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Carbon-boron-nitride heteronanotubes have attracted a lot of attentions because of their adjustable properties and
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potential applications in many fields. In this work, a series of CA, PA and HA armchair carbon-boron-nitride heterojunction

nanotubes models were designed to explore the nonlinear optical (NLO) properties and physical insight into the structure-

property relationship, where CA, PA and HA represents the model that is obtained by doping the carbon segment into

pristine BNNT fragment circularly around the tube axis, parallel and helically to the tube axis respectively. Results show the

first hyperpolarizability (8,) of the armchair BNCNT models is dramatically dependent on the connecting patterns of

carbon/boron nitride fragment. Significantly, the 8, of PA-6 is 2.00x10" au, which is almost two order of magnitude larger
than that (6.07><102and 1.55x10° au) of HA-6 and CA-6. Besides, the 8, of PA and CA models increases with the increase of

carbon proportion, whereas that of HA-n models shows a different tendency. Further investigations on transition

properties show that the curved charge transfer from N-connecting carbon atoms to B-connecting carbon atoms of PA

models is the essential origin of the big difference among these models. The new knowledge about armchair BNCNTs may

provide important information for the design and preparation advanced NLO nano-materials.

Introduction

The last two decades have already witnessed the progress in
the design and preparation of advanced nonlinear optical (NLO)
materials due to their widely potential applications in laser
field"®, Nowadays, various chemical substances have been
proposed as excellent NLO materials such as inorganic crystal
materialsg'la, organic molecular materials™ 7 & % 13
metal complexes4‘ 1617 and excess electrons compounds
et.al.. It is well known that the inorganic crystal materials have
been used for about half a century because of their stable
physical and chemical properties. However, the NLO response
of inorganic materials is relatively small that limits their
potential applications in many fields® 2. In general, the NLO
susceptibility of organic materials is remarkably larger than
inorganic crystals but the stability of organic molecules is a
fatal shortcoming for the applications in laser devices” >.
Recently, the distinctive size effect and conceivable
applications in numerous challenging fields promote the
increasing number of research interests on nano-materials
with exceptional NLO response524'27. It is worthy of note that

, organic
18-23

®Institute of Theoretical Chemistry, Jilin University, Changchun, 130023 Jilin,
People’s Republic of China

b nstitute of Functional Material Chemistry, Faculty of Chemistry, Northeast
Normal University, Changchun, 130024 Jilin, People’s Republic of China
hixu@nenu.edu.cn, zmsu@nenu.edu.cn

Electronic Supplementary Information (ESI) available: The test for basis sets is

shown in Electronic Supplementary Information. See DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 20xx

the NLO properties of carbon nanotubes (CNTs) and boron
nitride nanotubes (BNNTs) have been extensively investigated
by both experimentalzg'31 and theoretical chemists® ** 32,
BNNTs are representative one-dimensional analogous of
CNTs and have attracted continuous research interests since
they were discovered in 1995%. In contrast to the metallic or
semiconducting CNTs, BNNTs are known as permanent
semiconductors with a wide band gap that is almost
independent on the tube chirality and morphology“'“.
Recently, a series of investigations revealed that the second-
harmonic generation response of BNNTs are remarkable,
which shows the promising applications in nonlinear optical
materials**™*’ However, the microscopic first
hyperpolairizability8 (8) of BNNT is relatively small due to the
wide band gap and inactive electronic properties34. On the
other hand, recent investigations show that the chirality CNTs
exhibit remarkable second NLO response although it is
forbidden in centrosymmetric CNTs?* 2332, During the past
decade, an increasing number of investigations have focused
on exploring the carbon-boron-nitride heteronanotubes to
study the novel structures with adjustable propertieszs‘ 4856,
Relative studies on the structures and properties of carbon-
boron-nitride heteronanotubes have shown that their
electronic properties obviously depend on the arrangement
and relative proportion of BN and C atoms*®*. In particular,
Turner and co-worker demonstrated that the energy gap of
the heteronanotubes can be tuned by modifying the C/BN-
segments combinations®®. Correspondingly, our recent study
indicates the N-connecting pattern of the BN-segment linking
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to the C-segment is an efficient way to regulate the NLO
response of zig-zag heterojunction nanotubes® ", However,
the NLO properties of armchair heterojunction nanotubes is
rarely reported though they have caught an increasing number
of research interests™> #* %,

In this work, we report a quantum chemical investigation on
the static first hyperpolairizability (8,) of a series of armchair
nanotubes (BNCNTSs)
models to reveal the physical insight of the structure-property
relationship. As shown in Figure 1, CA, PA and HA represent
three isoelectronic models those are obtained by doping the
carbon segment into pristine BNNT fragment circularly around
the tube axis, parallel and helically to the tube axis.
Interestingly, results show that the 8, value of PA is 2.00x10"
au, which is dramatically larger than that of CA and HA
(1.55><102 and 6.07x10° au). Besides, the B8, values of PA
models are significantly dependent on the carbon proportion,
whereas those of CA and HA models are slightly influenced.
The new discovery on the electronic properties of armchair
BNCNTs might provide important information for the design
and preparation high performance NLO nano-materials in the
future.

carbon-boron-nitride heterojunction

PA

Figure 1. The optimized structure of the three BNCNT (H,0B20N20Ces0) models (hydrogen
is used as passivated atom on the periphery, which is not shown).

Computational Details

For theoretical investigations, selecting a suitable model is the
strategy to understand relationship between the
calculated results and physical properties“’ 4784 |n this work,
the carbon-boron-nitride heterojunction nanotube fragment (5,
5) with a suitable length (13 A) is chosen as the fundamental
models. The geometry structures were optimized at the
density functional theory (DFT) B3LYP®™ 66/6—31G(d) level. In
this work, the main calculations were based on cluster models
in which the atoms on the periphery were saturated by
hydrogen atoms. To study the effects of the nanotube
termination, we performed a test calculation by considering
the one-dimensional periodic boundary conditions (PBC) along
the tube axis to simulate infinitely long ternary carbon-boron-
nitride heteronanotubes with different carbon proportion (the
details about the calculation are shown in ESI). It is worthy of
note that the test calculation on the energy gap exhibits
consistency between the PBC and cluster models although the

critical
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energy gap increases 0.29-0.65 eV by the saturated hydrogen
atoms as shown in Figure S5 (ESI). For the calculation of the
(hyper)polarizabilities, some deficiencies of traditional DFT
methods (such as B3LYP) are not suitable to describe the
electronic properties of such systemss’ ** |n 2004, a coulomb-
attenuated hybrid exchange-correlation density functional
(CAM—B3LYP67’ 68) has been developed to overcome the
limitations. It is used to calculate and predict the molecular
NLO properties of a few of similar systems, for example, the
fullerene-dimers®® and corresponding zig-zag BNCNTs>*®%. In
this work, results of a series of density functionals were
compared to reveal the functionals effect on the first
hyperpolarizabilities. The test calculation (Table 1) confirms
that the 8, of PA is the largest among the three structures,
which is independent on the functionals. Considering to the
computational cost and accuracy, CAM-B3LYP is adequate for
our purpose according to the test results. For the basis set, the
multiple-split valence basis set is capable of showing the
expansion and contraction of valence atom orbitals in the
molecular environment and is suitable for the calculation of
the (hyper)polarizabilities7o'73 Furthermore, the basis set
effect on the 8, is small as listed in Table S1 in Supporting
Information (SI). Results show the basis effect on the 8, of PA-6
is less than 18.5% although the basis set is significantly
different. Therefore, the first hyperpolarizability is evaluated
at CAM-B3LYP/6-31G* to discuss together with
corresponding electronic properties.

level

Table 1. The first hyperpolarizabilities (8o) calculated by different density functionals

PA-6 HA-6 CA-6
CAM-B3LYP  2.00x10° 6.07x10° 1.55x10
BHandHLYP  204x10°  6.14x10°  240x10°
MO062X 173x10°  679x107  1.32x10°
LC-BLYP 2.99x10°  2.34x10° 75

The polarizability (ay) is noted as:
1
ap = 3 (axx + Ayy + azz) (1)
The static first hyperpolarizability (8,) is noted as:

(2) Bo = (BE + B; + BDY?

3 .
Where, B = g(ﬁiii + Biji + Bux ), i J k= x,y,2 (3)

All of the calculations were performed with the Gaussian 09
program package74 except for special emphasis.

Results and Discussions

The optimized structures of the three isoelectronic models are
exhibited in Figure 1 and the main bond lengths are listed in
Table 2. Results show the topological structure of PA-6, HA-6
and CA-6 are similar to each other. For example, the range of
C-B bond length is 1.522-1.534 A. The difference of C-B bond

This journal is © The Royal Society of Chemistry 20xx
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length among the three structures is only about 0.1 A. Similarly,
the C-N, B-N and C-C bond lengths of the three structures are
also close to each other as listed in Table 1. On the other hand,
the diameter of the tube-top (D,) of the CA-6 is 7.161 A, which
is slightly longer than that of PA-6 or HA-6. Similar results are

Physical:Chemistry ChemicalPhysics

(D). It indicates that the structures of the armchair carbon-
boron-nitride heterojunction nanotubes are slightly influenced
by the different connecting models. However, the energy
differences between the three structures indicate that
electronic properties might be quite different even though the

also shown in the comparison on diameter of the tube-bottom geometrical structure is similar. As shown in
Table 2. Main geometrical parameters (A) of the three isoelectronic models optimized at the B3LYP/6-31G (d) level
C-B C-N B-N C-C D, Dy E,
PA-6 1.534 1.391 1.426 1.439 7.119 7.119 0
HA-6 1.533 1.393 1.456 1.403 7.098 7.098 75.30
CA-6 1.522 1.415 1.449 1.413 7.161 7.041 156.88

Table 2, the maximal difference of relative energy is about
156.88 kcal mol™.

The comparison on the electronic properties of the armchair
carbon-boron-nitride heterojunction nanotubes is interesting.
As shown in Table 3, the quite small difference of agamong the
three isoelectronic models indicates that the effect of
connecting pattern on polarizability is negligible. Concretely,
the ayof CA-6 is 9.35x10” au, which is slightly smaller than that
(1.18x10% au and 1.03x10°® au) of PA-6 and HA-6. Similarly, the
variation of the electronic spatial extent <R*> among the three
structures is also inconspicuous (the range is 5.84x10"%
5.86x104). It indicates that the polarizability and the electronic
spatial extent are slightly susceptible to the connecting pattern
of the armchair heterojunction nanotubes. However, the
difference of B, values among the three BNCNT models is
remarkable. Results show that the B8, value is significantly
dependent on the connecting pattern of the C/BN fragment.
For example, the 8, of PA-6 is 2.OO><104au, which is almost two
orders of magnitude higher than that (1.55x10” and 6.07x10>
au) of HA-6 and CA-6. Besides, the difference of 8, between
HA-6 and CA-6 is inconspicuous even though the 8, of PA-6 is
dramatically larger. Besides, we consider other functionals to
calculate corresponding electronic properties of the three
models to confirm the relative magnitude. As shown in Table 1,
the 8, of PA-6 is obviously larger than the other two analogues,
which is independent on the density functionals. It reveals that
the B, of armchair BNCNT models is dramatically dependent
on the connecting patterns of C/BN fragment. We are
interested in the origin of the results and discuss the details as
the following.

This journal is © The Royal Society of Chemistry 20xx

Table 3. The polarizability a, (a.u.) and first hyperpolarizability 6, (a.u.) at the CAM-
B3LYP/6-31G(d) level, the oscillator strength f, and the transition energy AE (eV) and
the difference of dipole moment between ground state and crucial excited state (Au) at
the TD-CAM-B3LYP/6-31G(d)

PA-6 HA-6 CA-6
o 1.18x10° 1.03x10° 9.35x10”
8, -1.13x10° -4.82x10° 1.55x10”
8, 1.40x10° 99.86 0.46
8, 1.99x10" -3.56x10° 0.23
6o 2.00x10" 6.07x10° 1.55x10”
fo 0.13 0.11 0.72
AE 0.83 2.76 3.52

<R®> 5.84x10" 5.86x10" 5.84x10°

Furthermore, the effect of C/BN formation proportion on
the first hyperpolarizability of BNCNT is revealed. The 8, of
BNCNT with different formation proportion of carbon atoms
are listed in Table 3. Interestingly, results show that the
downtrend of j, is almost in the order: PA-n > HA-n > CA-n (n
is the formation proportion of carbon atoms. For example,
when the formation proportion is 0.2, then n is 2. Details are
also shown in Figure 2 and Figure S2 in the Electronic
Supplementary Information). It is worthy of note that the f, of
CA-n almost linearly increases with the increase of carbon
proportion as shown in Figure 3. For PA-n models, the g,
significantly increases with the increase of carbon proportion
when n<6 and then slowly saturates. It indicates that the
connecting patterns and formation proportion of C/BN
fragment are two important factors that influence the f, of
armchair BNCNT models. However, for HA-n models, the /5, of
HA-6 is 6.07x10? au, which is even smaller than 2.96x10° au of
HA-4. The detail about the corresponding variation tendency of
Po is discussed in the next section.

Figure 2. The CA-n models with different carbon proportion (n=2, 4, 6 and 8)

J. Name., 2013, 00, 1-3 | 3
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Table 4. The static first hyperpolarizability (8, au) of BNCNT with different connecting
patterns and carbon proportion

0.2 0.4 0.6 0.8
PA 2.39x10° 1.02x10* 2.00x10" 2.02x10"
HA 2.53x10° 2.96x10° 6.07x10° 1.30x10°
CA 0.37x10° 1.08x10” 1.55x10” 1.64x10”

x10* au
2.2‘E

2.0
1.8
1.6
1.44
1.2
1.0 4
0.8
0.6
0.4 4
0.2
0.0 -

T ¥ 1 1 T T T T LA |
0.2 0.3 0.4 0.5 0.6 0.7 0.8
carbon proportion

Figure 3. The relationship between the static first hyperpolarizability (8, au) and
carbon proportion of armchair BNCNT with different connecting patterns

To get an insight into the origin of structure-property
relationship of armchair BNCNT models. we consider the two-
level theory proposed by Oudar and co-workers” to discuss
the details about electronic properties. According to the two-
level theory, 8, is proportional to the oscillator strength (fp)
while inversely proportional to the third power of transition
energy (AE%). In this work, the corresponding properties were
evaluated by time dependent (TD) CAM-B3LYP and the results
are listed in Table 3. Relatively, the AE of PA-6 is 0.83 eV,
which is remarkably lower than that (3.52 and 2.76 eV) of CA-6
and HA-6. It indicates that parallel doping the carbon segment
into the armchair BNNT fragment effectively decrease the
transition energy. As results, the 8, of PA-6 is dramatically
larger than that of HA-6 and CA-6. In this context, the smaller
transition energy of PA-6 is the essential reason for its larger
first hyperpolarizability. Correspondingly, the AE of HA-4 is
1.99 eV, which is obviously smaller than 2.76 eV of HA-6. As
results, the 8y of HA-4 is 2.96x10° au, which is larger than
6.07x10% au of HA-6. It is worthy of note that, different with
PA-n and CA-n models, the transition nature of HA-n models is
varied with the increase of carbon proportion. Therefore, the
transition energy of HA-6 is larger than that of HA-4 even
though the carbon proportion is larger.

Furthermore, we focused on analyzing the molecular
orbitals of the important transition states to understand the
origin of these properties. As shown in Figure 4, the orbitals of
transition states are mainly contributed by C-segment.
Therefore, the transition energy decrease with the increase of
carbon proportion accompany with the increase of 8. It is
worthy of note that, a curved charge transfer is shown in PA-6.
In details, the charge transfer is from the N-connecting carbon

4| J. Name., 2012, 00, 1-3

atoms to B-connecting carbon atoms, which is curvedly across
the surface of PA-6. It is well known that the order of
electronegativity of the three atoms is as follows: B < C < N.
Correspondingly, the delocalized mt-electron tends to close to

Figure 4. The most important transitions and corresponding orbital energy (eV)
of CA-6, PA-6 and HA-6

the N-connecting domain in the ground state while it would
close to the B-connecting domain in the excite state. Therefore,
the curved charge transfer effectively decrease the transition
energy of the PA-n models, which is the origin of the big
difference among PA-n and CA-n (or HA-n) models. On the
other hand, the total density of states (TDOS) and projected
partial density of states (PDOS) have also been analyzed by the
Aomix program76’ 77 As plotted in Figure 5, both the band
structure and HOMO-LUMO gap of the three models are close
to each other. However, the transition nature (HOMO->LUMO)
of PA-6 is significantly different with that (HOMO-3-
>LUMO/HOMO-4->LUMO) of CA-6/HA-6. As we mentioned in
the above, it is originated from the curved charge transfer
from N-connecting carbon atoms to B-connecting carbon
atoms. The DOS of pristine armchair CNT and BNNT have also
been shown in Figure S4 of the ESI. The energy gap of pristine
BNNT is significantly larger than that of CNT. On the other
hand, the energy gap of PA-6, HA-6 and CA-6 are obviously
different from that of pristine BNNT but more close to pristine
CNT. Compare to the pristine CNT, the participation of BN-
segment in BNCNT models increase (about 0.3 eV) the energy
of HOMO. It is worthy of note that the contribution of BN-
segment to the main transition states in PA-6 is larger than
that in HA-6 and CA-6, which decrease (about 0.5 eV) the
energy of LUMO. As results, the transition energy of PA-6 is
significantly smaller than that of corresponding isoelectronic
models.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Total and partial (the BN segment and C segment) density of states
(TDOS and PDOS) around the HOMO-LUMO gap

Relative Intensity

—PDOS of C fragment
—— PDOS of BN fragment
— TDOS

Conclusions

In summary, a series of armchair carbon-boron-nitride
heterojunction nanotubes were systematically investigated to
explore the physical insight of structure-property relationship.
Significantly, results show that the S, of armchair BNCNT
models is dramatically dependent on the connecting patterns
and composition proportions of C/BN fragment. In detail, the 8,
value of PA-6 is 2.00x10* au, which is remarkably larger than
that (1.55%10? and 6.07>10? au) of its isoelectronic homologues
CA-6 and HA-6. Besides, the B, values of PA models are
significantly dependent on the composition proportion of
carbon atoms, whereas those of CA and HA models are slightly
influenced. Further investigations on transition properties show
that the curved charge transfer from N-connecting carbon atoms
to B-connecting carbon atoms is the origin of the different
properties between PA and CA (or HA). It is expected that the
new discovery on armchair BNCNTs may provide important
information for the design and preparation high performance
NLO nano-materials.
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