1. Illustration of the Different Approaches Designed To Covalently Functionalize BNNT Surfaces with Short PE
Chains
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denoted as mBNNT. Nanocomposites with 20, 30, and 40 wt % of
both BNNTs and mBNNTs were prepared and denoted as HDPE/
BNNTx and HDPE/mBNNTx, respectively, where x represents the
BNNT loading. For this, 300 mg of both nanocomposites was
prepared as follows: the required amount of BNNTs or mBNNTs was
dispersed in xylene with the aid of bath sonication for 15 min. At the
same time, the necessary amount of HDPE was dissolved in warm
xylene (110 °C) under stirring. Then, the nanotube dispersion was
added to the polymer solution, and the mixture was vigorously stirred
at 110 °C for 5 h. Subsequently, the mixture was precipitated in 400
mL of methanol, filtered, washed with methanol, and dried at 60 °C
under vacuum. The nanocomposites were fabricated into thin films
with a nominal thickness of ∼0.5 mm by hot compression using a
Collin P-200-P hot press at 160 °C under successive pressure steps. A
brass frame, between two flat plates of the same material, was used to
control the dimensions and uniform thickness. Neat HDPE was made
following the same experimental procedure and used as the control
sample.
Characterization. BNNTs before and after functionalization were

characterized by Fourier transform infrared (FTIR) spectroscopy on
an Agilent Cary 630 FTIR spectrometer, with Diamond attenuated
total reflectance (ATR) as the sample interface. Thermogravimetric
analysis (TGA) was carried out using a Netzsch TG 209 F1 Iris
instrument coupled to a Bruker Tensor 27 FTIR spectrometer. IR
data were collected concurrently with the TGA data. Samples of 10
mg were heated from room temperature to 900 °C at a heating rate of
10 °C·min−1 under an argon atmosphere. Adsorption and desorption
isotherms of water vapor were measured on a dynamic vapor sorption
(DVS) system (DVS Advantage Instrument from Surface Measure-
ments Systems) in order to evaluate the changes in water uptake for
the hydroxylated BNNTs before and after addressing covalent
functionalization. To carry out the experiment, a nanotube film was
prepared as follows: 10 mg of nanotubes was dispersed in 25 mL of
methanol with the aid of bath sonication for 30 min. Then, the
nanotubes were filtered through a polycarbonate membrane, and the
resulting nanotube film was left to dry flat at room temperature for 72
h. DVS measurements were performed as follows: 10 mg of the film
was dried for 10 h at 70 °C under a dry nitrogen atmosphere. After
cooling to 25 °C, the sample was subjected to one cycle of water
adsorption and desorption with steps from 0 to 90% of relative
humidity. X-ray photoelectron spectroscopy (XPS) data were
collected using a Kratos AXIS Ultra delay-line detector (DLD)
spectrometer. The instrument was equipped with a hybrid magnetic
and electrostatic electron lens system, a DLD, and a monochromatic
Al Kα X-ray source (1486.7 eV). Data were collected at a pressure of
∼5 × 10−9 Torr with photoelectrons collected at 0° with respect to
the sample surface normal. The electron-collection lens aperture was

set to sample a 700 × 300 μm spot, and the analyzer pass energy was
160 eV for survey spectra. The binding energy scale was calibrated
using C 1s at 284.8 eV, and a charge neutralizer was used because the
samples were nonconductive. The XPS data were analyzed using
CasaXPS software. Every BNNT sample analyzed was in the form of a
sheet, which was prepared according to the above-mentioned
procedure. The morphology of the BNNT samples was analyzed by
SEM (Hitachi, S4700). The SEM samples were prepared by drop-
casting a CHCl3 dispersion of the nanotubes onto the SEM pin stub.
Transmission electron microscopy (TEM; FEI Titan cubed 80-300)
equipped with a Gatan Tridiem 866 image filter, which includes a
CCD camera, was used to collect the energy-filtered TEM (EFTEM)
imaging. TEM samples were prepared by dispersing a few milligrams
of the nanotubes in deionized water using bath sonication for 30 min.
A total of 1 drop of the solution was then placed onto a 200 mesh
TEM copper grid coated with lacey carbon. SEM images of the
nanocomposites were acquired with a Hitachi S8000 scanning
electron microscope equipped with a microanalysis Bruker Quantax
200 detector on cryofractured samples from hot-press films coated
with a 5 nm gold/palladium layer to avoid sample charging during
electron irradiation. The energy-dispersive X-ray (EDX) mapping was
performed over the same sample areas for distribution analysis of
nanotubes within the polymer matrix.

The degree of crystallinity of all nanocomposites was investigated
by differential scanning calorimetry (DSC; PerkinElmer TA C7/DX/
DSC7) under a nitrogen atmosphere using samples of ∼6 mg sealed
in aluminum pans. Samples were exposed to the following
temperature scans: heating to 160 °C at a rate of 10 °C·min−1,
holding at this temperature for 3 min to erase thermal history effects,
then cooling to 40 °C at a rate of 10 °C·min−1, and finally heating
again to 160 °C at a rate of 10 °C·min−1. The degree of crystallinity
was obtained by dividing the crystallization or the melting enthalpy
(corrected for the amount of HDPE) by the value for 100% crystalline
HDPE taken as 286.2 J·g−1.52

The thermal conductivity (κ) was calculated using eq 1:

Cpκ ρ α= (1)

where ρ is the density of the materials (estimated by the rule of
mixtures, assuming a density of 0.945, 2.29, and 2.13 g·cm−3 for
HPDE, BNNT, and mBNNT respectively), Cp is the specific heat
capacity, and α is the thermal diffusivity. The experimental value of
the specific heat capacity (Cp) was estimated by DSC, employing the
sapphire methodology described in the ASTM E 1269-01 (see full
details in the Supporting Information).

Thermal diffusivity (α) measurements, based on the well-known
flash method, were performed with a LFA 447 nanoflash (Netzsch-
Geraẗebau GmbH). In this method, one side of the sample (∼0.5 mm

Figure 1. FTIR spectra of PE-Br, BNNT-OH, BNNT-O-PE, and the Williamson control reaction product (A) and PE-N3, BNNT, BNNT-N-PE,
and the azide control reaction product (B).
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thick) is heated by a short light pulse (xenon flash lamp), and the heat
absorbed at the surface is transmitted through the sample and
produces a temperature rise on the opposite side. This increase is
reflected as a function of time by an IR detector (InSb). The reported
values correspond to the average of at least two specimens.
Measurements were performed at three temperatures (25, 50, and
75 °C).

■ RESULTS AND DISCUSSION

The different approaches to graft short PE chains to BNNTs
are shown in Scheme 1. It can be seen that the polymer reacts
directly with the BNNT walls in the azide strategy, while the
strategy based on the Williamson reaction requires prefunc-
tionalization of the hydroxyl groups onto the nanotube surface.
FTIR spectroscopy has been employed to determine whether
covalent modification of BNNT with PE took place. Figure 1A
shows the FTIR spectra of the Williamson reaction product
(BNNT-O-PE) and its precursors (PE-Br and BNNT-OH).
Moreover, the IR spectrum of the control reaction product has
also been included for comparison. The spectrum of BNNT-
OH clearly shows the two main peaks associated with the
typical vibrations of the BNNT framework, which are the in-
plane B−N stretching at 1332 cm−1 and the out-of-plane B−
N−B bending mode at 771 cm−1. However, the FTIR
spectrum of the nanotubes after reaction with PE-Br shows
additional features at 2922 and 2849 cm−1, which are assigned
to the symmetric and asymmetric stretchings of C−H groups,
respectively. The appearance of the new peaks indicates the
presence of PE on the nanotube surface but does not provide
any evidence for the covalent connection between the polymer
and nanotube. However, this ambiguity is resolved by the
appearance of a new shoulder feature at 1060 cm−1, which is
attributed to the stretching vibration of an ether bond formed
after achieving covalent functionalization.53 To further confirm
that the feature at 1060 cm−1 is evidence of the covalent
formation of the new ether bond, a comparison to the
spectrum of the control sample proves out that this feature at
1060 cm−1 as well as the stretching vibrations of the C−H
groups are fully absent.
Figure 1B shows the FTIR spectra of the reaction product

BNNT-N-PE, its precursors, BNNT, the azide-terminated PE,
and the control sample. The spectrum for BNNT exhibits the
typical B−N stretching and bending modes of BNNTs, at 1355
and 785 cm−1. In the case of the functionalized BNNTs, there
are several features that indicate covalent linkage with PE.
First, the BNNT-N-PE spectrum also shows these two peaks
but slightly shifted to lower wavenumbers, specifically 1340
and 777 cm−1. These shifts are mainly attributed to the
covalent bonding of electron-donor groups, in this case nitrene,
to the nanotube surface. These groups disrupt the sp2-bonding
network, as previously reported for covalent modification of
the nanotube surface with hydroxyl groups.28 Second, the B−N
stretching band is broader in BNNT-N-PE than in BNNT and
the control samples, also suggesting the contribution of groups
other than those present in the unfunctionalized nanotubes.
This broadening can be due to the contribution of the C−N
stretching of the pendant group (at 1256 cm−1 in the precursor
PE-N3) to the B−N vibration of the nanotube lattice. Third,
the very strong band at 2100 cm−1, typical of the azide group,
is completely absent in BNNT-N-PE. Last, just like in the
spectrum of BNNT-O-PE, the C−H stretching bands are
present. Further confirmation of the covalent nature of the
PE−BNNT bond is obtained by evaluation of the spectrum of

the azide control reaction product. In this spectrum, the typical
B−N stretching and bending bands appear at the same
wavenumber position as that of the starting material, BNNT.
Moreover, the width of the B−N stretching peak is the same as
that in the starting material and the C−H stretching vibrations
are not observed. Furthermore, the evolution of the IR bands
due to the polymer after purification steps, described in detail
in Figure S1, also supports the covalent nature of the PE−
BNNT bond. Therefore, the IR data provide support for the
assertion that PE chains are covalently bound to the surface of
the BNNTs.
TGA coupled to a FTIR spectrometer has been employed

with the aim of quantifying the amount of polymer attached to
the nanotubes. TGA and derivative thermogravimetric (DTG)
curves of both the starting materials and reaction products are
depicted in Figure 2, along with the FTIR spectra of the
products that evolved at 450 °C. As can be seen, the weight
remains roughly constant up to 800 °C under an argon
atmosphere for neat BNNTs and clearly drops by 1.5 wt % for
BNNT-OH (see the inset in Figure 2A). Analysis of the TGA
and DTG curves of both reaction products, BNNT-O-PE and
BNNT-N-PE, reveals clear similarities between both samples
(Figure 2A,B). In both cases, two main events are observed.
The first one at about 250 °C can be related to residual solvent
molecules that remain physisorbed, as has already been
observed for small polar molecules onto BNNT surfaces.54In
fact, FTIR of evolved gases in this range of temperature shows
the presence of a strong carbonyl band coming from DMF
(Figure S2). This remaining solvent is easily removed by
applying a short thermal treatment (Figure S3). The second
weight loss, between 350 and 550 °C, is providing information
about the amount of polymer covalently bonded onto the
nanotubes. For the BNNT-O-PE sample, a weight loss of 6.5
wt % is measured, while in the case of BNNT-N-PE, it takes a
value of 7.3 wt %. The FTIR spectra recorded at 450 °C for
both functionalized products confirm that the second weight
loss is, in fact, related to the polymer decomposition. Both
spectra show the presence of the symmetric and asymmetric
vibrations of the C−H bond at 2934−2865 cm−1, which are
related to the vibration of the alkyl fragments coming from the
polymer degradation.
In accordance with these results, it is confirmed that the

azide approach provides a slightly higher degree of
functionalization. The grafting densities have roughly been
estimated from the TGA results (see full details in the
Supporting Information), giving a value of 1 polymer chain per
56 B−N pairs for the BNNT-N-PE sample. This value is much
higher than that reported by Sainsbury et al.36 after carrying
out covalent functionalization of h-BN nanosheets with
methoxyphenyl carbamate via nitrene chemistry and may be
related to an enhanced reactivity of the nanotubes compared to
the nanosheets that originated from bond tensions. For the
BNNT-O-PE sample, a grafting degree of 1 polymer chain per
66 B−N pairs was determined. In both cases, it may seem like
a low level of polymer functionalization, but it is reasonable
considering the low reactivity of the nanotube network, which
is a key factor limiting the polymer grafting density. Moreover,
because the functionalized BNNTs are targeted as polymer
fillers, a low degree of functionalization is desirable to preserve
the intrinsic properties of the nanotubes as much as possible,
while improving their interaction with the polymer matrix.
In addition, elementary analysis was obtained by XPS survey

spectra for all relevant species, namely, BNNT-OH, BNNT,
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BNNT-O-PE and BNNT-N-PE (Figure S4). Regardless of the
strategy used, a carbon content increase of around 15% was
observed for the functionalized nanotubes BNNT-O-PE and
BNNT-N-PE, compared with their own nanotube precursor.
This increase is a significant indication of PE chains remaining
in the sample, which can only be realized through the covalent
connection without washing away with such intensive cleanup
procedures as those described in the Experimental Section.
Moreover, bromine was not detected by XPS in the BNNT-O-
PE sample, which is additional evidence for the covalent
linkage of the PE chains to the nanotube surface; if the carbon

content comes from noncovalent PE chains, bromine should
be clearly detected because the polymer precursor for the
Williamson approach is PE-Br. Therefore, the absence of
bromine in the Williamson reaction product supports the
covalent functionalization of BNNT-OH with polymer chains.
In addition, the unexpected higher level of water uptake from
the DVS results (see details in Figure S5) further confirms the
covalent nature of the PE/nanotubes for the reaction product
BNNT-O-PE. This is because the anchored PE chain on the
BNNTs resulted in the debounding of BNNT bundles and led
to the unused OH functional groups more available to the
surface for water uptake. The XPS results are further
supporting this observation.
SEM analysis can offer certain insight for any potential

nanotube damage/shortening after chemical functionalization.
Figure 3 shows SEM images for both nanotubes and the

corresponding reaction products. SEM images clearly revealed
that the products present morphologies similar to those of
their precursors, and no obvious damage or shortening is
perceived through the whole surface.
TEM analysis of water-dispersed BNNTs, before and after

functionalization by the azide strategy, showed no observable
damage to the nanotubes, as seen in Figure 4. This is
encouraging because the functionalized BNNTs are proposed
to be used as fillers in polymer matrixes, and it is well-known
that preserving the structural integrity is essential to max-
imizing the performance of nanocomposites. From Figure 4B,

Figure 2. (A) TGA and (B) DTG curves recorded at 10 °C·min−1

under an argon atmosphere for both starting nanotubes and both
reaction products. The inset in part A shows an enlarged view of the
weight loss of the starting BNNT-OH. (C) FTIR spectra recorded at
450 °C for the fragments evolving from the thermal decomposition of
both reaction products.

Figure 3. SEM images of BNNT-OH (A), BNNT-O-PE (B), BNNT
(C), and BNNT-N-PE (D).

Figure 4. High-resolution TEM images of BNNT (A) and the
reaction product BNNT-N-PE (B).
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it can be clearly seen that the functionalized nanotubes are
coated by a light polymer sheath (pointed to by red arrows).
This finding also supports the success of chemical function-
alization of BNNTs with PE chains by the azide approach.
Additionally, it should be noted that, despite the direct
functionalization of the nanotube surface, the nanotube walls
exhibit good crystallinity after the functionalization process, as
confirmed in the inset image included in Figure 4B.
Furthermore, boron, carbon and nitrogen elemental maps

were obtained for the nanotubes before and after functional-
ization by EFTEM with the aim of confirming the presence of
PE at the surface of BNNT-N-PE. EFTEM imaging is a very
efficient technique to assess surface modification of BNNT
with polymer chains. Figure 5 compiles the TEM images and
elemental maps for each sample. Boron and nitrogen maps are
consistent with the expected boron and nitrogen contents for
both samples. The most interesting conclusions are obtained
when the carbon maps for both samples are compared. Before
functionalization, the carbon content is very low (see Figure
5A) and the nanotubes are hardly distinguishable. In contrast,
the functionalized nanotubes present a noticeable carbon
content uniformly covering the nanotube surface.

■ INCORPORATION OF BNNTS IN HDPE FOR
THERMAL MANAGEMENT

The incorporation of BN materials into polymeric matrixes is
an interesting strategy to achieve flexible materials with good
thermal conductivity and electrical insulation for heat
dissipation.1 Spectroscopic and TGA results point out that
the two synthetic approaches lead to covalent attachment of
PE to BNNTs with similar grafting densities. In light of the
similar grafting densities obtained by both strategies, the
BNNT-N-PE product has been selected to carry out further
studies because the reaction is directly conducted on the
pristine nanotubes’ surface and is simpler in its execution,
which makes it more appealing for practical applications. In
this study, we conducted an initial assessment about the
potential of BNNT-N-PE for thermal management. It is worth
mentioning that while the intrinsic thermal conductivity of the
BNNTs is expected to decrease with covalent functionalization
because of an increase in phonon scattering, the PE moiety
covalently attached could improve phonon transfer at the
BNNT/HDPE interface, which might overcome the intrinsic
thermal conductivity reduction of the filler, as previously

proposed,55 leading to a net improvement of the thermal
conductivity.
Both the BNNT-HDPE and mBNNT-HDPE nanocompo-

sites display good flexibility upon bending (insets in Figure
6A,B) in spite of the fact that they contain high amounts of

densely packed BNNT nanofillers, as observed by polarized
optical microscopy (POM; Figure S6). SEM was employed to
better assess the morphology on the cryofractured samples.
Figure 6 shows the representative images of both types of
nanocomposites at different magnifications. The HDPE/
BNNT sample (Figure 6A,C,E) presents some segregation,
with regions rich in polymer and others rich in BNNT, while in
the case of the HDPE/mBNNT composite, a homogeneous
and dense distribution of mBNNT throughout the whole

Figure 5. Boron, carbon, and nitrogen elemental maps for BNNTs (A) and BNNT-N-PE (B) obtained by EFTEM.

Figure 6. Representative SEM images of HDPE/BNNT40 (A, C, and
E) and HDPE/mBNNT40 (B, D, and F) at different magnifications.
The scale bars in parts A and B correspond to 50 μm, those in parts C
and D to 20 μm, and those in parts E and F to 10 μm. The insets in
parts A and B show photographs of HDPE/BNNT40 and HDPE/
mBNNT40 films, respectively.
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analyzed area is observed (Figures 6B,D,F). More SEM
analyses are provided in Figures S7 and S8. The EDX mapping
for the carbon and nitrogen elements (Figure S9) further
confirmed a better distribution of mBNNT than BNNT in the
composites.
In addition to the morphology changes described above,

DSC studies were also carried out in order to study the
influence of the nanotube filler on the microstructure of the
polymer matrix. A decrease of crystallinity of HDPE in the
nanocomposites with increasing amount of nanotubes was
observed regardless of their types and attributed to a reduction
in the polymer mobility (Figure S10 and Table S1). With an
increase of the nanotubes content, the entanglement between
the nanotubes and polymer chains significantly increases,
which limited the assembly of polymer chains to form
crystallites.
The effects of the BNNT nature (pristine or modified) and

their content on the mechanical properties of HDPE
nanocomposites were evaluated by dynamic mechanical
analysis (DMA). Variation of the storage modulus (E′) as a
function of the temperature for HDPE and its nanocomposites
is shown in Figure 7A. A significant increase in the storage
modulus of HDPE with the incorporation of the nanofiller was
clearly observed at all temperatures because of a reinforcing
effect of BNNTs. In addition, at low filler content (20 wt %),
the mBNNT-HDPE nanocomposites present a higher modulus
compared with the unmodified one, which can be attributed to
a superior interfacial adhesion and a homogeneous dispersion
of the nanofillers into the matrix. However, as the filler loading
increases, the modulus values of both nanocomposites tend to
become similar.
DMA also provides information about the mobility of the

polymer chains, and it is a very useful tool to investigate the
interfacial behavior in nanocomposites. Figure 7B represents
variation of the loss modulus (E′) as a function of the
temperature for HDPE and its nanocomposites. HDPE shows
two relaxation peaks: at −112.5 °C in the range of −150 to
−100 °C and at 49 °C in the range of 0−65 °C, which are
assigned to γ and α relaxations, respectively. Linear and
branched PE, as well as copolymers of ethylene, display a series
of transitions below the melting temperature that have been
conventionally designated as α, β, and γ relaxations in order of
decreasing temperature.56,57 It is generally accepted that the α
relaxation is related to the motions of the chain units that lie

within the crystalline region of the polymer and occur in the
temperature range of 0−65 °C. The temperature at the
maximum of the α relaxation shifts to higher values for the
nanocomposites, with the effect being more pronounced when
mBNNT is used. The γ relaxation is from the amorphous
phase and more specifically from the crankshaft movement of
four methylene groups within this phase and can be considered
to be the glass transition temperature of HDPE. With the
incorporation of nanotubes, the nanocomposites show an
additional relaxation in the temperature range of −75 to 0 °C
(arrows in Figure 7B), which can be related to the interface
between the matrix and nanofillers. This transition is more
relevant for the nanocomposites with modified BNNTs, and
the effect increases with the mBNNT content, corroborating
the influence of functionalization of the nanomaterial on the
interfacial properties. The appearance of a similar relaxation in
the HDPE nanocomposites was previously reported in
composites filled with Al2O3 fibers.

58

In order to further confirm the development of a stronger
polymer/filler interface when mBNNT is used, the coefficient
of reinforcement (C parameter) has been calculated from the
DMA results.59−61 The “C” parameter provides an estimation
of the effectiveness of the type of filler and can be calculated
using eq 2:

( )
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where Er′ and Eg′ are the values of the storage modulus that
correspond to the rubbery (40 °C) and glassy (−115 °C)
regions, respectively. The “C” parameter is a relative measure
of the reduction in the modulus when the temperature rises
and the material passes through its glass transition. Its value is
inversely proportional to the effectiveness of the filler in the
polymer matrix.59 Consequently, the lower the “C” parameter,
the more effective the filler is. The values obtained for the
different HDPE nanocomposites are given in Table 1. An
increase of the filler loading leads to a decrease in the “C”
parameter, and for the same composition, the “C” value is
always lower when mBNNTs are used. These results highlight
the enhanced efficiency of mBNNT within the HDPE matrix,

Figure 7. Storage (A) and loss (B) modulus profiles as a function of the temperature for neat HDPE and the nanocomposites. The legend shown in
part A applies to both graphs.
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which is related to the increased filler/polymer affinity derived
from the chemical functionalization of the nanotubes.
To examine the influence of the better distribution of the

nanotubes in the HDPE matrix and the interfacial interaction
improvement, the thermal conductivities (κ) of the HDPE/
BNNT and HDPE/mBNNT samples with different filler
loadings have been measured. Figure 8A shows variation of κ
with the filler loading for both types of nanocomposites at
room temperature. It is evident that the κ value of the
nanocomposites is much higher than that of pure HDPE
because of the presence of nanotubes, with nanocomposites
containing mBNNT displaying the highest values. In addition,
a different variation of κ with the filler loading is observed for
the different types of fillers. While at low filler loadings both
materials present similar values, at higher loadings the
nanocomposites with mBNNT present superior κ (Figure

8A). This is attributed to the better distribution of mBNNT, as
observed in SEM/EDX experiments, and/or to changes in the
polymer microstructure, as demonstrated by DSC and DMA,
leading to a decrease on the filler/polymer thermal interface
resistance because of covalent attachment of the filler to the
matrix. Nevertheless, even without covalent attachment, as in
the case with pristine BNNT, a conductive pathway is formed
(Figure S8) that causes the thermal conductivity to increase.
In order to shed light on the different behaviors

demonstrated from both nanocomposites, modeling to predict
κ was carried out. The application of these models requires the
estimation of the filler content in the volume percentage in
each nanocomposite, which has been estimated considering
the densities of HPDE, BNNT, and mBNNT as 0.985, 2.29,
and 2.13 g·cm−3, respectively. A widely known effective
medium theory (EMT),5,62 which considers spherical particles
dispersed in a continuous medium and has been valid for the
volume fractions used in this study (below 25%), was initially
explored. However, this EMT model (Figure 8B) does not fit
the experimental data in any of the two types of nano-
composites probably because it ignores the interaction
between the filler particles. The model proposed by Agari
and Uno63 takes into account aspects related to the
crystallinity and crystal size of a polymer and the ease of
forming a thermal conductive path of fillers, with the latter
being associated with the dispersion state of the filler. Variation
for the thermal conductivity in this model is described by eq 3:

Table 1. “C” Parameter for the HDPE Nanocomposites
Estimated from the DMA Results

sample Er′ (GPa) Eg′ (GPa) “C” parameter

HDPE 0.8 3.2

HDPE/BNNT20 1.2 4.0 0.83

HDPE/BNNT30 1.7 5.2 0.75

HDPE/BNNT40 2.0 5.4 0.68

HDPE/mBNNT20 1.4 4.2 0.79

HDPE/mBNNT30 1.7 4.8 0.70

HDPE/mBNNT40 2.1 5.4 0.64

Figure 8. Evaluation of the changes in the thermal conductivity of the nanocomposites prepared in this study. (A) Variation with the filler loading.
(B) Comparison of the experimental results with the prediction models. (C) Variation with the temperature. (D) Comparison with data reported in
the literature.68−76
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k C k C klog log (1 ) log( )c 2 f 1 mϕ ϕ= + − (3)

where kc, kf, and km are the thermal conductivities of the
nanocomposite, filler, and matrix, respectively, ϕ is the filler
volume fraction, C1 is a factor related to the crystallinity, and
C2 to the ease of forming of the conductive path. In order to fit
the experimental data, we fixed one parameter and varied the
other. First, considering the literature data,64 we selected C1= 1
and 0.6 ≤ C2 ≤ 0.9, obtaining the best fitting for all
compositions of HDPE/mBNNT when C2 = 0.75 (Figures 8B
and S11A). For HDPE/BNNT, the behavior seems more
complex because it cannot be adjusted. At low filler loading, it
takes similar values to the HDPE/mBNNT nanocomposite,
but at higher loadings, the experimental points seem to be
better fitted with lower values of C2 (Figure S11A). This
confirms the results of SEM in which a better distribution of
mBNNT along the HDPE matrix is observed. At low filler
concentrations, both nanocomposites behave similarly. How-
ever, at higher loadings, achieving a homogeneous distribution
of the filler is more difficult and the formation of the
conductive path throughout the matrix is favored by chemical
modification. Additionally, we intended to fit the data for
HDPE/BNNT, fixing C2 = 0.75 and giving C1 common values
for PE,64 so that 0.8 ≤ C1 ≤ 0.9 (Figure S11B). Except at the
lowest concentration, the experimental data are well adjusted
with the curve traced for C1 = 0.8, the lowest tested value. This
suggests that the microstructure can also affect the thermal
conductivity in this nanocomposite where the filler is not
optimally dispersed. This is a very interesting feature that has
to be confirmed and will be addressed in ongoing studies.
The dependence of the thermal conductivity on the

temperature was also evaluated. Both nanocomposites
displayed good stability of the thermal conductivity with the
temperature (Figure 8C). This might be due to a counter-
balance between a decrease in the interfacial resistance
(increase of the thermal conductivity) and other factors such
as the disorder induced in crystalline polymers,43 phonon−
phonon scattering44 and/or Umklapp phonon scattering65 in
BNNT,66 and mismatch between the thermal expansion
coefficient of HDPE (ca. 150 ppm·°C−1) and BN (ca. 1
ppm·°C−1)67 (which causes a decrease in the thermal
conductivity with the temperature). These results are of
relevance for applications that require relatively high operating
temperatures.
To evaluate the scope and potential of the approach

proposed in this study, the results obtained have been
compared with previous results of HDPE/BN composites in
the literature. In Figure 8D, it can be seen that the
improvement in the thermal conductivity obtained in this
study with mBNNT exceeds those previously reported with the
same filler loading. Moreover, the use of higher filler loadings
(up to 50 wt %) caused different effects on the thermal
conductivity.68−71,75

■ CONCLUSIONS

The covalently chemical functionalization of BNNTs with PE
chains is achieved for the first time through two different
“grafting-to” approaches. Chemical functionalization is con-
firmed using TGA, FTIR, XPS, DVS and TEM. A
functionalization degree in the range of ∼7 wt % is obtained
from the two approaches. The product from the azide strategy
is selected as the filler for HDPE because the reaction is
directly conducted on the nanotube surface, avoiding the time-

consuming and costly prefunctionalization steps. This level of
functionalization provides excellent compatibility with the
HDPE matrix while maintaining the integrity of the nanotubes.
The enhanced compatibility leads to a better transfer of
properties from the nanotubes to the matrix. In particular, we
demonstrate significant enhancement of the storage modulus
and thermal properties over unfunctionalized composites.
Variation of the thermal conductivity of nanocomposites
with the concentration of mBNNT is perfectly adjusted with
the model of Agari and Uno using common values for the
parameters related to the crystallinity and ease of formation of
the conductive path, previously reported for PE.
The strategies described here pave the way to cheap, light-

weight flexible, and thermal-conductive nanocomposite
materials for heat-transfer applications.
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Kingston, C.; Simard, B. Polymer Nanocomposites from Free-
Standing, Macroscopic Boron Nitride Nanotube Assemblies. RSC
Adv. 2015, 5, 41186−41192.
(17) Jakubinek, M. B.; Ashrafi, B.; Zhang, Y.; Martinez-Rubi, Y.;
Kingston, C. T.; Johnston, A.; Simard, B. Single-Walled Carbon
Nanotube-Epoxy Composites for Structural and Conductive Aero-
space Adhesives. Composites, Part B 2015, 69, 87−93.
(18) Zhi, C.; Bando, Y.; Terao, T.; Tang, C.; Kuwahara, H.; Golberg,
D. Towards Thermoconductive, Electrically Insulating Polymeric
Composites with Boron Nitride Nanotubes as Fillers. Adv. Funct.
Mater. 2009, 19, 1857−1862.
(19) Zhi, C.; Bando, Y.; Tang, C.; Honda, S.; Kuwahara, H.;
Golberg, D. Boron Nitride Nanotubes/Polystyrene Composites. J.
Mater. Res. 2006, 21, 2794−2800.
(20) Meng, W.; Huang, Y.; Fu, Y.; Wang, Z.; Zhi, C. Polymer
Composites of Boron Nitride Nanotubes and Nanosheets. J. Mater.
Chem. C 2014, 2, 10049−10061.

(21) Zhi, C. Y.; Bando, Y.; Terao, T.; Tang, C. C.; Kuwahara, H.;
Golberg, D. Chemically Activated Boron Nitride Nanotubes. Chem. -
Asian J. 2009, 4, 1536−1540.
(22) Li, L.; Chen, Y.; Stachurski, Z. H. Boron Nitride Nanotube
Reinforced Polyurethane Composites. Prog. Nat. Sci. 2013, 23, 170−
173.
(23) Tasis, D.; Tagmatarchis, N.; Bianco, A.; Prato, M. Chemistry of
Carbon Nanotubes. Chem. Rev. 2006, 106, 1105−1136.
(24) Homenick, C. M.; Lawson, G.; Adronov, A. Polymer Grafting
of Carbon Nanotubes Using Living Free Radical Polymerization.
Polym. Rev. 2007, 47, 265−290.
(25) Chopra, N. G.; Luyken, R. J.; Cherrey, K.; Crespi, V. H.;
Cohen, M. L.; Louie, S. G.; Zettl, A. Boron Nitride Nanotubes. Science
1995, 269, 966−967.
(26) Golberg, D.; Bando, Y.; Huang, Y.; Terao, T.; Mitome, M.;
Tang, C.; Zhi, C. Boron Nitride Nanotubes and Nanosheets. ACS
Nano 2010, 4, 2979−2993.
(27) Shin, H.; Guan, J.; Zgierski, M. Z.; Kim, K. S.; Kingston, C. T.;
Simard, B. Covalent Functionalization of Boron Nitride Nanotubes
via Reduction Chemistry. ACS Nano 2015, 9, 12573−12582.
(28) Lin, S.; Ashrafi, B.; Laqua, K.; Su Kim, K.; Simard, B. Covalent
Derivatization of Boron Nitride Nanotubes with Peroxides and Their
Application in Polycarbonate Composites. New J. Chem. 2017, 41,
7571−7577.
(29) Ciofani, G.; Genchi, G. G.; Liakos, I.; Athanassiou, A.; Dinucci,
D.; Chiellini, F.; Mattoli, V. A Simple Approach to Covalent
Functionalization of Boron Nitride Nanotubes. J. Colloid Interface
Sci. 2012, 374, 308−314.
(30) Zhou, S.-J.; Ma, C.-Y.; Meng, Y.-Y.; Su, H.-F.; Zhu, Z.; Deng,
S.-L.; Xie, S.-Y. Activation of Boron Nitride Nanotubes and Their
Polymer Composites for Improving Mechanical Performance. Nano-
technology 2012, 23, 55708.
(31) Li, Y.; Peng, Z.; Larios, E.; Wang, G.; Lin, J.; Yan, Z.; Ruiz-
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