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Defect Photoluminescence from Alkylated Boron Nitride Nanotubes
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Boron nitride nanotubes (BNNTSs) are chemically function-
alized by a reductive alkylation reaction for defect doping to
create luminescent defects. The hexyl group attachment on the
BNNT wall results in sp® boron atom defect formation in the BN
network, by which defect photoluminescence from the function-
alized BNNTs is newly observed in a UV-vis region. This
chemistry-based defect doping technique offers an attractive tool
for bandgap engineering of BNNTs.
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Boron nitride nanotubes (BNNTSs) are nanocylinders com-
posed of rolled-up hexagonal boron nitride (h-BN) sheets, which
were theoretically predicted in 19942 and experimentally
synthesized in 1995.3 The BN framework consists of alternately
connected boron (B) and nitrogen (N) atoms with sp? hybrid-
ization, by which a strong covalent bond with an ionic character
is formed because of their electronegativity difference. Accord-
ingly, BNNTs exhibit unique properties such as high mechanical
strength, thermal stability, and a wide bandgap semiconducting
feature.* Thus, BNNTs have been utilized for various applica-
tions including reinforced materials and thermally conductive
composites, and also recently used as a key component for one-
dimensional (1-D) van der Waals heterostructure fabrication.>®

Because of the large bandgap (*6¢eV) independent of the
BNNT diameter and chirality, BNNTs show optical absorption
and emission based on the band edge transition in deep UV
regions (around 200nm) for pristine tubes.” The observed
optical responses are reported to be strongly influenced by
excitonic effects.®° In typical BNNT samples, atomic vacancies
are formed in the BN framework structure and are reported to
yield longer wavelength photoluminescence (PL) in UV-vis
regions.’ This phenomenon indicates a prospect for PL modula-
tion of BNNTs based on defect engineering approaches. For
carbon nanotubes (CNTs), which are structural analogues of
BNNTs, chemical functionalization for defect engineering has
been developed to produce near-infrared defect PL with longer
wavelengths and enhanced quantum yields from the function-
alized CNTs (locally functionalized single-walled CNTs: If-
SWCNTs).'%!2 To synthesize the If-SWCNTSs, a small amount

h-BNNT

Figure 1. Synthetic scheme for the h-BNNT synthesis. N and
B atoms are depicted in blue and green colors, respectively.

of chemical functionalization is applied to dope local sp® carbon
defects in the sp? carbon network of CNTs for the formation of
luminescent defects. Chemical functionalization for BNNTs!3
has been conducted to modify their surface properties as an
alternative to a physical functionalization method.'* The
covalently attached molecules on the BNNT surfaces allowed
solubilization of the mostly insoluble BNNTs in various solvents
and enhancement of miscibility with matrices in composite
fabrication.'3 In this study (Figure 1), chemical functionalization
of BNNTs is newly utilized for defect doping to modulate their
optical properties; a reductive alkylation reaction produces
alkylated BNNTSs that emit defect PL based on sp® boron atom
defect doping for the luminescent defect formation.

BNNTs were purified by heating at 800 °C in air for 2h,
followed by washing with hot water, by which impurities such
as amorphous boron are removed.'> Scanning electron micro-
scope (SEM) images of purified and unpurified BNNTs are
shown in Figures 2a and S1, respectively. For the unpurified
BNNTs, one-dimensional (1-D) tube-like structures were ob-
served together with spherical particles (a few hundred nm in
diameter). In contrast, for the purified BNNTs, only the 1-D
structures were confirmed, indicating removal of the impurity
particles. Transmission electron microscopy (TEM) showed that
the 1-D structures were multiwalled tubes (the common layer
number is double-wall) with a diameter of 2—6 nm, as shown in
Figures 2b and S2. The purified BNNTs were used for chemical
functionalization experiments.

Reductive alkylation of BNNTs was conducted based on a
reported procedure.'® Specifically, BNNTs were reduced by the
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Figure 2. (a) SEM and (b) TEM images of purified BNNTs.
Scale bars: 1 um and 5nm, respectively.

addition of naphthalene and sodium metal in dry tetrahydro-
furan, then mixed with 1-bromohexane. After quenching the
reaction, the product was collected by filtration and washed with
solvents, providing hexylated BNNTs (h-BNNTs). In the Fourier
transform infrared (FT-IR) spectra of h-BNNTs and BNNTs
(Figure S3), sharp peaks were observed at ~790 and ~1362
cm™!, attributed to the out-of-plane B-N-B bending and the in-
plane B-N stretching modes, respectively, in the BN frame-
work.!17 The latter signal of h-BNNTs was slightly shifted
from that of BNNTs (1371 cm™"), indicating partial distortion
of the B-N framework by sp® boron atom formation.!® The
h-BNNTs showed a distinct peak around 1090 cm™!, attributed
to the vibration modes based on B-C bond formation, together
with peaks at 2852, 2924, and 2959 cm™!, attributed to the C-H
stretching modes of CH, and CHj groups.!®!7 Because those
signals are not observed for BNNTs, the results indicate the
alkylation of BNNTs by this reaction.

The X-ray photoelectron spectroscopy (XPS) spectra for
B 1s, N 1s, and C 1s orbitals of h-BNNTs and BNNTs are

shown in Figure 3, in which peak deconvolution was conducted
using GL (mixture of Gauss and Lorentz) functions. In the XPS
survey spectra (Figure S4) and the atomic concentration analysis
(Table S1), a small carbon signal for BNNTs was detected,
indicating the existence of some carbon impurities. In contrast,
h-BNNTs showed a distinct C 1s peak in the spectrum and a
large increase in the C content, indicating hexyl group modifica-
tion. Both h-BNNTs and BNNTs showed obvious peaks at 190
and 398 eV in the B 1s and N s, respectively, assigned to B-N
bonding in the BN framework.!” Small signals relating to some
oxidized species were detected. For h-BNNTs, new peaks
appeared at 189 and 284 ¢V in the B 1s and C 1s, respectively,
assigned to B-C bonding. This result shows covalent bond
formation between the boron atom in the BNNT and the hexyl
group through the reaction based on electrons (from the sodium
reductant) localized on the empty p orbitals of boron atoms.'’
Therefore, the reductive alkylation of BNNTs was confirmed
through the B—C bond formation, which induced partial hybrid-
ization conversion of boron atoms from sp? to sp* as a role of
defect doping to the crystalline BN framework. A TEM image
of multiple h-BNNTs shows that the BNNT surfaces are
covered with amorphous organic residues (Figure 4a), suggest-
ing that the BNNT surfaces are modified by the hexyl groups.
In the TEM observation, we found a sparsely modified region
where a single hexyl group covalently bonded to the outer
surface of the double-walled BNNTSs was observed (Figure 4b),
supported by comparison with the molecular model (Figure 4c)
and the simulated image (Figure 4d). The TEM image also
demonstrates that the alkylation reaction could mostly maintain
the tubular BN network structures in the sp’ boron atom
formation process.
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Figure 3. XPS spectra for (a) B 1s, (b) N 1s, and (c) C 1s orbitals of h-BNNTSs (upper) and BNNTs (lower). Black and colored lines
show measured and deconvoluted spectra, respectively. Peak deconvolution was conducted using GL functions.
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Figure 4. TEM characterization of h-BNNTs. (a) TEM image
of h-BNNTs. Scale bar: 20nm. (b) Atomic-resolution TEM
image of a single hexyl chain (indicated by an arrow) attached to
a double-walled BNNT. Scale bar: 1 nm. (c) A model of a hexyl
group on a double-walled BNNT presented as an atomic-
number-correlated molecular model.'® (d) A corresponding TEM
simulation image.
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Figure 5. (a) Normalized PL spectra (Ax = 205 nm) of BNNTs
(black) and h-BNNTs (red) and (b) excitation spectrum (Ae,, =
413 nm) of h-BNNTs in aqueous solutions of 0.020 wt % CTAB.

Thermogravimetric (TG) curves (Figure S5) showed that a
weight loss occurred for h-BNNTSs around 200400 °C, although
BNNTs exhibited negligible weight changes due to their great
thermal stability.* Based on the observed weight loss for
h-BNNTs, the amount of modified hexyl groups was estimated
to be 13.5wt %, corresponding to one hexyl chain per 22 B-N
units in the BN framework.

The spectroscopic analyses were conducted using BNNT
and h-BNNT solutions, which were prepared using an aqueous
solution of cetyltrimethylammonium bromide (CTAB). In the
UV-vis absorption measurements (Figure S6), BNNTs and
h-BNNTs showed a clear peak at ~204nm, attributed to a
bandgap transition of BNNTs.!” For h-BNNTSs, the absorbance
increased in the region from 208 to 450 nm, exhibiting partial
electronic structure variation by the alkylation reaction. In the PL
spectra (Figure 5a), h-BNNTs and BNNTs exhibited PL peaks at
228 nm, assignable to the near bandgap excitonic states and/or
quasi donor—acceptor pair emission and free bound transitions,
and 282 nm, assignable to the atomic vacancies or impurities
(carbon or oxygen).”?* Characteristically, h-BNNTs emitted new
PL at 334 and 413nm. In an excitation spectrum for 413 nm
PL of h-BNNTs (Figure 5b), not only the bandgap transition

(207nm) but also lower energy absorption bands (233 and
275nm) contributed to the 413nm PL, which were similarly
observed in the 334 nm PL (Figure S7). These results suggest that
the alkylation creates some energy levels in the intrinsically wide
bandgap of BNNTs (Figure S8), and photogenerated excitons
would migrate in the 1-D tubes and be partially trapped at the
defects with the lower energy levels for the defect PL emission,
resembling phenomena observed in If-SWCNTs.!0-12

When the amounts of chemical reagents were increased by
five times for the BNNT alkylation, the amount of the attached
alkyl group increased based on a TG result showing 19.5 wt %
loss by the alkyl group degradation. However, the defect PL
intensity at 413 nm decreased (Figure S9), possibly indicating
that the chemical reaction condition could be an important
control factor to create luminescent defects in the BN framework.

To date, chemical reactions to change the electronic
structures of BNNTs have been rarely reported; Zhi et al. used
an amidation reaction using acyl chlorides for amino group
anchors possibly introduced in BNNT sidewalls and open ends
through a synthetic process of chemical vapor deposition using
NH; gas, and observed optical property changes explained by a
proposed charge transfer-driven doping effect.!®?! In this study,
we use the reductive alkylation for chemical modification of
the inherent BN framework and, directly and partly convert
the orbital hybridization of the boron atoms from sp? to sp’ as a
means of defect doping, which offers a new way to create
Iuminescent defects in BNNTSs.

In conclusion, the reductive alkylation of BNNTs newly
produced defect PL at 334 and 413 nm in h-BNNTs. Spectro-
scopic measurements, thermal analysis, and TEM observations
confirmed the alkyl group functionalization, in which the B-C
bond selectively formed to produce sp® boron atom defects in
the BN framework for the Iuminescent defect formation.
Consequently, the defect doping functionalization generated
new absorption and emission bands. This is the first report of a
luminescent defect formation in BNNTs based on defect doping
by atomic orbital hybridization conversion using a chemical
functionalization technique. Chemical functionalization would
enable the versatile design of molecular structures of the defect-
doped sites in the functionalized BNNTSs, which would offer
novel band engineering techniques of BNNTs and produce a
wide variety of molecularly functionalized BNNTs for advanced
optical applications such as single-photon emitters in quantum
technologies.
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