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Abstract: We have investigated the various nanotube (NT)-water complexes as important host-guest 

complexes via the DFT method using B3LYP/6-31G* and M06/6-31G* levels of theory. These NTs 

include single-walled and double-walled carbon nanotubes (SWCNT and DWCNT, respectively). In 

addition, the boron nitride nanotube (BNNT) and tip-functionalized CNTs are also designed. All 

geometries turn out as minima on their energy surfaces. Calculated structural and thermodynamic 

parameters, along with atoms in molecules (AIM) and natural bond orbital (NBO) analyses, indicate 

that water inside the SWCNTs shows a higher interaction with NT where the nature of interactions is 

partially electrostatic-partially covalent. Therefore, the SWCNTs turn out as the best candidates for 

carrying and storage the water molecules. 
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1. Introduction 

A nanotube (NT) is a hollow tube-like structure within the scale of nanometers. Various 

NTs have been identified, such as carbon nanotubes (CNTs) and boron nitride nanotubes 

(BNNTs). They were experimentally discovered in 1995 [1]. The CNTs were first discovered 

in 1991 by Iijima during the direct-current arcing of graphite [2]. This discovery led to many 

research pieces on CNTs in biology, physics, and chemistry. They have also been produced by 

plasma arc jets [3,4], decomposition of hydrocarbons [5–11], and pyrolysis [12–16]. CNTs 

have attracted significant attention for their applications in electronics, nanodevices, drug 

delivery, and medical imaging in the last years because of their remarkable electronic and 

mechanical properties [17]. They are also the best water and hydrogen storage candidates 

through physical and chemical adsorptions [18]. They can be employed as nano-channels to 

transport biological molecules through cell membranes [19,20]. The van der Waals interactions 

prevent the CNTs from sticking together [21–23]. Typically, the pristine CNTs are insoluble 

in water [24–31]. To overcome this issue, the functionalization of CNTs has been considered 

by adding hydrophilic groups. These groups, such as hydroxyl (OH), are added to the open 

ends of CNTs called tip functionalization [32–39]. Many theoretical studies have been 

investigated the properties and behavior of CNT and water, which mainly include quantum 

mechanics (QM) and molecular dynamics (MD) [40–43]. Hummer et al. studied the ability of 

CNT to carry water molecules [44] in different solvent conditions [45,46]. The impact of tip 
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functionalization of CNTs in front of water is less considered up to now. The MD simulation 

of the interaction between COOH-functionalized CNT and water was reported by Zheng. [47].  

Continuing our previous work [48], herein, we investigate the interaction between 

CNTs and BNNT with a water molecule at DFT levels. Various single-walled carbon 

nanotubes (SWCNTs) [49–52] and double-walled carbon nanotubes (DWCNTs) [53–56] with 

different sizes are designed (Table 1).  

Table 1. Various NTs designed in this work. 

No. 
NTs 

 

1 SWCNT-3-3-8 

 

6 SWCNT(O)-5-5-10 

 

2 SWCNT-5-5-10 

 

7 DWCNT-3-3-8 

 

3 SWCNT(N)-3-3-8 

 

8 DWCNT-5-5-10 

 

4 SWCNT(N)-5-5-10 

 

9 BNNT-3-3-8 

 

5 SWCNT(O)-3-3-8 

 

10 BNNT-5-5-10 

 

2. Methods 

Both open ends of NTs are terminated by hydrogens to avoid the boundary effects. All 

geometry optimizations are carried out at the B3LYP/6-31G* level of theory [57]. Harmonic 

vibrational frequency calculations are performed to identify the nature of stationary points. All 

geometries appear minima on their potential energy surfaces for showing no negative force 

constant (see Supplementary Information). The basis set superposition error [58] (BSSE)-

corrected interaction energy (Eint) (using counterpoise method (CP) [59]), binding energy (Eb), 

and changes of Gibbs free energy (∆G) are calculated at M06/6-31G* level of theory [60–62]. 

The density of state (DOS) diagrams is depicted via GaussSum software [63]. Structural and 

thermodynamic parameters such as bond length (𝐴̇), bond angle (𝐴̂), dipole moment (Debye), 

symmetry, energy (a.u.), HOMO-LUMO energy gap (Eg), FT-IR diagram, and electrostatic 

potential (ESP) maps are determined. Natural bond orbital (NBO) [64] and atoms in molecules 

(AIM) [65] analyses are performed to scrutinize the nature of interactions between NTs and 

water. 
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3. Results and Discussion 

We have scrutinized ten numbers of NTs, including CNTs and BNNTs, at DFT levels 

(Table 1). The CNTs include pristine SWCNTs and their corresponding tip-functionalized 

isomers (SWCNT(N) and SWCNT(O)). Structural and thermodynamic parameters of NTs are 

calculated at DFT levels of theory (Figures S1-S4 and Table S1). 

3.1. Structural parameters. 

3.1.1. Single-walled carbon nanotube (SWCNT). 

Structural parameters such as bond lengths (𝐴̇) and bond angles (degree) of SWCNT-

3-3-8 are depicted in Figure 1.  

 

(a) 

 

(b) 

Figure 1. Calculated (a) bond lengths; (b) bond angles of SWCNT-3-3-8. 

To investigate the interaction between NTs and water, we place water at the tips of NTs 

and inside the NTs. The calculated DOS plot of SWCNT-3-3-8 and water at its tip shows Eg of 

0.09752 a.u., which is lower than that of bare SWCNT-3-3-8 (0.09759 a.u.) (Figure 2).  

 
Figure 2. The DOS plot of SWCNT-3-3-8 and water at its tip. 

3.2. Thermodynamic parameters. 

3.2.1. The Eg values. 

The Eg values of NTs indicate that the functional groups slightly affect the HOMO-

LUMO energy gap. For example, SWCNT(O)-3-3-8 displays the lowest gap of Eg (0.09748 

a.u.), which implies more semi-conducting ability than other NTs (Table 2).  

 

↓E
g
 

  

https://doi.org/10.33263/BRIAC125.65896607
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC125.65896607  

 https://biointerfaceresearch.com/ 6592 

Table 2. Calculated Eg values (a.u.) for NTs 

NTs Eg 

SWCNT-3-3-8 0.09759 

SWCNT-5-5-10 0.09762 

SWCNT(N)-3-3-8 0.09751 

SWCNT(N)-5-5-10 0.09753 

SWCNT(O)-3-3-8 0.09748 

SWCNT(O)-5-5-10 0.09750 

DWCNT-3-3-8 0.09764 

DWCNT-5-5-10 0.09769 

BNNT-3-3-8 0.09763 

BNNT-5-5-10 0.09768 

3.2.2. The Eint, Eb, and ∆G values. 

Single point calculations are performed to find the total energy of each system at the 

B3LYP/6-31G* level of theory. The interaction energies (Eint) between NTs and water are 

evaluated as follows: Eint = E(NT/water)–E(NT)–E(water). The E(NT/water), E(NT), and E(water) displays 

the total energies of host-guest complex (NT and water), NT, and water, respectively (Table 

3). The Eb can measure the stability and strength of host-guest interaction. The results indicate 

that the interaction between the host and guest is noncovalent and rather weak. 

Table 3. The BSSE corrected interaction energy (Eint), binding energy (Eb), and changes of Gibbs free energy 

(∆G) of host-guest complexes (kcal/mol). 

Host-Guest Complex (NT and Water) Eint Eb ∆G 

SWCNT-3-3-8 -123.32 -29.09 -90.73 

SWCNT-5-5-10 -118.83 -23.21 -85.25 

SWCNT(N)-3-3-8 -100.01 -25.92 -63.33 

SWCNT(N)-5-5-10 -91.19 -23.29 -51.50 

SWCNT(O)-3-3-8 -110.79 -27.85 -77.27 

SWCNT(O)-5-5-10 -102.55 -24.71 -62.30 

DWCNT-3-3-8 -60.00 -17.23 -44.03 

DWCNT-5-5-10 -54.52 -14.66 -36.60 

BNNT-3-3-8 -77.64 -21.58 -52.93 

BNNT-5-5-10 -71.93 -19.21 -47.64 

The magnitude of Eint, Eb, and ∆G appear consistent. For instance, SWCNT-3-3-8 

shows Eint, Eb, and ∆G of -123.32, -29.09, and -90.73 kcal/mol, respectively. The negative 

values represent highly exothermic interactions toward the formation of host-guest complexes. 

The NTs with large cavities display lower values. For example, DWCNT-5-5-10 shows the 

lowest Eint, Eb, and ∆G (-54.52, -14.66, and -36.60 kcal/mol, respectively). 

3.2.3. Frontier molecular orbitals. 

The representations of frontier molecular orbitals of NTs and host-guest complexes 

along with their corresponding energy gaps, are illustrated (Figures S6-S8). The results indicate 

that water molecule decreases the energy gap. For example, in SWCNT(O)-3-3-8 and water 

(host-guest complex), the energy gap reaches from 2.17 to 1.83 eV (Figure 3).  
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Figure 3. The HOMO-LUMO representations of selected bare CNTs and host-guest complexes (SWCNT-3-3-8, 

SWCNT(N)-3-3-8, and SWCNT(O)-3-3-8) along with their corresponding energy gap (eV). 

3.2.4. The scatter graph. 

Intermolecular weak interactions can be observed in real space functions (reduced 

density gradient (RDG) vs. second-largest eigenvalue of Hessian matrix). The green circle of 

the scatter graph of SWCNT-3-3-8 represents the weak interaction between NT and water 

(Figure 4). 

 
Figure 4. The scatter graph (a.u.) of the most stable host-guest complex (SWCNT-3-3-8). 
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ESP maps: Blue and red colors show the electron-deficient and electron-rich regions, respectively (isosurface diagrams are 

generated with 0.001 a.u. density, and the color scale values are in a.u.). 

         
Figure 5. The ESP maps and HOMO representations of SWCNT-3-3-8 and water. 
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3.2.5. Electrostatic potential maps. 

The ESP maps of the host-guest complex of SWCNT-3-3-8 and water and their corresponding 

HOMO representations are demonstrated in Figure 5. In the case of water at the tip, the lowest 

electrostatic potential of the complex is mainly located on water molecules, while it is evenly distributed 

rather throughout the complex when water is inside the NT. It can be concluded that the latter complex 

appears more stable. 

3.2.6. The FT-IR spectra. 

To elucidate the formation of host-guest complex, the FT-IR spectra are calculated for 

pristine SWCNT-3-3-8 and its complex with water-inside (Figure 6). The peak around 3600 

cm-1 belongs to the O-H vibrational frequency of water that appears after the host-guest 

complex formation. Furthermore, the resulting spectrum represents extra peaks with respect to 

the initial one, which confirms the presence of water inside the NT.  

        
Figure 6. The FT-IR spectra of (a) SWCNT-3-3-8 and (b) SWCNT-3-3-8-H2O-in. 

3.2.7. Energies of complexes. 

To compare host-guest complexes' energies (E), their corresponding energies with 

water-inside are calculated (Table 4). The results show that NTs with larger cavity diameter 

(5-5-10) display higher energies than 3-3-8 ones. For example, SWCNT(N)-5-5-10 and 

SWCNT(N)-3-3-8 represent energy values of -1918.34709 and -1918.34714 a.u., respectively.  

Table 4. Calculated energies (a.u.) for host-guest complexes (NTs and water) 
Host-guest complexes E 

SWCNT-3-3-8 -1226.22145 

SWCNT-5-5-10 -1226.22130 

SWCNT(N)-3-3-8 -1918.34714 

SWCNT(N)-5-5-10 -1918.34709 

SWCNT(O)-3-3-8 -2121.27517 

SWCNT(O)-5-5-10 -2121.27508 

DWCNT-3-3-8 -2613.76821 

DWCNT-5-5-10 -2613.76817 

BNNT-3-3-8 -1402.54023 

BNNT-5-5-10 -1402.54014 

3.3. Atoms in molecules (AIM). 

The AIM analysis is performed to identify the nature and strength of interactions 

between NTs and water via particular parameters such as electron density ρ(r), Laplacian of 

(b) 
(a) 
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electron density ∇2ρ(r), and electronic energy density, H(r). Negative values of H(r) and ∇2ρ(r) 

imply the partially electrostatic and partially covalent nature of a bond which can be seen for 

all host-guest complexes (Table 5).  

Table 5. The AIM bond critical point data, including electron density (ρ(r)), Laplacian of electron density 

(∇2ρ(r)), and electronic energy density (H(r)) calculated for selected BCPs of host-guest complexes. 

Host-guest complexes BCP 𝝆(r) ∇2ρ(r) H(r) 

SWCNT(N)-3-3-8 

H2O-in 

O----C1 0.104 -0.111 -0.024 

H1----C2 0.098 -0.064 -0.030 

H2----C3 0.133 -0.050 -0.066 

SWCNT(N)-3-3-8 

H2O-out 

O----N1 0.064 -0.070 -0.003 

O----N2 0.009 -0.008 -0.001 

O----N3 0.070 -0.085 -0.003 

 

SWCNT(N)-5-5-10 

H2O-in 

O----C2 0.010 -0.010 -0.001 

O----C3 0.010 -0.010 -0.001 

H1----C1 0.010 -0.010 -0.002 

H1----C4 0.010 -0.010 -0.001 

H2----C5 0.010 -0.010 -0.001 

 

SWCNT(N)-5-5-10 

H2O-out 

O----C2 0.009 -0.010 -0.001 

O----C3 0.009 -0.010 -0.001 

H1----C1 0.008 -0.010 -0.002 

H1----C4 0.010 -0.010 -0.001 

H2----C5 0.008 -0.010 -0.001 

SWCNT(O)-3-3-8 

H2O-in 

O----C2 0.105 -0.115 -0.024 

H1----C1 0.136 -0.045 -0.069 

H2----C3 0.098 -0.064 -0.030 

 

SWCNT(O)-3-3-8 

H2O-out 

O1----C1 0.011 -0.010 -0.001 

O1----C2 0.011 -0.010 -0.001 

O1----C3 0.011 -0.011 -0.001 

O1----C4 0.011 -0.011 -0.001 

H1----O2 0.010 -0.011 -0.001 

H2----O3 0.010 -0.011 -0.001 

SWCNT(O)-5-5-10 

H2O-in 

O----C1 0.009 -0.008 -0.001 

O----C3 0.005 -0.005 -0.001 

H1----C2 0.008 -0.008 -0.002 

H2----C4 0.005 -0.005 -0.001 

BNNT-3-3-8 

H2O-in 

O----B1 0.008 -0.008 -0.001 

O----B3 0.005 -0.005 -0.001 

H1----N2 0.008 -0.008 -0.002 

H2----N4 0.005 -0.005 -0.001 

BNNT-3-3-8 

H2O-out 

O----H3 0.020 -0.020 0.000 

O----H4 0.034 -0.034 0.000 

O----H5 0.037 -0.041 -0.001 

 

BNNT-5-5-10 

H2O-in 

O----N1 0.010 -0.010 -0.001 

O----N2 0.010 -0.010 -0.001 

H1----N3 0.010 -0.010 -0.001 

H1----N4 0.010 -0.010 -0.001 

H2----N5 0.005 -0.005 -0.001 

BNNT-5-5-10 

H2O-out 

O----N2 0.002 -0.002 -0.001 

O----N4 0.001 -0.001 -0.001 

H1----N1 0.002 -0.002 -0.001 

H2----N3 0.004 -0.003 -0.001 

SWNT-3-3-8 

H2O-in 

O----C1 0.076 -0.078 0.010 

H1----C2 0.100 -0.041 0.040 

H2----C3 0.140 -0.033 0.080 

SWNT-3-3-8 

H2O-out 

H1----C1 0.010 -0.010 -0.001 

H1----C2 0.005 -0.004 -0.001 

H1----C3 0.005 -0.004 -0.001 

SWNT-5-5-10 

H2O-in 

O----C1 0.008 -0.008 -0.001 

O----C3 0.005 -0.005 -0.001 

H1----C2 0.008 -0.008 -0.002 

H1----C4 0.007 -0.007 -0.001 

H2----C5 0.005 -0.005 -0.001 

SWNT-5-5-10 

H2O-out 

O----C1 0.009 -0.007 -0.001 

O----C2 0.004 -0.004 -0.001 
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Host-guest complexes BCP 𝝆(r) ∇2ρ(r) H(r) 

H1----C3 0.002 -0.001 -0.001 

H1----C4 0.002 -0.001 -0.001 

DWNT-3-3-8 
H2O-in 

O----C3 0.082 -0.098 -0.012 

O----C4 0.075 -0.092 -0.008 

H1----C1 0.145 -0.050 -0.076 

H2----C2 0.111 -0.050 -0.048 

DWNT-3-3-8 
H2O-out 

O----C1 0.014 -0.013 -0.001 

O----C2 0.015 -0.015 -0.002 

O----C3 0.015 -0.015 -0.002 

DWNT-5-5-10 

H2O-in 

O----C2 0.009 -0.008 -0.001 

H1----C1 0.006 -0.006 -0.001 

H2----C3 0.008 -0.008 -0.001 

H2----C4 0.007 -0.007 -0.001 

DWNT-5-5-10 

H2O-out 

O----C1 0.007 -0.003 -0.001 

O----C2 0.006 -0.003 -0.001 

For example, in SWCNT(N)-3-3-8 and water complex, the values of ρ(r), ∇2ρ(r), and 

H(r) for critical bond point (BCP) of O and C1 (O----C1) are 0.104, -0.111, and -0.024 a.u., 

respectively (Figure 7). The BCPs and ELF maps of other NTs are also depicted (Figure S6). 

It is worth mentioning that the ρ(r) values for host-guest complexes with waters at tips appear 

less than those of water inside. For instance, SWCNT(O)-3-3-8-H2O-out and SWCNT(O)-3-3-

8-H2O-in complexes display ρ(r) values of 0.011 and 0.105 a.u., respectively. In addition, the 

weakest interactions are attributed to the SWCNTs and water for showing the lowest values of 

ρ(r), ∇2ρ(r), and H(r). 

      
Figure 7. The critical points of SWCNT(N)-3-3-8-H2O-in (left) and its corresponding electron localized 

function (ELF) map (right). The BCPs are represented by red-colored circles. 

3.4. Natural bond orbital (NBO). 

To further study the nature of the bond, NBO analysis is conducted using second-order 

perturbation theory. The donor-acceptor interactions with their corresponding energies (E2) 

quantitatively show the strength of interactions (Tables S2-S8). This type of interaction may 

be described as a charge transfer from a Lewis orbital to a non-Lewis orbital. A higher E2 

implies a stronger interaction. The SWCNT-3-3-8, SWCNT(N)-3-3-8, and SWCNT(O)-3-3-8 

show the strongest interactions (Tables 6-8). For example, SWCNT-3-3-8 and water show E2 

values of 43.98 and 26.73 kcal/mol for πC13-C14→LP*
O43 and πC19-C21→LP*

O43 interactions, 

respectively (Table 6). 

4. Conclusions 

In this study, we scrutinized the interaction of water with various types of NTs, 

including SWCNTs and DWCNTs. All geometries turn out as minima on their energy surfaces. 

Various structural and thermodynamic parameters such as bond length, bond angle, Eint, Eb, 
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∆G, Eg, along with ESP and ELF maps, HOMO-LUMO representations, AIM and NBO 

analyses, DOS plot, and real space function diagram are calculated. 

Table 6. Donor-acceptor interactions (kcal/mol) of SWCNT-3-3-8 and water. 
Donor→acceptor E2 

𝝅C1-C2→ LP*
O43 7.82 

𝝅C5-C6→ LP*
O43 2.95 

𝝅C13-C14→ LP*
O43 43.98 

σC13-C14→ LP*
O43 5.57 

𝝅C19-C21→ LP*
O43 26.73 

𝝅C15-C16→ LP*
O43 16.62 

𝝅C20-C22→ LP*
O43 4.69 

LPO43→ 𝝅*
C1-C2 17.31 

LPO43→ 𝝅*
C27-C28 10.35 

Table 7. Donor-acceptor interactions (kcal/mol) of SWCNT(N)-3-3-8 and water. 

Donor→acceptor E2 

σC23-C32 → σ*
O43- H44 1.24 

σC31-C32 → σ*
O43- H44 1.27 

σC3-C4 → LP*
 O43 17.23 

σC4-C6 → LP*
 O43 10.84 

𝝅C4-C6 → LP*
 O43 92.68 

σC4-C41 → LP*
 O43 29.22 

𝝅C33-C41 → LP*
 O43 37.88 

𝝅C3-C12 → LP*
 O43 14.39 

𝝅C13-C15 → LP*
 O43 14.63 

σC13-C22 → LP*
 O43 27.80 

𝝅C21-C22 → LP*
 O43 65.53 

LPO43→ 𝝅*
C32-C34 9.64 

LPO43→ 𝝅*
C13-C15 1.19 

LPO43→ 𝝅*
C21-C22 2.49 

LPO43→ 𝝅*
C23-C24 25.11 

LPO43→ 𝝅*
C32-C34 25.93 

LPO43→ 𝝅*
C33-C41 4.25 

Table 8. Donor-acceptor interactions (kcal/mol) of SWCNT(O)-3-3-8 and water. 

Donor→acceptor E2 

σC20-C27→ LP*O31 1.43 

σC19-C21→ LP*O31 1.14 

σC2-C3→σ*O31-H32 16.14 

σC1-C28→σ*O31-H32 22.15 

𝝅C2-C9→σ*O31-H33 14.36 

𝝅C10-C11→σ*O31-H33 42.97 

𝝅C15-C16→σ*O31-H33 64.49 

The results indicate that water inside the SWCNTs shows higher interaction with NT 

where the nature of interactions is partially electrostatic-partially covalent. The SWCNT-3-3-

8, SWCNT(N)-3-3-8, and SWCNT(O)-3-3-8 show the strongest interactions with water and 

turn out as the best candidates for carrying and storage water molecules. 
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Supplementary Information 

   
Figure S1. Structural parameters of the tip of SWCNT(O)-3-3-8 including bond lengths and bond angles. 

 

 

 
Figure S2. The DOS plot and HOMO-LUMO representation of SWCNT-3-3-8 with water inside. 

 
Figure S3. The IR spectrum of SWCNT-3-3-8. 
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Figure S4. Optimization steps and total energy of H2O and SWCNT-3-3-8. 
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Figure S5. The calculated BCPs and ELF maps of NTs. 

      
Figure S6. The HOMO-LUMO representations of SWCNT-3-3-8-H2O-in. 

     
Figure S7. The HOMO-LUMO representations of SWCNT(N)-3-3-8-H2O-in. 

    
Figure S8. The HOMO-LUMO representations of SWCNT(O)-3-3-8-H2O-in. 

Table S1. Thermodynamic parameters of SWNT-3-3-8 and SWNT-3-3-8-H2O-in. 

Structure SWNT-3-3-8 SWNT-3-3-8-H2O-in 

Ezpe 0.328445 0.33993 

Etot -1149.86 -1226.20 

Hcorr 0.329389 0.356927 

Gcorr 0.271897 0.300302 

µ /Debye 0 .0012 2.1405 

Ɛ˳+ Ezpe -1149.55 -1225.62 

Ɛ˳+ Hcorr -1149.53 -1225.6 

Ɛ˳+ Gcorr -1149.59 -1225.66 
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Table S2. Donor-acceptor interactions of SWCNT(N)-5-5-10-H2O-in. 

 

Donor→acceptor E2 

σO141-H142→ σ*
C5-H93 0.11 

σO141-H142→ σ*
C88-H139 0.16 

LPO141→ σ*
C65-H125 0.41 

LPO141→ σ*
C66-H126 0.35 

LPO141→ σ*
C77-H133 0.11 

Table S3. Donor-acceptor interactions of SWCNT(N)-5-5-10-H2O-out. 

 

Donor→acceptor E2 

LPN24→ σ*
O91-H92 0.85 

LPN60→ LP*
O91 0.16 

σO91-H92→ LP*
N24 0.58 

Table S4. Donor-acceptor interactions of SWCNT(N)-3-3-8-H2O-out. 

 

Donor→acceptor E2 

𝝅C5-N7 → σ*
O43-H45 3.22 

LPN7→ σ*
O43-H45 5.90 

LPN35→ σ*
O43-H45 3.59 

𝝅C5-N7 → LP*
 O43 1.89 

LPN7→ LP*
 O43 20.70 

LPN16→ LP*
 O43 1.39 

σO43-H45→ LP*
N7 1.00 

σO43-H45→ 𝝅*
C5-N7 2.64 

LPO43→ 𝝅*
C5-N7 4.82 

LPO43→ 𝝅*
N1-N35 10.10 

LPO43→ 𝝅*
C5-N7 3.72 
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Table S5. Donor-acceptor interactions of SWCNT(O)-5-5-10-H2O-in. 

 
Donor→acceptor E2 

𝝅C5-C17 → σ*
O91-H92 0.31 

𝝅C6-C89 → σ*
O91-H92 0.38 

𝝅C29-C30 → σ*
O91-H93 0.27 

𝝅C77-C88 → σ*
O91-H92 0.21 

Table S6. Donor-acceptor interactions of SWCNT(O)-5-5-10-H2O-out. 

 
Donor→acceptor E2 

LPO11→ σ*
O91-H92 0.49 

LPO24→ σ*
O91-H92 1.48 

LPO83→ σ*
O91-H93 0.51 

σO91-H92→ σ*
C22-O24 0.08 

Table S7. Donor-acceptor interactions of BNNT-3-3-8-H2O-in. 

 
Donor→acceptor E2 

σB2-N3→ σ*
O43-H44 19.31 

𝝅B2-N3→ σ*
O43-H44 47.82 

σB2-N39→ σ*
O43-H44 9.79 

σB4-N3→ σ*
O43-H44 7.95 

𝝅B12-N11→ σ*
O43-H45 20.41 

σB20-N22→ σ*
O43-H45 12.15 

σO43-H44→ 𝝅*
B2-N3 10.42 

σO43-H44→ 𝝅*
B40-N31 16.92 

σO43-H45→ 𝝅*
B20-N19 21.80 

σO43-H45→ 𝝅*
B29-N38 7.83 

LPO43→ 𝝅*
B21-N22 11.61 

LPO43→ σ*
B29-N31 11.58 

LPO43→ 𝝅*
B29-N38 50.21 

Table S8. Donor-acceptor interactions of BNNT-3-3-8-H2O-out. 

 
Donor→acceptor E2 

𝝅B16-N7→ σ*
O43-H44 2.17 

σO43-H45→ 𝝅*
B25-N26 1.66 

LPO43→ 𝝅*
B1-N35 3.98 

LPO43→ 𝝅*
B25-N26 1.09 
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