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ABSTRACT: Various carbon-substituted boron nitride (8,0)
and (4,4) nanotubes are designed for application as nonlinear
optical materials. The structure and first (static and frequency-
dependent) hyperpolarizabilities of these boron nitride
nanotubes are predicted. The substitution of carbon in the
boron nitride nanotube clip significantly enhances the first
hyperpolarizabilities by up to several orders of magnitude. The
doping pattern of the carbon circle and 7 electron conjugation
are crucial in determining the large first hyperpolarizabilities of
these nanotubes.
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charge transfer based electronic excitation

N onlinear optical (NLO) materials have attracted increas-
ing attention due to their potential important applica-
tions, e.g, laser tuning, frequency conversion, all-optical
switches, signal processing, optical communication, information
security, optical data storage processing, and biological
imaging.l’2 Minerals,3 inorganic oxides, semiconductors,5
atomic clusters,” organometallic compounds,7 and metal
complexes® "' have been explored for these applications.
Nanotubes could be potential NLO materials due to their
unique structures and properties.

Carbon nanotubes (CNTs) could be semiconducting or
metallic depending on their chirality'> with possible exceptions
of CNTs (4,0) and (5,0)."* On the other hand, boron nitride
nanotubes (BNNTs) are electric insulators (or wide-gap
semiconductors) with band gaps of about 5.5 éV'* in spite of
chirality and their tube diameter.'> BNNT was predicted
theoretically'® before the experimental synthesis of single- and
multiple-wall tubes.'” The combination of BNNTs and CNTs
(BCNNTs) could have some new properties due to the large
property differences between BNNTs and CNTs,"®"® and such
combinations were the tar§ets in the synthesis of nanotubes
with desired properties.” >> The hybridized nanotubes with
zigzag conformations may be semiconducting® with good
thermal stability. The band gaps of hybridized armchair
nanotubes [Cys(BN),s] do not change with the radius of the
tubes.”* The electronic structures of certain BCNNTSs with
proper hybridization, e.g, BC,N, depend on the radii or
chiralities of the tubes,” providing new opportunities for the
design of electronic devices.

First-principles calculations predict large second-order non-
linear optical properties for BNNTs>® and possible applications
of BN-doped carbon nanotubes in NLO devices.”” The NLO
properties of zigzag BNNTs were predicted to converge to
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those of a hexagonal-BN sheet.”® The bonding pattern of C
with BN and the composition dictate the electronic structure of
BCNNTSs, ™% and the charge distributions have large effects
on the NLO properties™ of these tubes as well. The polarities,
polarizabilities, and the second hyperpolarizabilities of armchair
BCNNTs are significantly enhanced® with respect to those of
BNNTs. However, hybridization of C with BN has little effect
on the first hyperpolarizabilities, as predicted by a finite field
model.*® Thus, the correlation of the NLO properties with the
hybridization in BCNNTSs needs further exploration.

The structure and NLO properties of three types of zigzag
(8,0) and armchair (4,4) BCNNTs and two hydrogenated
zigzag BCNNTs (as shown in Figure 1) are investigated to
provide information for the syntheses and applications of
BNNT-based materials. The doping patterns of carbon in
BNNTs in the present work are different from those of
previous works. The C-BN heteronanotubes®>>* have carbon
atoms doped as a carbon ribbon along the nanotubes. Only
“half/half” doping of carbon circles [similar to (8,0) BCNNT ¢
in Figure 1] was studied with the elongation method.*® Carbon
circles are doped in the (8,0) and (4,4) BNNTSs in various ways
in the present work. Carbon circles could serves as =«
conjugation bridges isolating the polar BN circles to produce
multiple local BN dipoles in order to enhance the NLO
properties of these materials. Advances in synthetic techni-
ques®’ make these nanotubes possible.
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Figure 1. Structures of (4,4) and (8,0) carbon nanotubes (CNTs), boron nitride nanotube (BNNTs), and carbon-doped boron nitride nanotubes
(BCNNTSs) clips. Atoms in gray are carbon, blue are nitrogen, and pink are boron.

Table 1. Total Energy, AE = E[n(8,0)]

— E[n(4/4)] (n = a, b, ¢, d, ¢), Lowest Vibrational Frequency (LVF), Dipole Moments,

Energies of the Highest Occupied Molecular Orbital [E(HOMO)] and the Lowest Unoccupied Molecular Orbital [E(LUMO)],

and Energy Gap (E,,

) between the HOMO and LUMO of Carbon Nanotube (8,0) CNT a, Boron Nitride Nanotube (8,0)

BNNT b, Carbon-Doped Boron Nitride Nanotube Clips BCNNT (c to g), (4,4) CNT a, (4,4) BNNT b, and (4,4) BCNNT (c to

e), Predicted by B3LYP/6-31G(d,p)”

total energy (au) AE (eV) LVF (em™)  dipole (D)

(8,0) CNT a —6105.565064 —3.55 64.4 0.0
(44) CNT a —6105.434350 64.0 0.004
(8,0) BNNT b —6386.095968 —4.94 58.4 114
(4,4) BNNT b —6385.914290 562 0.01
(80) BCNNT ¢ —6273.761298 —471 59.4 45
(4,4) BCNNT ¢ —6273.588097 58.1 1.7
(8,0) BCNNT d —6273.127037 —-1.14 65.7 254
(4/4) BCNNT d —6273.084962 58.3 0.0
(80) BONNT ¢ —6301.005518 -393 638 202
(44) BCNNT ¢ —6300.860923 57.5 04
(80) BCNNT f  —6328.835136 387 379
(8,0) BCNNT g —6328.726616 69.1 39.1

Eyomo (6V)  Epumo (6V)  Egp(eV) Ay (nm) By (X 107 ¥esu)
—4.24 —1.55 2.70
—4.12 —-3.02 1.10
—6.40 —1.29 S.11 198.1 77.99
—6.50 —-0.35 6.15 211.5 0.15
—4.16 -3.75 0.41 5203.7 1871.15
—4.32 —2.55 1.76 919.5 467.17
-3.32 -3.05 0.27 996.7 1053.89
—4.86 —1.93 293 525.6 0.22
—3.60 —2.61 1.00 471.4 486.79
—4.42 —-2.34 2.08 646.7 32.64
—5.08 —0.38 4.70 201.5 104.93
—5.47 —0.99 4.48 201.7 106.33

“The wavelength (/,,,,,) of the lowest electronic excitation is predicted by ZINDO, and the static first hyperpolarizability (f,) is predicted with the
sum-over-states model. Energies are corrected with zero-point vibrational energy.

B MODELS AND COMPUTATIONAL DETAILS

The (8,0) and (4,4) single-wall nanotube clips saturated with
hydrogen at their two ends are chosen as models, and eight
BCNNT clips are designed (Figure 1). Their structures are
optimized through density functional theory’>** based
method B3LYP**® with 6-31G(d, p)37 2% basis sets as
implemented in the Gaussian03 package.** Carbon is doped
in the BNNTSs in the form of a cycle to produce half/half
BCNNTSs and alternately doped BCNNTSs. The carbon atoms
in the BCNNTs [(8,0) BCNNT f and g] are saturated with
hydrogens (on the outside of the nanotube f and on both sides
of the nanotube g as shown in Figure 1) to evaluate the effect of
7 conjugation on the electronic structure and NLO properties
of nanotubes. Such saturation of the 7 conjugation is not
explored for the (4,4) BCNNTSs due to the high strain of the
tube caused by the smaller radius and by the BN bonding
perpendicular to the tube direction. Another possibility for
hydrogen saturation of BCNNTSs is bonding of hydrogen with
B and N atoms, but this will not be investigated in the present
work. All these structures are minima on the potential energy
surface according to vibrational frequency calculations. Other
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various doping patterns were also explored. However, no stable
structures were obtained.

The electronic spectra of these systems are predicted with
ZINDO,* and the first hyperpolarizabilities are predicted with
the sum over states (SOS) model,*' ~**
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w, = Y, is the sum of external fields w,. 7,,, = (ml/ln)— (gl
8)8,,, is the dipole fluctuation. The orientation averaged total
first hyperpolarizability is reported in the present work,
although it does not correspond to a physical observable.
The magnitude of the averaged total first hyperpolarizability
reflects the strength of response of a system to an external field.

Due to the size of the nanotube clips, only configuration
interaction singles (CIS) is employed for electronic spectra and
the first hyperpolarizability predictions. A total of 45 occupied
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and 45 unoccupied frontier molecular orbitals were included in
the CIS calculations. This active space predicts the electronic
excitation up to 12.0 eV, thus including contributions of the
most important electronic excitations to NLO properties.
ZINDO-SOS made similar predictions of the first hyper-
polarizabilites of a series of chiral molecules to those from the
finite field method combined with density functional theory
based methods.** This scheme has been used extensively in
nonlinear optical material simulations.*® The polarizabilities of
CNTs predicted from the SOS scheme vary linearly with those
from response theory."” The difference in the predicted
polarizabilities of CNTs by SOS from those by the coupled
perturbed Kohn—Sham scheme was ascribed to wave function
relaxation, and the predicted polarizabilities can be correlated
through scaling factors.*®

B RESULTS AND DISCUSSION

Structures. The structures and relevant electronic proper-
ties of these nanotube clips are shown in Figure 1 and listed in
Table 1. With the same size, the (8,0) CNT a (C,4,H;¢) is 3.55
eV more stable than the (4,4) CNT g, in the same order of
relative stability as predicted for armchair and zigzag CNTs.**
This is the similar case for all (8,0) and (4,4) BNNTSs and
BCNNTs; that is, all (8,0) nanotubes are more stable than their
(4,4) counterparts. The strain due to the smaller diameter and
the BN bonding perpendicular to the tube direction causes such
instability in (4,4) nanotubes. Because of the radial distribution
of the BN pair in the (4,4) nanotubes, all (4,4) nanotubes have
a small dipole moment. Thus, this present work focuses on the
discussion of the NLO properties of (8,0) nanotubes, although
the NLO properties of (4,4) nanotubes will be discussed for
comparison with those of (8,0) nanotubes [electronic spectra
and NLO properties of (4,4) nanotubes are provided in the
Supporting Information].

(8,0) CNT a has an energy gap of 2.70 eV between the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), larger than the gap
predicted with the HSEO06 functional*’ (8,0) BNNT b
(BgoNgoH;5) has a HOMO—-LUMO gap of S5.11 €V and a
dipole moment of 11.4 D. In (8,0) BCNNT ¢ (B,sN,5Cg,Hs),
half of the tube is carbon circles and the other half is BN circles
with boron atoms bonded to carbon atoms. This half/half graft
brings about a small HOMO—LUMO energy gap of 0.41 eV
and a dipole moment of 4.5 D. Optimization of an isomer with
nitrogen bonded to carbon has not yet been achieved.

(8,0) BCNNT d (B,sN,3Cy,H () has alternate doping of two
layers of carbon nanorings between two layers of BN nanorings.
This alternate doping destabilizes this BCNNT by 17.66 eV
with respect to (8,0) BCNNT c. This destabilization might be
due to the bonding between the carbon circles and the BN
circles, which increases the strain of the tube. This alternate
doping of carbon rings brings about a large dipole moment of
254 D. This BCNNT has an even smaller HOMO—-LUMO
energy gap (0.27 eV). A single layer of carbon circles is inserted
between two layers of BN circles [(8,0) BCNNT e
(BsgNsCysHig)] to check the effect of the carbon circles on
the electronic structure of the nanotube. The HOMO—-LUMO
energy gap of (8,0) BCNNT e is 1.00 eV, and the dipole
moment is 20.2 D. The net charge on carbon atoms in
BCNNTs is relatively small, and the carbon circles serve as a
bridge for 7 conjugation, as revealed by the charge distribution
of these nanotube clips (Figure S1).

930

The sp>-hybridized carbon atoms disrupt the 7 conjugation
of the BN circles and the molecular orbital energies of the
newly formed CH bonds move downward into the bands of
occupied molecular orbitals, thus resulting in larger HOMO—
LUMO energy gaps in (8,0) BCNNTs f (4.70 eV) and g (4.48
eV). The hydrogenation of carbon atoms in BCNNT f releases
2.85 eV energies, while only 0.06 eV energies are released by
the hydrogenation in (8,0) BCNNT g; that is, BCNNT fis 2.79
eV more stable than BCNNT g. The bonding of hydrogen
atoms to carbon atoms on the inner side of the tube does not
stabilize the nanotube, and the small radius of the nanotube is
not large enough for the optimal sp® bonding of the carbon
atoms, thus not releasing much strain in BCNNT g. The
isolation of 7 electrons in the BN circles and polar charge
distribution lead to large dipole moments in BCNNTs f (37.9
D) and g (39.1 D).

Electronic Spectra and the Static First Hyperpolariz-
ability. Figure 2 depicts the electronic spectra (the evolution of

(s 0)BCNNT d
MBCNNT f
MCNNT g

8
Energy (eV)

oscillator strength
O=-NWO =-N O NMHPON DO N PO > @

o
-
N

Figure 2. Electronic spectra of (8,0) nanotube clips.

the static first hyperpolarizability with the electronic spectra is
shown in Figure S2) of all (8,0) nanotube clips investigated. In
(8,0) BNNT b, there are four major absorption peaks, at 6.26
eV (198.1 nm), 6.74 eV (184.0 nm), 7.28 eV (170.3 nm), and
7.35 eV (168.7 nm), with the strongest peak at 6.74 eV. The
absorption with the longest wavelength occurs at 6.26 eV,
involving excitations with a mixture of vertical and charge
transfer based excitations (relevant molecular orbitals are in
Figure S3). The absorption peak at 6.74 eV includes
contributions from many electronic excitations; however, no
single electronic transition has a dominant contribution. This
electronic excitation has a major contribution, over 50.0 X
107 esy, to the static first hyperpolarizability (77.99 x 107
esu) of this BNNT clip. On the other hand, (4,4) BNNT b has
a very small static first hyperpolarizability (0.15 X 107 esu).

The electronic spectra of (8,0) BCNNT ¢ below 6.0 eV are
similar to those of (8,0) CNT a (as shown in Supporting
Information Figure S4), and those above 8.0 €V are similar to
those of (8,0) BNNT b. There are six absorption bands, at
about 0.74 eV (1675.5 nm), 2.17 eV (5714 nm), 4.63 €V
(267.8 nm), 5.06 eV (245.0 nm), 6.17 €V (200.9 nm), and 7.05
eV (175.9 nm), with the strongest peak at 6.17 eV. The lowest
electronic excitation occurs at 0.24 eV (5023.7 nm) in the
infrared region with a charge transfer based transition from the

dx.doi.org/10.1021/ph500059¢ | ACS Photonics 2014, 1, 928—935
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Figure 3. Frequency dependence of the first hyperpolarizabilities of (8,0) BNNT and (8,0) BCNNTs. (a) [BNNT b]; (b) [BNNT b]; (c) [BCNNT
cJ; (d) [BCNNT cJ; (e) [BCNNT dJ; (f) [BCNNT dJ; (g) [BCNNT e]; (h) [BCNNT e]; (i) [BCNNT f]; (j) [(BCNNT gJ.

HOMO (bonding between the BN circles and carbon circles)
to the LUMO (the  orbital at the carbon open end). Such low-
energy excitation also occurs in BN-doped fullerenes.’® The
absorption at 0.74 eV (1683.9 nm) involves charge transfer
based transition. The first electronic excitation around 0.24 eV
makes a dominant contribution (over 1300.0 X 107 esu) to
the static first hyperpolarizability. The electronic excitations
around 2.17 eV (relevant molecular orbitals are in Figure SS)
also make significant contributions (over 100.0 X 107>° esu) to
the static first hyperpolarizability as well. Charge transfer (from
the middle of the tube to the carbon end) based electronic
excitations make dominant contributions to the static first
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hyperpolarizability of BCNNT c¢. This type of graft of carbon
circles to (4,4) BNNT also enhances the static first hyper-
polarizability (467.17 X 107 esu) of (4,4) BNNT ¢, though
smaller than that in (8,0) BNNT c.

The alternate doping of carbon circles and BN circles in
(8,0) BCNNT d destabilizes the system and modifies the
geometric and electronic structures. The frontier MOs
essentially localize at the junction between the BN and carbon
circles in (8,0) BCNNT d, as shown in Figure S6. Such
destabilization (causing an energy increase of the occupied
orbitals) by the alternate doping leads to the overall red shift of
major absorption peaks in (8,0) BCNNT d. There are five

dx.doi.org/10.1021/ph500059¢ | ACS Photonics 2014, 1, 928—935
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major absorption bands in the electronic spectra of (8,0)
BCNNT d, located around 2.41 eV (514.5 nm), 2.99 eV (414.7
nm), 4.11 eV (301.7 nm), 4.13 ¢V (300.2 nm), and 4.41 eV
(281.1 nm), with the strongest absorption at 4.41 eV. All these
excitations mainly involve charge transfer based transition and
partially vertical excitations, as manifested by the MOs shown
in Figure S6. The lowest dipole-allowed excitation occurs at
1.24 eV (996.7 nm), and it contributes about 100.0 X 107*° esu
to the static first hyperpolarizability of the system. The
electronic excitations below 5.0 eV have a dominant
contribution (about 800.0 X 107*° out of 1053.0 x 107%°
esu), with the largest contribution (over 250.0 X 107 esu)
from the electronic excitation at 2.99 eV. The static first
hyperpolarizability of (4,4) BCNNT d is only 0.22 X 107 esu.

The lowest electronic excitation occurs at 2.63 eV (471.4
nm) with very weak oscillator strength in (8,0) BCNNT e.
There are three major absorption peaks, at 3.05 €V (406.5 nm),
3.61 eV (343.4 nm), and 4.19 eV (295.9 nm), below 5.0 eV, as
shown in Figure 2. The charge transfer based transitions from
one end to the other end of the tube are responsible for the
absorption peak at 3.05 eV (as shown in Figure S7). Another
major electronic excitation occurs at 6.01 eV (206.3 nm) and is
essentially vertical excitation of the C 7 electrons. These
electronic excitations make a dominant contribution to the
static first hyperpolarizability of the system, with the largest
contribution (over 150.0 X 107* esu) from the strongest
absorption at 3.05 eV. All the MOs (in Figure S7) involved in
the major electronic excitations have contributions from carbon
circles. (44) BCNNT e has a much smaller static first
hyperpolarizability (32.64 X 107*° esu). The evolutions of the
static first hyperpolarizability with the electronic spectra of
(4,4) nanotubes are shown in Figure S8.

The saturation of the carbon circles in (8,0) BCNNTs fand g
modifies their electronic structure, thus affecting the electronic
excitations as seen in Figure 2. These two isomers have similar
electronic spectra and MOs; for example, there is no dipole-
allowed electronic excitation below 6.0 eV. The major
electronic excitations are in the range from 6.0 to 8.0 eV and
are mixtures of vertical and charge transfer based excitations.
These two isomers have similar static first hyperpolarizabilies
(about 100.0 X 107 esu) and similar evolution with electronic
spectra.

The doping patterns of carbon circles in BNNT have
significant effects on the electronic properties of the systems.
The half/half grafted (8,0) BCNNT c has a new feature at the
junction besides keeping those features of a carbon nanotube
and a BNNT. It has the smallest dipole moment among these
BCNNTs. (8,0) BCNNTs ¢ and d have the smallest HOMO—
LUMO energy gaps among all BCNNTs, and (8,0) BCNNT ¢
has the lowest dipole-allowed electronic excitation (with
relatively large oscillator strength) at 5203.7 nm in the infrared
region. The lowest dipole-allowed electronic excitations of
(8,0) BCNNTs d and e with carbon 7 conjugation also are at
long wavelengths. (8,0) BCNNTs f and g have the largest
dipole moments due to the isolation of 7 conjugation and the
polar nature of the BN pairs.

Such electronic features of those BCNNTSs lead to different
static first hyperpolarzabilities. Due to the small HOMO—
LUMO energy gap and dipole-allowed electronic excitations
with low excitation energies, BCNNT ¢ has the largest static
first hyperpolarzability followed by BCNNTS d and e. The static
first hyperpolarzabilities of BCNNTS f and g are close to that of
BNNT b. The electronic spectra and the static first hyper-
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polarzabilities of these BCNNTSs reveal the role of carbon
doping and 7 conjugation.

Frequency Dispersion of the First Hyperpolarizabil-
ities. (8,0) BNNT b. The frequency dispersion (second-
harmonic generation and optical rectification) of the first
hyperpolarizability was calculated to study the second-order
NLO response of those BCNNTS to external fields up to 4.50
eV. Figure 3 depicts the evolution of the second-harmonic
generation (SHG) (—2w; w, w) (Figure 3a) and optical
rectification (OR) (0; @, —) (Figure 3b) of (8,0) BNNT b
with external field. There are four strong responses of SHG in
external fields from 3.00 to 4.00 eV, with the strongest one at
3.38 eV (366.9 nm). The SHG response switches from a
positive peak to a negative peak around 3.38 eV. Such a
phenomenon was predicted in zigzag BNNTSs.”'

The strong response of SHG at an external field of 3.64 eV
(340.7 nm) is due to the electronic excitation at 7.28 eV (170.5
nm) (Figure S3) (with a contribution of over 25000.0 X 107
esu). The electronic excitation at 7.28 eV has no single-electron
transition with dominant contribution in the configuration
interactions. On the other hand, the response of OR increases
with the strength of the external field monotonically as shown
in Figure 3b. (4,4) BNNT b has a much weaker SHG response
around 3.4 €V (364.7 nm) (about 60.0 X 107° esu), and its OR
responses to external fields are similar to but much weaker than
those of (8,0) BNNT b (Figure S9).

(8,0) BCNNT c. In the presence of an external field, (8,0)
BCNNT ¢ [B,gN4CeiH¢ with half/half graft] has several
strong responses [0.12 eV (10333.3 nm or 967.7 cm™"), 0.37
eV (3351.4 nm or 2984.2 cm™"), 1.09 eV (1137.6 nm), 2.37 eV
(523.2 nm), 2.51 eV (494.0 nm), and 3.25 eV (381.5 nm)] in
the SHG process, with the strongest one at 0.12 eV (Figure 3c).
The strongest SHG response reaches 70000.0 X 107 esu in
the infrared region (967.7 cm™), and it is ascribed to the
HOMO-LUMO charge transfer based electronic excitation at
0.24 eV (5203.7 nm, or 1921.7 cm™") (Figure SSa). The strong
SHG responses of this system make this half/half doped
BCNNT a potential NLO material in the visible and infrared
regions. In the infrared region, the NLO response could have
contributions from vibrational contribution, e.g., through
vibronic coupling. In the external fields from 0.0 to 4.5 eV,
the system has a very strong OR response (over 4.5 X 10% X
107% esu) at 2.11 €V (587.6 nm) due to the resonant
(electronic excitation at 2.11 eV) interaction of the system with
the external field (Figure 3d). This absorption peak (2.11 eV) is
a mixture of vertical and charge transfer based excitations in the
carbon part of the tube (Figure SSb). (4,4) BCNNT ¢ has a
strong SHG response (1.5 X 10° X 107%° esu) at 1.8 eV (688.9
nm) and a strong OR response (1.5 X 10® X 107 esu) at 2.60
eV (476.9 nm) (Figure S9).

(8,0) BCNNT d. In the SHG process, (8,0) BCNNT d
[B4sN4sCesH e with carbon alternately doped] has a strong
response (over 2.0 X 10° X 107 esu) at 2.84 eV(436.6 nm), as
shown in Figure 3e. At this field, the electronic excitation at
5.70 eV (217.5 nm) has a dominant contribution to the SHG
response. These electronic transitions involve charge transfer
from the BN belt to the carbon belt and vice versa, as shown in
Figure S6a. A strong response (over 2.5 X 10° X 107" esu)
occurs at 1.72 €V (720.9 nm) in the OR process, as shown in
Figure 3f. The electronic excitation (at 1.72 eV) with dominant
contribution to this strong OR response has relatively weak
oscillator strength, and the resonance of this electronic
excitation with external field leads to such a strong OR
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response. A relatively strong SHG response (200.0 X 107> esu)
at 1.72 €V (720.9 nm) occurs in the response of (4,4) BCNNT
d to an external field, and (4,4) BCNNT d has an OR response
(94 X 10° X 107 esu) around 4.30 eV (288.4 nm) (Figure
$9).

(8,0) BCNNT e. (8,0) BCNNT e has a strong SHG response
(over 6.0 X 10° X 107 esu) at 2.97 eV (417.5 nm). This
response is ascribed to the electronic absorption at 6.03 eV
(205.6 nm) with vertical excitation (Figure S7a). On the other
hand, the strongest SHG response (about 67000.0 X 107>
esu) at 2.21 eV (561.1 nm) of (4,4) BCNNT e is much weaker
(Figure S9). In the OR process (Figure 3h), there are two
strong responses, one (over 3.0 X 10" x 107 esu) at 3.62 eV
(342.5 nm) and the other one (over 1.0 X 10'° X 107 esu) at
424 eV (292.5 nm). Charge transfer based electronic
excitations (Figure S7b) contribute to the strong OR response
at 3.62 eV. The OR response of (4,4) BCNNT e is much
weaker (about 4.0 X 10° X 107 esu) at 4.42 eV (280.5 nm), or
about 4 orders of magnitude smaller than that of (8,0) BCNNT
e

(8,0) BCNNT f. The saturation of carbon atoms in (8,0)
BCNNT f [BseN;sCysHey(8,0)-ex0, with hydrogen atoms
bonded to the outside of the tube] disrupts the 7 conjugation
of the tube. This BCNNT has roughly similar electronic spectra
to those of BNNT b. This is also the case for the second-order
NLO responses. In the SHG process (Figure 3i), BCNNT f has
two relatively strong responses at 3.44 eV (360.0 nm) and 3.63
eV (341.5 nm). The response (over 2.8 X 10* X 107" esu) at
344 eV is mainly ascribed to the short-range charge transfer
based excitation at 6.63 eV (187.0 nm) (Figure S10a). The
response of OR increases monotonically with the strength of
the external field, as shown in Figure S10b.

(8,0) BCNNT g. The bonding of one hydrogen atom to
carbon inside the nanotube has a slight effect on the electronic
structure of (8,0) BCNNT g in comparison with that of (8,0)
BCNNT f; for example, the position of absorption peaks and
the related oscillator strengths change slightly. This in turn
leads to different NLO responses to external fields, as shown in
Figure 3j. The strongest SHG response (about 8.0 X 10* x
1073 esu) of (8,0) BCNNT g occurs at 3.27 eV (379.0 nm),
and the other one (about 2.0 X 10* X 107 esu) occurs at 3.53
eV (351.2 nm). The monotonic increase of the OR response
with the strength of the external field in (8,0) BCNNT ¢
(Figure S11b) is similar to that of (8,0) BCNNT f.

In summary, the BCNNTs with different doping patterns
have different second-order NLO responses to external fields.
The alternately doped (8,0) BCNNTs (d and e) have the
largest NLO responses. The hydrogenated (8,0) BCNNTs (f
and g) have the smallest responses. (8,0) BCNNT d, doped
with two layers of carbon circles, is the best candidate for
application in second-harmonic generation in the visible region
around 440.0 nm. (8,0) BCNNT e, alternately doped with a
single carbon circle, is suitable for application in optical
rectification in the region close to the visible region around
330.0 nm. The strong response of (8,0) BCNNT ¢ (half/half
graft) from infrared to visible regions in the SHG process
suggests its potential application. Although the NLO responses
of (4,4) BCNNTSs are much smaller than their corresponding
(8,0) BCNNTs, the effect of carbon doping on the NLO
properties of BNNT is clearly revealed in the (4,4) BCNNTs.

However, as the length of the nanotube increases, the edge
effect from the open ends of the tube might diminish. In such
cases, the junction between carbon cycle and BN cycle could
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play an important role in NLO properties. An edge effect is
significant in BN-doped carbon nanotubes®” and short N-
doped carbon nanotubes.>*

B CONCLUSIONS

The unfavorable bonding between carbon and boron (or
nitrogen), with respect to that between boron and nitrogen
(and between carbon atoms), destabilizes the alternately doped
BCNNTSs and brings about localized charge distribution and
charge polarization. It is energetically more favorable for the
doping carbon circles in zigzag BNNTSs than that in armchair
BNNTs. The doping of carbon cycles in BNNT combines the
properties of both carbon nanotube and BNNT and leads to
low-energy electronic excitations.

The strong second-order NLO responses in the low-energy
field (visible and infrared) make these hybrid nanotubes
potential NLO materials for application in these regions. The
doping pattern and 7 conjugation in these nanotubes play
crucial roles in determining the NLO optical properties of these
hybrid nanotubes.
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