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B
oron nitride nanotubes (BNNTs) con-
sist of seamless cylinders of alternat-
ing boron and nitrogen atoms in a

hexagonal BN bonding network.1,2 Since
their first synthesis in 1995,1 BNNTs have
been considered as revolutionary materials
due to their unique properties, which are as
compelling as those of carbon nanotubes
(CNTs). Despite their structural similarity to
CNTs, BNNTs also exhibit a range of physical
and chemical properties distinct from CNTs,
which are mainly attributed to the partial
ionic bonding character of BN. For example,
the mixed ionic and covalent bonding
nature of BNNTs results in their wide band
gaps, around 6.0 eV independent of dia-
meter and chirality. Figure 1 illustrates the
calculated valence electron density distribu-
tion of a (6,6) CNT and BNNT. The valence
charges of a CNT are equally distributed
around C atoms, indicating a strong cova-
lent C�C bond network as well as the
delocalized electrons, while the bonding
electrons of BNNT are more concentrated
around N atoms with an asymmetric charge

distribution, owing to the difference in the
electronegativity between B (2.04) and N
(3.04) atoms. Consequently, the electron
delocalization on BNNTs is weaker than that
on CNTs, but sufficient to maintain planar
sp2 hybridization. In this paper, we explore
how such weaker delocalization of π elec-
trons in BNNTs can be beneficial in their
covalent functionalization with radical mole-
cules, particularly when tube surfaces are
reduced.
Very recently, notable advances in the

large-scale production of high-quality and
high-purity BNNTs have been achieved by
laser and thermal plasma processes.3�5

These developments promise to stimulate
greater research on the applications of
BNNTs, such as nanocomposites,6 which
have not been widely explored due to the
previously limited accessibility to sufficient
quantities of material. To be successful,
methods for dispersing and integrating
BNNTs into solvents and different matrices
will be required, for which chemical modi-
fication of BNNT surfaces is crucial. A range
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ABSTRACT Boron nitride nanotubes (BNNTs) exhibit a range of properties that hold great

potential for many fields of science and technology; however, they have inherently low chemical

reactivity, making functionalization for specific applications difficult. Here we propose that

covalent functionalization of BNNTs via reduction chemistry could be a highly promising and viable

strategy. Through density functional theory calculations of the electron affinity of BNNTs and their

binding energies with various radicals, we reveal that their chemical reactivity can be significantly

enhanced via reducing the nanotubes (i.e., negatively charging). For example, a 5.5-fold

enhancement in reactivity of reduced BNNTs toward NH2 radicals was predicted relative to their

neutral counterparts. The localization characteristics of the BNNTπ electron system lead the excess

electrons to fill the empty p orbitals of boron sites, which promote covalent bond formation with

an unpaired electron from a radical molecule. In support of our theoretical findings, we also

experimentally investigated the covalent alkylation of BNNTs via reduction chemistry using 1-bromohexane. The thermogravimetric measurements

showed a considerable weight loss (12�14%) only for samples alkylated using reduced BNNTs, suggesting their significantly improved reactivity over

neutral BNNTs. This finding will provide an insight in developing an effective route to chemical functionalization of BNNTs.

KEYWORDS: boron nitride nanotubes . covalent functionalization . reduction . density functional theory
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of functionalization methods for BNNTs have been
explored, from utilizing Lewis acid�base interac-
tions7,8 to noncovalent functionalization via polymer
wrapping;9�11 however, the low reactivity of BNNTs
often makes their surface functionalization difficult.
The main challenge in promoting the chemical reac-
tivity on BNNT surfaces is largely attributed to the lack
of covalent chemistry of the empty orbital on B sites.
There have been few reports to date for direct covalent
functionalization of BNNTs,12 although it has been
realized on the surfaces of planar hexagonal boron
nitride (h-BN) sheets by generating free radical species,
suchas oxygen radicals or nitrenes, via thermolysis.13�15

In this paper, we propose a promising route toward
covalent functionalization of BNNTs through reduction
of the nanotubes (i.e., charging with negative charges)
followed by reactions with free radicals. For CNTs,
various reduction methods employing dissolved alkali
metals have already been applied to promote both
dispersion and functionalization. Solutions of alkali
metal naphthalide salts in tetrahydrofuran (THF) have
been shown to be very efficient at promoting sponta-
neous dispersion of SWCNTs16,17 as well as greatly
increasing their chemical reactivity.18,19 Using alkali
metals dissolved in liquid ammonia is another method
of generating solvated electrons that transfer to the
CNTs to produce radical CNT anions.20,21 This route has
been employed for functionalization with a series of
alkyl and aryl groups. Several extended works have
demonstrated the efficiency and scalability of reduction
functionalization on CNTs,22�27 yet the similar ap-
proaches have yet to be investigated for the function-
alization of BNNTs, neither by theory nor experiment.
Here we demonstrate through density functional

theory (DFT) calculations that reduced BNNTs are
stable species, particularly at small diameters, by evalu-
ating electron affinity (EA), which is the key element to

estimate the stability of BNNT radical anions. Such
electron-accepting properties of nanotubes have
rarely been investigated. To our knowledge, no prior
theoretical or experimental studies on the EA of BNNTs
have been reported, and only a few DFT calculations
have been carried out for CNTs.28�30 Moreover, our
theoretical studies reveal that the chemical reactivity of
BNNTs toward various radicals, such as •CH3,

•NH2,
•OH,

and •NH, can be significantly improved when they are
negatively charged, which has not been reported for
their carbon counterparts. Our finding of significant
improvement in the BNNT's capability of adsorbing
radical molecules upon tube surface reduction sug-
gests that reduced BNNTs can serve as effective inter-
mediates in further facilitating covalent functional-
ization. We discuss that the reactivity enhancement
of reduced BNNTs is due to their localization character-
istics of the π electron system and is also affected by
the detailed electronic structures of radical species,
which could provide useful guidelines in the develop-
ment of effective covalent functionalization schemes
for BNNTs. Lastly, we briefly demonstrate the covalent
alkylation of BNNTs via a reduction reaction using
1-bromohexane in support of our theoretical findings.

RESULTS AND DISCUSSION

Electron Affinities. In previous studies,28�30 the EA
was defined as the energy gain upon adding an
electron to a nanotube segment, mostly in the form
of finite clusters with or without hydrogen atoms on
the edges. Here, we extend this gas phase definition of
EAs31 to infinitely long nanotube systems; periodic
boundary conditions are applied, and one extra elec-
tron is inserted per supercell. Different cell lengths
along the tube axis are also considered in order to
allow varying charge density per tube. Then, we eval-
uate the EA for a nanotube (NT) supercell model
containing N atoms as the energy difference between
a neutral tube and its negatively charged counterpart:

EA ¼ Etot(NT) � Etot(NT
�)

where Etot(NT) and Etot(NT
�) are the total ground-state

energies of the optimized neutral and charged nano-
tube configurations, respectively. Thus, the calculated
EAs are interpreted as the measure of energy gain or
loss by negatively charging a nanotube with a charge
density of F = �1/N (e/atom). Note that we assume
nanotubes maintain on average a constant charge
density of additional electrons throughout the entire
tube length. This approach allows us not only to
compare the trend of EAs among different types and
structures of nanotubes (within a single theoretical
framework) but also to explore a range of charge
density on the tube surface by varying supercell
lengths or changing the number of extra electrons.

The tube structures extensively examined in this
study are armchair (5,5) and zigzag (5,0) nanotubes.

Figure 1. Total valence electron distributions of a (6,6) CNT
(a) and BNNT (b) at various isovalues of charge densities as
indicated. The tube models represent one unit cell of (6,6)
nanotubes with 24 atoms.
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Wecarried out the EA calculations for supercells contain-
ing N = 20, 40, 60, and 80, which correspond to 1, 2, 3,
and 4 unit cells, respectively. Hence, the extra electron
density ranges from F = �1/20 to F = �1/80 (e/atom),
which fall into the experimental ranges of the exact
charge: C ratios, for example, from 1:10 to 1:370, ob-
tained from a reduction reaction of CNTs in THF with a
K/naphthalene salt.17 In order to investigate the effect of
tubediameters on the EAs,we also examined (10,10) and
(10,0) nanotubemodelswith supercells ofN= 40 and 80,
which correspond to 1 and 2 unit cells, respectively.

The EA calculation results are summarized in
Figure 2. As a benchmark point, we also calculated the
EA of fullerene, which is found to be 3.16 eV, close to the
value of 2.95 eV estimated in the literature;28 both of
these theoretical estimations are higher than the experi-
mental EA value of fullerene, which is 2.69 eV.32 Most of
the EAs calculated for CNTs and BNNTs in this study are
found to be positive, which implies that free electron
transfer to the tube surfaces is favorable for both nano-
tubes, and, hence, the reduced nanotube anions are
stable species. Note that, however, the EAs of (10,10)
BNNTs are estimated to be slightly negative, with values
of�0.10eV forN=40and�0.17 eV forN=80. The results
predict that the EAs strongly depend on the constituent
elementsof thenanotubes (CorBN), nanotube structures
(armchair or zigzag), nanotube diameters, and charge
density (or supercell length). When the same nanotube
structure is considered, CNTs are always predicted to
have a larger energy gain than BNNTs, for the same
charge density. For instance, the released energy per
supercell by charging (5,5) nanotubes with a charge
density of F = �1/60 (e/atom) is estimated as 0.40 eV
for a BNNT and 1.98 eV for a CNT.

We also observed a trend that the EA increases as
the nanotube diameter decreases for both zigzag
and armchair structures; the EA for a (5,0) (or (5,5))

nanotube is larger than that of a (10,0) (or (10,10))
nanotube for the same kind of nanotube. A similar
curvature-dependent trend has been observed for
various carbon nanomaterials in the literature (e.g.,
EA(CNT(5,0)) > EA(fullerene) > EA(CNT(5,5))).

28 This find-
ing implies that the curvature-induced π orbital mis-
alignment results in an enhanced reactivity toward
extra electrons, whereby nanotubes release strain en-
ergy associated with high curvature by reduction.33

Such curvature dependency of the EA seems to be
generic for both fully (CNTs) and partially (BNNTs)
delocalized π electron systems. The observation sug-
gests that using small-diameter nanotubes is expected
to be more effective for tube reduction and also for
facilitating their functionalization with subsequent
chemical reactions.

As noted, the present EA calculations suggest that,
in the gas phase, CNTs have a stronger tendency to
accept electrons than the same structural BNNTs. The
affinity for CNTs to accept negative charges has been
explored through recent experiments of the reduction
of CNTs with alkali metals (M), such as Li, Na, or K, in
which the stoichiometry of MCxwas varied over a wide
range of x values.17 The yield deduced from the slope
of the C/K ratio of the single-wall CNT salts against the
C/K ratio of reagents varied from 50% to 80%. Similar
assessments on BNNTs as a function of M(BN)x/2 stoi-
chiometry would be desirable to verify our theoretical
observations. We note, however, that further analysis
on solvation energy differences between EA in the gas
phase and reduction potential in solution for nanotube
systems is required for more rigorous comparison to
experiments.34

Our finding that the EAs for small-diameter BNNTs
aremostly positive suggests that using reduced BNNTs
as intermediates for their further functionalization
could be feasible and effective, similar to what has
been observed for CNT.16,17

Binding Energies of Free Radicals with BNNTs: Neutral vs

Reduced. The interactions between free radicals and
the sidewalls of neutral and charged nanotubes are
investigated through DFT calculations. Methyl (•CH3),
hydroxyl (•OH), and amino (•NH2) radicals were selected
as representative species of carbon-, oxygen-, nitrogen-
centered radicals, respectively. We also consider reac-
tionswith nitrene radical (•NH),whichhas a free electron
pair as well as two unpaired electrons, and nonradical
ammonia (NH3), with its one free electron pair.

The binding energy of radical molecules on the
sidewall of a nanotube is defined as the difference
between the total energy of the nanotube�radical com-
plexand thesumof theenergiesof the separate individual
species. The binding energies are calculated as follows:

Enb ¼ Etot(NTþ radical) � Etot(NT) � Etot(radical)

Erb ¼ Etot(NT
�
þ radical) � Etot(NT

�) � Etot(radical)

Figure 2. Electron affinities (eV/supercell) with respect to
the variousmodel supercell sizes containingN atoms (or the
inverse of charge density F =�1/N) are plotted for CNTs and
BNNTs. Various NT structures (5,5), (5,0), (10,10), and (10,0)
are considered. We also include the EA of fullerene (*)
obtained using the same calculation scheme.
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for neutral and charged nanotubes, respectively. The total
energy is calculated using the fully optimizedgeometry of
corresponding reactants and products. In this study,
reduced nanotubes are charged with a charge density
of F = �1/60 (e/atom). In Table 1, we summarized the
calculated binding energies, together with the binding
energy differences between neutral and charged com-
plexes, which are estimated by ΔEb = Eb

n
� Eb

r . For all but
one of the radical molecules considered here our DFT
calculations predicted negative binding energies. For the
neutral BNNT�CH3 complex the reactants and product
have almost identical enthalpy values (the enthalpy
increases by only 0.06 eV upon binding). Such exothermic
reactions indicate that the complex formations are en-
ergetically more stable with respect to the separated
species; thus their functionalization is favorable. Note that
binding occurs at B sites on BNNT surfaces.

Before reduction, CNTs demonstrate overall stron-
ger binding affinities than BNNTs toward the radicals
examined here. In particular, the reactivity of neutral
BNNTs toward methyl radicals (•CH3) is noticeably
weaker than that of the neutral CNT. For both of
the neutral nanotube species, reactionwith the nitrene
radical is predicted to be the most favorable of
the radical reactions that were investigated. With the
introduction of one extra electron per N = 60 atoms,
the reduced BNNT is found to significantly improve its
binding affinity toward all radical species, with changes
in binding energies relative to the neutral nanotube
reactions that aremuch larger inmagnitude than those
for the CNT. We benchmark our VASP calculation
results against the results obtained by using a hybrid
functional B3LYP and a 6-13G* basis set, which are
presented asΔEb

† in Table 1. AlthoughΔEb
† are found to

be∼1.5 eV higher thanΔEb for most BNNT complexes,
qualitatively similar trends have been observed in
terms of binding energy increments from both cal-
culations. We note that the goal of our current studies
is to provide insights on experimental realization of

reductive functionalization methods on BNNTs and to
capture intrinsic and qualitative differences between
the BNNT and CNT systems, rather than to estimate
quantitatively accurate values of EAs and binding
energies.

The fully optimized geometries of the BNNT com-
plexes also suggest stronger binding affinity of the
reduced BNNTs compared to the neutral BNNTs. The
optimized configuration of the charged BNNT�CH3

complex is depicted in Figure 3a, and the bond lengths
and angles are presented in Figure 3b for neutral (left)
and charged (right) complexes. For both cases, new
B�C bonds are formed between a B atom on the BNNT
network and the C atom in the methyl radical through
rehybridization from sp2 to sp3. The sp3 hybridization is
more prominent for the charged complex, as indicated
by the larger displacement of the B atom from the BN
plane and more pronounced tetrahedral geometry for
the methyl ligand. The N�B�N bond angles on the
sidewall are decreased by up to ∼6.5� for the charged
complex. The length of the B�C bond also appears
shorter by 0.2 Å for the charged complex. All of these
observations clearly support the stronger bond forma-
tion for the reduced BNNT.

The role of the excess electrons in the formation of
the covalent bond is also investigated by examining
the electron density distribution, particularly in close
proximity to the newly formed B�C bonds. In Figure 3
we compare the total charge density of the neutral
BNNT�CH3 complex (c) to its charged counterpart
(d) plotted at various isosurface levels (0.7, 1.0, and
1.7 e/Å3, from left to right). At all of the charge densities
we observe that more electron density accumulates in
the B�C bond for the charged complex, which leads to
its stronger bond formation. We also performed Bader
charge analysis35 and computed the charge difference,
Δq = qC

r
� qC

n, where qC
r and qC

n are the total charge on
the C atom in •CH3 from reduced and neutral com-
plexes, respectively, which was found to be 0.47e. In
contrast, for the CNT case, Δq was estimated to be
0.03e, which indicates that the extra electron is delo-
calized over the CNT surface and does not particularly
contribute to the new C�C bond formation, resulting
in only a small increase of their binding energy toward
•CH3 upon reduction. For BNNTs the valence elec-
trons on tube surface are localized around N atoms
(Figure 1b), and, therefore, the excess electrons likely
fill the empty p orbitals of B atoms36 and are able to
form a strong covalent bond together with the un-
paired electrons from the radical. The empty B atom
sites, which serve as the localization sites for the excess
electrons, make reductive functionalization of BNNTs
an efficient route to achieve covalent chemistry on
B sites.

Now we study the results for the formation of
BNNT�NH2 complexes. Unlike •CH3, an

•NH2 radical
possesses a lone pair of electrons in addition to the

TABLE 1. Binding Energies of Various Free Radicals (•CH3,
•NH2,

•OH, •NH) and NH3 to the Sidewalls of Neutral and

Charged CNTs and BNNTs and the Binding Energy

Differences between the Neutral and Charged Systems,

ΔEb and ΔEb
†, Where ΔEb

† Are the Results Obtained from

Gaussian

neutral tubes Eb
n (eV) reduced tubes Eb

r (eV) ΔEb (eV) ΔEb
† (eV)

B30N30 þ
•CH3 0.06 B30N30

�
þ

•CH3 �2.86 2.91 4.14

B30N30 þ
•NH2 �0.64 B30N30

�
þ

•NH2 �3.54 2.89 4.26

B30N30 þ
•OH �1.36 B30N30

�
þ

•OH �4.70 3.34 5.00

B30N30 þ
•NH �2.34 B30N30

�
þ

•NH �3.26 0.93 2.41

B30N30 þ NH3 �0.43 B30N30
�
þ NH3 �0.60 0.17

C60 þ
•CH3 �1.01 C60

�
þ

•CH3 �1.24 0.24 0.12

C60þ
•NH2 �1.01 C60

�
þ

•NH2 �1.33 0.32 0.19

C60 þ
•OH �1.63 C60

�
þ

•OH �2.09 0.46 0.22

C60 þ
•NH �3.14 C60

�
þ

•NH �1.82 �1.32 �2.39

C60 þ NH3 �0.23 C60
�
þ NH3 �0.34 0.11
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unpaired electron. The optimized binding geometry
for the charged complex is illustrated in Figure 4a and
b. Covalent bond formation between a B atom from the
BNNT sidewall and the •NH2 radical is exothermic for
both the neutral and reduced BNNTs, with the charged
BNNT exhibiting a much stronger binding to •NH2

radical, as evidenced from the calculated binding
energies of �0.64 and �3.54 eV, respectively. Opti-
mized geometry of the charged BNNT�NH2 complex
predicts a pronounced trigonal pyramidal geometry,
with the N atom of the NH2 ligand at the apex, and
B�N�H bond angles decreased by almost 10� from
the largely planar NH2 ligand of the neutral complex.
This differing geometry originates from the existence

of a pair of electrons on the NH2 ligand for the charged
complex. In the neutral BNNT case a pair of electrons in
the •NH2 radical is donated to form the B�N bond.
When the nanotube is reduced, however, the addi-
tional electron from the BNNT surface is available to
contribute to the B�N bond, leaving a pair of electrons
remaining on the N atom of the ligand. The electron
density isosurfaces shown in Figure 4c demonstrate
the pronounced accumulation of charge density on
the N atom of the ligand for the charged complex. This
observation is also supported by the calculated Bader
charge difference of Δq = qN

r
� qN

n = 0.50e. The charge
difference between neutral and charged CNT�NH2

complexes is found to be Δq = 0.06e, which, again,

Figure 3. Optimized structure of a reduced (5,5) BNNT functionalized with •CH3 (a); the bond lengths and angles for neutral
(left) and charged (right) BNNT�CH3 complexes (b); electron density distributions for neutral (c) and charged (d) BNNT�CH3

complexes at various isovalues of the total valence charge density of 0.7, 1.0, and 1.7 e/Å3 (from left to right).

Figure 4. Optimized geometries and electrondensity distributions at the isosurface of 0.5 e/Å3 in close proximity to the newly
formed bonds for the complexes of BNNT�NH2 in (a), (b), and (c) and BNNT�OH in (d), (e), and (f).
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supports the delocalization of extra electrons on the
CNT tube surface.

We also studied the BNNT complex formation with
an OH functional group. Hydroxyl radicals possess two
lone pairs of electrons in addition to the unpaired
electron. Similarly to the •NH2 radical case, the binding
of an •OH radical to the neutral BNNT is energetically
favorable, while reducing the BNNT results in signifi-
cant enhancement of the binding affinity. In fact, the
•OH radical shows the greatest increase in binding
energy of the species studied following reaction with
a reduced nanotube, with a change of 3.34 eV relative
to the neutral nanotube complex. The optimized geo-
metries and charge density distributions of both the
neutral and charged BNNT�OH complexes are shown
in Figure 4d, e, and f, respectively. There are only small
differences in geometry and electron density distribu-
tion between the two systems. In this case, the Bader
analysis provides Δq = qO

r
� qO

n = 0.17e. For CNT�OH
complexes Δq is found to be negative, �0.16e. These
relatively small differences are likely due to the strong
electronegativity of the oxygen atom.

Recently, highly reactive nitrene radicals (•NH) have
been used to covalently functionalize h-BN nano-
sheets.14 Nitrene radicals possess one lone pair of
electrons and two unpaired electrons in its triplet
ground state. As shown in Figure 5a, the optimized
geometry calculated for the neutral BNNT�NH com-
plex exhibits a disruption of the nanotube network by
breaking a B�N bond on the BNNT wall and creating
new B�N and N�N bonds with the •NH radical.15 The

binding energy of the neutral BNNT�NH complex is
found to be the largest (�2.34 eV) of all that have been
studied. The reduced BNNT forms a radical anionic

complexwith the •NH radical through creation of a new
B�N bond andwithout the disruption of the nanotube
network. In contrast to the other systems studied, the
charged BNNT�NH complex shows only a moderate
improvement in binding affinity (0.93 eV) over its
neutral counterpart. It is interesting to compare this
result to the CNT�NH complex formation. The neutral
CNT�NH complex is also found to be stable, with an
enthalpy gain of 3.14 eV, and exhibits a similar bond
topology to the neutral BNNT�NH complex, with two
newly formed C�N bonds and a C�C bond breakage.
However, the reduced CNT leads to formation of two
new C�N bonds without involving C�C bond break-
age on the CNT network. In this case the binding
affinity of the CNT toward the •NH radical decreases
by 1.32 eV upon reduction and represents the only case
studied in which the charged complex is less favored
than the neutral complex. We note that the interaction
of neutral BNNTs with the •NH radical results in non-

radical complexes with two unpaired electrons asso-
ciated with two distinct bonds, while their charged
counterparts form radical anionic complexes. In con-
trast, the neutral BNNT complexes formed with CH3,
OH, and NH2 are radical, while their charged counter-
parts are nonradical anionic. This results in the small
value of ΔEb for NT�NH complexes. Utilization of re-
duced nanotubes for NH functionalization could still be
advantageous over neutral ones because the hexagonal
networks are preserved; thus the mechanical properties
of the functionalized nanotubes could be retained close
to those of pristine unfunctionalized tubes.

We also evaluated the binding energy for nanotube
reactions with NH3, the simplest amino functional
group, as an example of nonradical molecules. The
binding energies calculated here are consistent with
previous works.37,38 In this case, we have not observed
any significant increments in binding energy for either
BNNTs or CNTs upon reduction.

Covalent Alkylation of BNNTs Using 1-Bromohexane: Reduced

vs Neutral BNNT. Here we briefly report experimental
results of the covalent alkylation of BNNTs via reduc-
tion chemistry using 1-bromohexane as illustrated
in Scheme 1. Neutral BNNTs were also reacted with
1-bromohexane under the same reaction conditions in
order to investigate the key role of the reduction
chemistry of BNNTs on their subsequent reactivity.
We note that although the alkyl chain length of
1-bromohexane (•(CH2)5CH3) is much longer than the
smallest methyl radical (•CH3) that we examined in our
theoretical calculation, the effect of the alkyl chain on
the chemical reactivity of radicals is considered to be
negligible.39

Thermogravimetric (TG) analysis is widely used for
the direct characterization of covalently functionalized

Figure 5. Optimized geometries of various nanotube�NH
complexes: neutral BNNT�NHcomplex (a); chargedBNNT�NH
complex (b); neutral CNT�NH complex (c); charged CNT�NH
complex (d).
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nanotubes.19,40 Detachment or oxidation of the spe-
cies covalently bonded to nanotube surfaces occurs at
relatively low temperatures compared to the decom-
position temperatures of the nanotubes themselves
(e.g., BNNTs are thermally stable to greater than 750 �C
in air). Mass losses at such lower temperatures can be
strong evidence of the presence of covalently bonded
species on nanotube surfaces. The TG and DTG data
of the pristine BNNTs and the samples from the reac-
tions of the reduced and the neutral BNNTs with
1-bromohexane are shown in Figure 6. The pristine
BNNTs exhibit almost no mass change for the entire
temperature range in desorption and only slight
weight gain in oxidation due to the thermal oxidation
of BNNTs themselves into boron oxide above 750 �C.
The baseline sample from the reaction of the neutral
BNNTs with 1-bromohexane does not differ greatly
from that of the pristine BNNTs, showing only small
weight losses (1�2%) occurring between 350 and
500 �C (Figure 6b), possibly due to the removal of
some organic residues remaining in the sample or to
detachment or oxidation of alkyl chains grafted to the
nanotube surface in the functionalization reaction. If
we attribute it to the latter, the small magnitude of the
mass change implies that there was minimal alkylation
of the neutral BNNT surface. In contrast, large mass
changes of about 12% in desorption and 14% in
oxidation between 400 and 600 �C are observed for
the sample from the reaction of the reduced BNNTs
with 1-bromohexane, suggesting that a higher degree
of functionalization was achieved and that the reactiv-
ity of BNNTs has been greatly improved by reduction.

Infrared (IR) absorption spectra of the pristine and
functionalized samples are presented in Figure 7. The
spectrum of the pristine BNNTs is composed of the in-
plane B�N stretching and the out-of-plane B�N�B
bending modes observed at 1383 and 806 cm�1,
respectively. The FTIR spectrum of the sample from
the neutral BNNTs' reaction with 1-bromohexane is
similar to that of the pristine BNNTs, except for a
broadening of the BN stretchingmode and the appear-
ance of a weak band in the 3000�2800 cm�1 region
attributable to C�H stretching modes. A broad peak
appearing at 3200 cm�1 is due to surfacemoisture. The
broadening toward higher frequency of the in-plane
BN stretching modes at 1383 cm�1 is primarily attri-
butable to covalent bonding to the nanotube surface
disrupting the sp2-bonding network, although it is also
possible that adsorption of 1-bromohexane on the
BNNT through van der Waals adhesion could contri-
bute. A 10 cm�1 shift observed for the out-of-plane
mode near 800 cm�1 for both of the reacted samples
relative to the pristine BNNT can also be explained in
this way. The spectrum of the sample from the reaction
of the reduced BNNTs with 1-bromohexane exhibits
similar C�H stretching signatures as well as the ap-
pearance of a new peak at 1153 cm�1, which corre-
sponds to B�C stretching. The appearance of this peak
is indicative of there being covalent binding of the alkyl
chains to BNNT surfaces and evidence of enhanced
reactivity of reduced BNNTs. This observation is also
consistent with our calculation result that bond-
ing occurs at B sites on BNNT surfaces. The in-plane
B�N stretching mode has also shifted by 4 cm�1 to

Scheme 1. Schematic illustration of the covalent alkylation of BNNTs via reduction chemistry using 1-bromohexane.

Figure 6. Thermogravimetric analyses of pristine and alkylated BNNT samples under desorption and oxidation conditions. “r-
BNNT-C6” and “n-BNNT-C6” stand for the reaction products from the reactions of 1-bromohexane with reduced BNNTs and
neutral BNNTs, respectively.
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1379 cm�1 for this sample. This observation also
supports our theoretical prediction that structural de-
formation of the BN lattices occurs through the rehy-
bridization from sp2 to sp3 at the newly formed B�C
bond sites.

CONCLUSIONS

Boron nitride nanotubes have inherently low che-
mical reactivity, so the development of effective pro-
tocols for their surfacemodification is essential for their
real-world applications. Herewehave shownusingDFT
simulations that covalent functionalization via reduc-
tion chemistry is a highly effective route for the surface
modification of BNNTs. Our theoretical investigations
have found that, upon reduction, the chemical reactiv-
ity of BNNTs toward radical molecules is drastically

increased (e.g., 5.5-fold enhancement in reactivity
with the •NH2 radical over their neutral counterparts).
Carbon nanotubes did not show the same degree of
improved reactivity, implying that reduced BNNTs
should be a more effective means of achieving func-
tionalization than reduced CNTs. The calculated total
charge differences reveal that the localization of the
excess electrons in the empty B-centered orbitals of
the BNNTs plays an important role in the enhanced
reactivity by promoting covalent bond formation with
the unpaired electrons in the radicals. This was not
observed for reduced CNTs because the excess elec-
trons were delocalized over the nanotube. We also
observed that the reactivity enhancement of reduced
BNNTs is influenced by the detailed electronic config-
urations of the radicals, such as singlet or triplet states
and the existence of electron lone pairs. In support of
our theoretical findings, we experimentally investigated
the covalent alkylationof BNNTs via reduction chemistry
using 1-bromohexane. The TG and IR measurements
clearly confirmed the significant increase in reactivity of
reduced BNNTs toward covalent alkylation compared to
neutral nanotubes, in full agreement with our theore-
tical studies. These new findings will provide useful
guidelines for the development of effective covalent
functionalization schemes for BNNTs via reduction reac-
tions. We conclude that the investigation on how
electronic41,42 ormechanical properties of BNNTswould
be changed or controlled upon their covalent functio-
nalizationwith various functional groups is worth future
studies in order to find out the distinct applications of
BNNTs, such as polymer nanocomposites, nonconven-
tional electronics, or biomaterials.43

MATERIALS AND METHODS

Density Functional Theory Simulations. We performed the DFT
calculations within a framework of generalized gradient ap-
proximation (GGA) with the Perdew�Burke�Ernzehof (PBE)
exchange�correlation functional44byusing theproject augmen-
ted wave (PAW) method as implemented in the Vienna Ab Initio
Simulation Package (VASP).45 The basis set consists of plane
waves with a cutoff energy of 600 eV. To implement charged
systems with excess electrons, a neutralizing background charge
was applied. For open-shell radicals, the spin-unrestricted
(polarized) calculations were performed. The geometrically opti-
mized configurations of isolated nanotubes, free radicals, and the
nanotube�radical complexes were obtained by relaxing all the
atomic coordinates using the conjugated gradient algorithm,
until the residual force became less than 0.01 eV/Å.

EA calculations were carried out with supercells of armchair
[(5,5) and (10,10)] and zigzag [(5,0) and (10,0] nanotubes for
both C and BN systems.We used rectangular model cells, whose
x�y dimensions perpendicular to the tube axis were 30 Å,
chosen sufficiently large enough to avoid the tube�tube inter-
actions from adjacent unit cells. The supercell length in the
z direction is varied to explore different charge densities on the
tube surfaces, for instance, from 1 up to 4 unit cells. The lengths
of one unit cell were 2.46 and 4.26 Å for armchair and zigzag
CNTs, respectively, and 2.49 and 4.32 Å for armchair and zigzag
BNNTs, respectively. In all the calculations, periodic boundary

conditions were imposed along the tube axis to simulate
infinitely long nanotube systems. The integration over the
Brillouin zone was performed using the Monhhorst�Pack
method with 1 � 1 � R k-point grids, where R is chosen as
12, 6, 4, and 3, for 1, 2, 3, and 4 unit cells, respectively. For the
benchmark, we also calculated the EA of fullerenes, using a
supercell of 20 � 20 � 20 Å3 with a 1 � 1 � 1 k-point grid.

To compute binding energies of various free radicals toward
the sidewall of nanotubes, we used (5,5) nanotube supercells
containing 3 unit cells with N = 60 atoms/cell, where N is the
number of C atoms (for CNTs) or B and N atoms (for BNNTs), to
avoid any unphysical interactions between periodic images
of radical molecules. The supercell dimensions are 30 � 30 �

7.38 Å3 and 30� 30� 7.48 Å3 for CNTs and BNNTs, respectively,
and Monhhorst�Pack k-points with 1 � 1 � 4 were used for
both cases. To benchmark our calculations with VASP, opti-
mized geometries of NT complexes and binding energies were
also calculated using the B3LYP hybrid functional and a 6-31G*
basis set with Gaussian.46

Synthesis and Purification of Boron Nitride Nanotubes. Raw pristine
BNNTs were synthesized by the newly developed hydrogen-
assisted BNNT synthesis (HABS) method.3 Hexagonal boron
nitride powder (99.5%, av 70 nm, MK-hBN-N70, M K Impex
Corp.) was employed as feedstock and dried at 100 �C overnight
before use. The h-BN powder was injected into an induction
thermal plasma operated at 50 kW plate power by using 3 slpm

Figure 7. FTIR spectra of pristine BNNTs (a), the reaction
product from neutral BNNTs with 1-bromohexane (b), and
the reaction product from reduced BNNTs with 1-bromo-
hexane (c).
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of Ar carrier gas. The feed rate wasmaintained at 0.5�1.0 g/min.
The plasma was generated by a commercial induction plasma
torch (Tekna PS-50, Tekna Systems, Inc.) composed of a five-turn
coil and a ceramic tubewith an internal diameter of 50mm. Pure
Ar gas (30 slpm) was injected into the central region of the torch
for stable plasma generation, and a ternary gasmixture of Ar (45
slpm), N2 (55 slpm), and H2 (20 slpm) was introduced along the
ceramic tube wall, offering further plasma stabilization and
chemical reactions. The produced raw BNNT materials con-
tained amorphous boron and h-BN flake impurities and were
purified through a scalable, nondestructive postprocessing
protocol involving a combination of thermal treatments similar
to the one reported by Chen et al.47 and solvent washing.

Reduction of Boron Nitride Nanotubes. We employed a similar
approach reported for CNTs.16,19,48 To reduce BNNTs, the pur-
ified nanotubes (80 mg) were dispersed in 100 mL of dry THF in
a 250 mL Schlenk round-bottom flask using bath sonication,
and then the preprepared sodium naphthalide green solution
(745 mg of Na, 4.3 g of naphthalene in 120 mL of THF) was
added to the BNNT suspension under an argon atmosphere.
The mixture was magnetically stirred for 24 h.

Alkylation of Boron Nitride Nanotubes with 1-Bromohexane. For
the in situ alkylation to the surfaces of the reduced BNNTs,
1-bromohexane (3 mL, Sigma-Aldrich) was added to the above
suspension, followed by an additional 48 h of stirring at room
temperature. The reaction mixture was then diluted with MeOH
and distilled water. After settling of the mixture for a few
minutes, the top solution was discarded and the bottom
precipitate was refilled with THF, MeOH, and H2O in turn. After
two settling and discarding cycles, the bottom precipitate was
collected through a polycarbonate membrane (PC, pore size:
>20 μm,). The collected precipitate was further washed with
distilled water and MeOH a few times in turn and dried in air
under vacuum and then dried in an oven at 130 �C for 2 days.
For comparison, the covalent alkylation was attempted using
neutral BNNTs with the same approach.

Characterization of Boron Nitride Nanotube Samples. The BNNT
samples were characterized by TGA (Netzsch TG 209 F1 Iris) and
FTIR (Nicolet 6700 FT-IR). TGA data were obtained by heating a
∼10 mg sample under argon (desorption) or air (oxidation)
atmosphere to 950 �C at a rate of 10 �C/min. In the FT-IR analysis,
samples were prepared by grinding with KBr powder and
pressing into disc pellets.
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